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1 Introduction
Rotation is maybe the most common type of movement on all scales
in the universe. On large scales, such as the solar system, we know
that the earth rotates around its own axis as well as around the sun
and that the moon rotates around the earth. The sun itself rotates
around the centre of our galaxy. In the realm of smaller scales, it is
known that molecules rotate and that some atomic nuclei, under certain
circumstances, behave as if they rotated.

The atomic nucleus is small enough to be a quantum-mechanical
object, and yet, being composed of up to 250 protons and nucleons,
it can in many ways be treated with classical methods. Many mud-
els describing the nucleus are, in fact a synthesis of a classical and
quantum-mechanical approach. The laws of quantum mechanics state
that a spherical object cannot rotate collectively; it must be "deformed"
in some sense. On the other hand, our experience in classical mechan-
ics says that, if a non-rigid object that is spherical at rest, rotates, the
rotation will induce a deformation. The earth, having a larger radius at
the equator than at the poles is one example of this and Jupiter, which
rotates twice as fast as the earth and has a radius ten times larger than
the earth, has an even more pronounced deformation. In the nuclear
case, the rotation also causes an oblate deformation for moderate rota-
tional frequencies. At considerably larger rotational frequencies, nuclei
has been found that behave as if the rotation had prolonged one axis
to be twice as large as the other two.

Although a macroscopic treatment of the rotation of the nucleus
may explain some of the properties qualitatively, the structure "within"
the nucleus can only be described by quantum mechanics. One of the
features of quantum mechanics is that the nucleons are confined to
orbitals, similarly to the case of the planets in the solar system. Also
the rotation is confined to certain values. This manifests itself when
the rotation of a nucleus decreases and the corresponding excess energy
is emitted as 7-rays with only certain distinct energies, as illustrated in
fig. 1.

If the rotation of the nucleus were the only factor governing the
emitted 7-ray energies in this spectrum, the peaks in fig. 1 would be
equidistant, not "contracted" in the middle as is this case. The "con-
traction" can be explained by the assumption that at large rotations
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the nucleus behaves as if it were rigid and at lower rotations as if it
were a liquid drop. This phenomenon is treated in much the same way
as superconductivity. At small rotations the nucleons form pairs in the
orbits of the nucleus, moving in an orbit in opposite directions. When
the rotation of the nucleus increases, the nucleon moving against the ro-
tation tends to change direction and follow the rotation thus leading to
the break-up of the pair. For the study of this this phenomenon the rare
earth nuclei are a very good choice since the nucleon pair may occupy
"intruder" orbitals that are distinctly different from the neighbouring
orbitals and cannot be affected by them.



r**

2 The physics of well-deformed rotating
nuclei

Figure 1: Rotational band observed in 171W.
The spectrum is a sum of spectra in coincidence with the 212, 343 and 450
keV transitions.

Rotational spectra, as in fig. 1, have been observed in a large number
of nuclei in the rare-earth region since the early 1950's (ref.[l]). They
correspond to transitions between states with excitation energies {ER)
described (approximately) by:

2J (1)

in which J is the moment of inertia of the object, R is the rotational
momentum and EQ is the excitation energy corresponding to zero rota-
tional momentum.

Rotation is a collective degree of freedom in the nucleus and, as all
collective excitations, it is characterized by a coherent movement of the
participants. In order for a quantum mechanical object such as the
nucleus to rotate collectively it has to be deformed.



2.1 Deformation

(a) Prolate (b) Oblate

Figure 2: Prolate and oblate shapes.

The general expression describing an arbitrary shape in three di-
mensions is an expansion in spherical harmonics (yim(i9</?)):

(2)

in which r(tfy) is the length of the vector from the origin to the surface
of the object in the direction given by i? and <p, r0 describes the size of
the object and the parameters c/m are the expansion constants.

For the nuclear case it is, however, customary to use a simpler ex-
pression and, since the most important deformation type in this case is
the quadrupole, eq.(2) is simplified:

= r0 (1 + C20Y20 + C22 (Y22 + Y2-2)) (3)

If the c22 in this expression vanishes the shape corresponds to a prolate
or oblate spheroid depending on the sign of c2o- In most cases c2o and
C22 are substituted by 02 and 7 according to

C20 = 02 cos 7 (4a)

(4b)

in which (32 expresses the amount of deformation relative to a sphere and
7 the type of deformation. The parameters 02 and 7 span a deformation



CJ

1

= -60

Figure 3: Lund parameterization of quadrupole shapes.

space illustrated in fig. 3. If 7 is 0° or —120° this corresponds to a
prolate shape with the symmetry axis orthogonal to or parallel to the
1-axis (see eq.(5)), 7 of ±60° corresponds to oblate shapes. The semi-
axes, n, may be expressed in terms of ^2 and 7 as:

= r0 1 + cos(T + y i ) ) »=1,2,5 (5)

In the case of spheroidal deformations it is also customary to use
the deformation parameter 6

_ Ar _ 3 [5
(6)

where Ar is the difference between the longest and the shortest axis.
The deformed potential may then be expressed in terms of 8 and the
Legendre polynomial P% with 9 as the angle with respect to the sym-
metry axis

V(r,e) = V(T)(l-pP2(coS6)). (7)

For the harmonic oscillator (V(r) = \MU2T2) eq.(7) is identical
to having one oscillator strength in the 3-direction (a>||) and another



in the 1 and 2-directions (w±), as in the first term of eq.(ll). The
incompressibility of nuclear matter is often introduced as a constraint
on the two different oscillator strengths and the two most common
parameterizations

= wo(l + 5e) (8a)
a,,, = ub( l - fe ) (8b)

'I =
,2 _ (9b)

conserve the volume, and the parameters 8 and e both correspond to
6 in eq.(7) at small deformations. The original size of the potential is
represented by wo in eqs.(8,9). It is also customary to use the parameter
6otc to describe the amount of deformation for the harmonic oscillator

3 f̂l (10)
U!

in which u; = 3(2u>j_ + wj|) is the mean oscillator strength (note that 8oac

= £ if eq.(8) is chosen as parameterization of the deformation).

2.1.1 The Nilsson model

The Nilsson model (ref. [2]) has been extensively used as a simple model
of a deformed nucleus. It uses a modified, deformed harmonic oscillator
as potential V(r), and in spite of being quite different from the actual
nuclear potential, it serves a very important role in the understanding
of deformed nuclei.

V(r) = \M (ojl(Tl+rl)+Ulrl)^vuf^0(\
2-(\2)N)+vlthu;o(l-s) (11)

The second term in eq.(ll) has been added in order to make a crude
simulation of a surface in the potential and has the effect of breaking
the degeneracy within each shell, to favour large I. The parameter (12)JV

is chosen to preserve the average energy for each oscillator shell. The
third term describes the spin-orbit coupling. The fact that the second
and third terms are small compared to the first makes it reasonable not
to introduce deformation in these terms.



Depending on the relative sizes of the second and third components
in eq.(ll) there are two representations of the states. If the deformation
is small (n,Z,j,fl) is appropriate (where n is the principal quantum num-
ber, I and j are the orbital angular momentum and the total angular
momentum, respectively, and ft is the component of I along the symme-
try axis) and in the limit of large deformation the representation using
the asymptotic quantum numbers [iVn^Ajft* is known to work well. In
the latter N is the sum of the harmonic oscillator quantum numbers in
each dimension, nz is the quantum number along the symmetry axis,
A and ft are the components of the orbital angular momentum and the
angular momentum along the symmetry axis, respectively, and ir is the
parity. The eigenstates of eq.(ll) as a function of deformation is shown
in fig. 4 (ref.[3]).

7.5

7.0

13

as

6.0

i—muta

^k>a^
•Ar* o

r(503»/l]
'-I624VI)

/-(615'VU
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Figure 4: A Nilsson diagram.
Neutron single particle orbits for 82 < N < 126 in a prolate potential. The
orbits are labeled with the asymptotic quantum numbers.



A more realistic potential than eq.(ll) is the Woods-Saxon potential:

V(r) = Vo (12)

where Vo and ro describe the depth and size of the potential and d is
the diffuseness parameter describing the extension of the surface re-
gion of the potential. This has the feature of being quite close to the
charge distribution in the nucleus as found from electron scattering ex-
periments (ref. [4]), but has quite a few disadvantages as compared to
the harmonic oscillator since it can only be solved numerically. It is
however known that the states in this model may approximately be
assigned to the asymptotic quantum numbers.

2.2 The rotating nucleus
For a rotating system it is customary to denote the body-fixed frame by
numbers and the laboratory frame by letters as in fig. 5 and to express
the rotating frame in the laboratory system by:

= TsT\ =

n = ry cos ut + rz sin ut

r3 = - r y sin ut + rz cos ut

(13a)
(13b)
(13c)

In this description the rotating system rotates uniformly around the rx

axis with an angular frequency of u>.
If the potential has a body-fixed symmetry axis, customarily as-

signed to axis 3, then no collective rotation is possible about this axis,
and the rotational axis, axis 1, is bound to be perpendicular to it. Since
such a system is invariant under rotation along axis 3 the component
of the total angular momentum along this, if, is a constant of mo-
tion. The total angular momentum is the sum of the rotational angular
momentum and the contribution from the intrinsic states:

I = R + J (14)

and since Ä3 = 0, we immediately find that K — fl.
If the potential is also symmetric with respect to a rotation of 180°

along an axis perpendicular to axis 3, this will give rise to the signature
quantum number (a), which for even A nuclei takes the values a — 0
and a = 1 and for an odd A nucleus a — ±1/2.
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Figure 5: Body-fixed frame and laboratory frame.
Body-fixed frame (sold lines/numbers) and laboratory-fixed frame (dashed
lines/letters). Note that the z and 1 axes are the same and that axis 3 is the
deformation symmetry axis.

2.2.1 The Particle-rotor model

The particle-rotor model is a simple model describing a rotating nu-
cleus. In this model a deformed core is responsible for the collective ro-
tation to which the angular momentum of valence particles is coupled.
The Hamiltonian in this model is divided in two parts, one describing
the intrinsic single-particle states of the valence particles (#intr) and
one responsible for the collective rotation:

H = (15)

which together with eq.(14) may be rewritten as (since there is no
rotation component along axis 3 i.e. I3 = Jj):

H = ( I 2 - 2 I - J

| 1 (I2 -

(16a)

(J\ + 3\))

~ (16b)

in which the last term represents the Coriolis and centrifugal forces,
responsible for the coupling between the valence particle and the core
(I± — l\ ± il2 and J± = Jx ± iJ2).



There are two extreme cases for which two different coupling schemes
are used for an odd valence nucleon. The strong coupling, or deforma-
tion aligned (or adiabatic) coupling, in which the motion of the va-
lence particles is determined by the orientation of the potential, and
the weak coupling, or rotational aligned coupling, where the valence
nucleons move with the rotation. The former occurs mainly at large
deformations and moderate to small rotational frequencies where the
nucleon couples to the deformed core, while the latter is preferred at
fast rotations in which the Coriolis force plays a large role.

n=K

(a) Deformation aligned
coupling

(b) Rotational aligned cou-
pling

Figure 6: Extreme angular momentum coupling schemes.

Deformation-aligned bands
In the deformation-aligned case the influence of the rotation on the
particle (/+ J_ + J_ J+-term) is assumed to be small and is treated as a
first order perturbation.

Here I will assume values:

I =Sl = K,K + 1,K + 2... (17)

and the perturbation will affect only states with K = 1/2 (due to the
selection rules for J+ and «7_) by an amount, fixed for each K = 1/2

10



orbital and given by the decoupling factor:

a = (K = 1/2 | j + | K =

The level energies h thus given by :

-1/2} (18)

Ej,K = ~ - K2 (19)

Rotation-aligned bands
At large rotational frequencies the I • J term in eq.(16) may no longer
be treated as a perturbation. This is especially true when J is large
and the term may be written IJ:

(1(1 J(J +1) - 21 J) (20)

Since this is identical with eq.(l) the level spacing for odd-A nuclei
should be almost the same as for the corresponding "core"-(even-even)
nucleus.

2.2.2 The Cranking model

The cranking model (ref. [5]) is used for high spin states in which the
Coriolis and centrifugal forces act strongly on the particles, and the
rotation is treated as a mean field. The single-particle cranking Hamil-
tonian has one part describing the intrinsic potential (h°) and one part
proportional to the angular frequency (—hujx) that can be derived from
eq.(13):

hu = h°- Hu>jt (21)

This second term in the cranking Hamiltonian breaks the time-reversal
symmetry and K is no longer a constant of motion. The signature
(symmetry with respect to a rotation of 180°), however, is still conserved
as a good quantum number.

The single-particie energies in the rotating frame are given by:

e'v = etp - hu(jx) (22)

which is called the single-particle Routhian. The expectation value
of the component of the spin along the rotational axis is called the

11
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alignment and may be extracted from eq.(22) by:

iv = {jx) = ~ z (23)

The total Routhian and the alignment is simply the sum of the single
particle Routhians and alignments:

e' = X X (24)

t = 5> (25)
V

2.3 Pairing
The pairing force is a two-body force that has the effect of lowering the
energy of a state involving pairs of particles in time-reversed orbits. In
spite of being a totally different physical phenomenon from Cooper pairs
(ref.[6]) in solid state physics, a similar technique is used for treating
the pairing correlation in nuclear physics.

The pairing is introduced into the cranked shell model by a term
in the Hamiltonian which lowers the energy for pairs of nucleons in
time-reversed orbits:

V** = - E Ga\4«3«i (26)

This potential scatters one pair of particles in time-reversed orbits (i, i)
into another pair of time-reversed orbits (j,j)- It should be noted that
this is a two-particle potential, and since such potentials are difficult to
handle, the BCS (ref.[7]) approximation is used. The transformation
(ref.[8])

a] = Uia\-Viai (27a)

a\ = «ioJ+«.'«•' (27b)

introduces the quasiparticle creation operators. A quasiparticle is a
linear combination of a particle and a hole (ui and v» represent the
amplitudes of holes and particles, respectively, u] + vf = 1). The wave
function of the ground state in the BCS approximation

+ W<5)|0) (28)

12



is the vacuum state of the quasiparticles and is found by minimizing

h'=E ((«.• - A)(4^+4*)) - G £ ( 4 4 ^ ) (29)

in which A is the Fermi energy (or chemical potential) acting as a La-
grange multiplier used to keep the expectation value of the number of
particles equal to N. With the coefficients

\

\ Ik

(30a)

(30b)

where

< = fa - xy H
all terms in eq.(29), quadratic in the quasiparticle operators, vanish
and, if higher terms are neglected, the problem is reduced to an inde-
pendent-particle problem.

The eigenvalues of eq.(29) with the cranking term added now give
the quasiparticle Routhians:

e;
(w) = y/{ei - xy + A* - « i . (32)

in which A is the pair gap which is found in self consistency calculations.

2.4 Comparison with experimental data
In order to compare experimental data with cranked shell model calcu-
lations it is necessary to transform the data into the rotating frame.

Classically the rotational frequency is the derivative of the energy
with respect to the angular momentum. In the quantum mechanical
case the angular momentum is replaced by its expectation value:

w h e r e ( / ) =

In the limit of large I this is very close to the classical formula and, in
the case of I > K, 1(1 + 1) can be replaced by Ix, since fig. 6 suggests:

(34)
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The form of eq.(33) makes it convenient to define the rotational fre-
quency for the energy between two levels and the corresponding Ix as:

h ^ (35a)

(35b)

in which Ia = §(/; — If) and the indexes i and / denote the initial and
final states, respectively. Note that if I > K and A/ = 2, hua « | E 7

(half the 7-ray transition energy). The transformation of the energies
into the rotating frame

E' = EX- u>Ix (36)

does not reflect the single particle energies alone but also the rotation.
The latter is removed by subtracting the rotational energy of the ground
state configuration for the appropriate even-even nucleus, E'g{u), as a
frame of reference. Since this is only valid in a small interval of w, an
extrapolation is needed

J ( 3 7 )

in which Jo and J\ are determined from systematics of low-spin mem-
bers of the ground-state band in even-even nuclei to fit the Harris for-
mula (ref.[9]):

(38)

The same arguments are used to extrapolate Ixg

Ixg{u) = u; Jo + u;3 J i (39)

and the single-particle Routhian (e') and alignment (i) are calculated
from

e'(w) = E\u)-E'a{w) (40a)

i{u>) = / ,(«) - JIfl(u;) (40b)

2.4.1 Bandcrossings

A closer look at the spectrum in fig. 1 reveals that the peaks are not
equidistant as would be expected for a constant moment of inertia.

14



Plotting the Routhian and the alignment (fig. 7a,b) of the band reveals
that two bands cross at a critical rotational frequency (u>c) and that the
nucleus gains (in this case) approximately 6 units of angular momentum
at this point.

0-2 03 0.4 OS 0.6
fco

(a) Routhian (b) Alignment

Figure 7: Routhian and alignment plot of the [642] §+ band in m W .

The quasiparticles for an even-even nucleus in the ground state all
occupy the states below the Fermi surface, leaving the states above it
unoccupied. The effect of the — ujx term in eq.(21) is to lower the
energy of states with high j and low ft by increasing w. At the critical
rotational frequency (uc), the energy associated with the — ujx term,
for these highly aligned orbitals, is comparable with the quasiparticle
energies, but of opposite sign, forcing the orbital to approach the Fermi
surface and to overcome the pairing gap. At rotational frequencies
larger than u>c it is energetically more favourable for the quasiparticles
to occupy the levels forced down by the — ujx term. The decay pattern
of such a rotational band will reflect this bandcrossing approximately as
shown in fig. 7. If the crossing bands have the same signature and parity
they will interact and interchange identity. Depending on the strength
of this interaction the crossing may be gradual (large interaction) or
abrupt (weak interaction), the former case resulting in an "up-bend"
in the alignment plot while the latter in some cases will result in a
"back-bend".
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2.5 Formation and decay of the nucleus
High spin-states of a nucleus are populated by fusion reactions induced
by heavy-ions (in the rare-earth region) or coulomb excitation reactions
(in the actinide region). In fusion reactions two nuclei are brought to
collide to form a compound nucleus.

In a reaction like this the energy of the resulting compound nucleus
is given by

m E l a b + Q (41)

where E^ is the energy of the beam particle in the laboratory frame and
Q is the Q-value for the reaction. The maximum angular momentum
of the reaction is reached when the reaction takes place as a "grazing"
impact. This distance can be estimated (ref.[10]) by

JV « (1-12(^1 + 4£ e t ) - 0.94(i£2 + iC£.) + 3-0) fm (42)

and gives, together with the Coulomb energy (e2 = 1.44 MeV fm)

Kgr

the maximum angular momentum for the reaction

~ Ec) (44)

where /z = i4teomi4torget/(^öeam + Atargct) is the reduced mass. The
energy and angular momentum available for the collision is converted
into internal degrees of freedom. The formation time of the system is
in the order of 10~22s.

This compound nucleus is in a very highly excited state and will
decay in order to remove energy and angular momentum. The decay
depends very much on the reaction used, but is in most cases domi-
nated by particle emission (n,p,a). Often a reaction is chosen so that
the wanted final nucleus is reached through neutron evaporation, since
although each emitted neutron will carry in the order of 5 to 10 MeV
of energy, the angular momentum carried by the neutron will be only
about two units. The nucleus emits particles until it is in the vicinity
of the yrast line where 7 ray emission starts to compete (after about
10-19 s).

16



The first few 7 rays following the particle decay correspond to sta-
tistical dipole transitions and have energies from about 1 to 5 MeV,
taking the nucleus closer to the yrast line. When in the immediate
vicinity of the yrast line the nucleus starts to lose rotational energy by
emitting 7 rays through stretched, collective electric quadrupole tran-
sitions. These transitions originate from two slightly different types
of states: states very close to the yrast line where the level density is
small, leaving the states mainly unmixed, and states further away from
the yrast line where the level density is so high that all states (of the
same parity and signature) mix. The latter type of states have a very
large number of possible transitions to decay by, and may therefore not
be distinguishable from each other by the methods available, but may,
instead, form a continuum in the 7 ray spectra measured.

Angular Momentum

Figure 8: Schematic figure of the decay of a nucleus produced by a fu-
sion-evaporation reaction.
The regions corresponding to the 3,4 and 5 evaporated neutrons are indicated
by the contours. Statistical 7-ray transitions deexciting the nucleus bring the
state further down towards the yrast line (indicated by the arrows). As the
state of the nucleus is close to the yrast line, excess energy and angular mo-
mentum is instead lose by stretched E2 transitions. The shaded area indicates
the origin of the "continuum".
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3 Experimental equipment.

3.1 The germanium detector
In this field by far the most common detector used for detecting 7-ray
energies up to 10 MeV are high-purity germanium detectors (HPGe).
These are large crystals of pure germanium acting as a diode and giving
a current pulse proportional to the amount of energy deposited in the
detector. This current pulse is created when the 7 ray interacts with
the atoms in the detector, creating a number of electron-hole pairs
corresponding to the 7-ray energy. There are three types of interactions
possible:
The photo-electric interaction, in which the 7 ray is totally absorbed
by an atom. The energy deposited in the detector corresponds to the
7-ray energy.
The Compton scattering, in which the 7 ray is scatted by an electron
of an atom. The 7 ray can then either interact a second time inside the
detector or escape. The energy deposited in the detector depends on
the original 7 ray and the scattering angle. The result is a continuous
function.
The pair production, in which an electron-positron pair is created and
the remaining energy is shared among the particles. The 7 ray energy
must be larger than twice the electron mass (1022 keV) for this to
happen. One or both of the particles created can escape from the
detector and the energy deposited in the detector will then be equal to
the 7-ray energy minus the energy carried by the particle(s) not caught
in the detector.

In order to detect when some part of the 7-ray energy has escaped
from the germanium detector, it is customary to surround it by another
detector. This detector is used in anti-coincidence with the germanium
detector, i.e. the signal from the germanium detector is used only if
there is no signal from the surrounding detector. This suppression
detector is often composed of several smaller detectors of either Nal or
BGO (BiAGe30i2) scintillators.

For selection purposes (see sect 4.2.6), not only the 7 ray energy
from the germanium detector is used, but also the time when the ger-
manium detector registered the 7 ray. This time is measured relative to
the first 7 ray to be registered, using either a multiplicity detector or a

18



germanium detector. In the latter situation, it is common to choose as
reference a germanium detector for which the corresponding Compton
shield has been triggered and is thus not in the event.

3.2 7 ray multiplicity detectors
This type of detector is designed to detect the number of 7 rays and the
total energy emitted as 7 rays from the nucleus. The detector is often
composed of a large (50 for TESSA3 and 60 for NORDBALL) number of
BGO or BaF2 scintillators. It is normally the sum of the 7-ray energies
which is used, no; the individual energies. This is called the sum energy
and is used, together with the number of 7 rays detected by the detector
(the 7 ray multiplicity), for data selection.

3.3 ESSA30

The ESSA30 detector array, at the Nuclear Structure Facility (NSF)
at Daresbury, Great Britain, was an assembly of thirty Compton-sup-
pressed, germanium detectors. The frame holding the detectors had
the shape of a truncated icosahedron. This shape is composed of 12
pentagons and 20 hexagons all but two of which used for a detector.
The angles made by the line from the target, to the detectors, with
respect to the beam line, were 37°, 63°, 79°, 101°, 117°and 143°.

3.4 TESSA3

The TESSA3 detector array was also located at the NSF, Daresbury,
and included 12 Compton-suppressed germanium detectors and an in-
ner ball of 50 BGO scintillators. The inner ball was used to extract
the number of 7 rays and the sum energy of these for each event (see
sect 4.2.6). The germanium detectors were placed in two rings at ±19°
above/below the beam line. The position of the six detectors in each
ring was at ±60°, ±90° and ±120° with respect to the centre of the
ring.

3.5 NORDBALL

NORDBALL is an array of twenty Compton-suppressed germanium de-
tectors. A number of other detector types can be inserted in the setup.
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As in the case of ESSA30, the germanium detectors are held by a frame
in the shape of a truncated icosahedron, but here only the hexagons
are used for the germanium detectors. The diameter of the frame is 66
cm.

Figure 9: Schematic picture of the NORDBALL frame.

The beam-line goes through the center of the ball and through the
center of two of the pentagons. The angles of the germanium detectors
relative to the beam line are 37°,79o,101° and 143°.

The inner ball is composed of 60 BaFj crystals each 95 mm deep,
and with an inner and outer diameter of 300 mm and 100 mm, respec-
tively. The total solid angle covered by the detector is 96%. For each
germanium detector there is a corresponding hole allowing the 7-rays
to reach the germanium detectors without penetrating the inner ball.
There is also one hole in the ball for the beam tube.

Also an X-ray detector available to cover the low-eneregy part of the
spectrum. This is a planar germanium detector which can be inserted
in one of the hexagons instead of a normal 7 ray germanium detector.

In the forward half of the frame it is possible to replace half of the
inner ball and the germanium detectors by neutron detectors (ref.[ll]).

Hystrix (ref. [12]) is a charged particle detector which can be inserted
inside NORDBALL instead of the inner ball. The device is capable of
selecting charged particles (p and a). The solid angle of the detector is
about 94%.

The silicon ball (ref.[13]) is another small detector for detecting
charged particles. The Si-Ball fits inside the inner ball and has a solid
angle of about 90%.

The countries involved in the collaboration are Denmark, Finland,
Norway, Sweden, Holland, Italy, Germany and Japan, with the Nordic
countries carrying the main responsibility.
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4 Data acquisition, processing and analy-
sis

Data
Acquisition

Data
Processing

Analysis

Inter
pretation

The experimental part of nuclear high-spin
spectroacopy (and most other experimental
disciplines) may be divided into data acqui-
sition, data processing, analysis and finally
interpretation. The boundaries between these
are usually very diffuse, albeit distinguish-
able:
Data acquisition may be defined as the ac-
tual measurement and collection of the data
(and storage for later use), data "processing
is the restructuring of the data without ana-
lysing them,e.g. calibrating, gain-matching,
sorting, ordering, histogramming and copy-
ing. Often parts of the data processing are
performed during the acquisition. Analysis F i g u r e 1Q. M a j o r p a r t s of

is the extraction of physical quantities and a n exoe rjment
relations from the data set and finally, in the
interpretation these quantities are compared with theoretical results.

The data acquisition may in turn be divided into four physical parts,
the detectors, the electronics, the computers and storage. The detectors
and electronics are of course physically very close as well as are the elec-
tronics and computers. Furthermore, an additional part is needed for
controlling and maintaining the acquisition system and for monitoring
the quality of the collected data.

Contemporary experiments in high-spin physics have moved in a
direction where computers play an increasingly important role. With
the high collection rates of events (in the order of 5000 to 30000 per
second), and with each event becoming increasingly more complex, fast
computers as well as efficient and robust programs for these computers
are demanded. As computer systems have grown to involve several
individual computers, sometimes working in parallel, the robustness
of the system, though increasingly more important is more difficult to
attain and to maintain.
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4.1 Data acquisition

Terminal • Control 1 ^ ^ - Interface 4 Interface

(Detector)-•Interface •*>( EleC' , Tape Terminal

Interface » iMonitorl •*+• Display

Terminal

Figure 11: Data flow in a general data acquisition system.
The collected data from the detector are passed on to the electronics through
an interface and further into the computer (ACQ) and finally to a mass storage
medium (Tape). A portion of the data is forked off a monitoring module to
provide an on-line quality check of the collected data. Control of the system is
provided through a control program which sends commands to the acquisition
computer system which in turn can initiate actions by the user (change of
tapes etc.) by sending a message to an appropriate output device.

The purpose of most data acquisition systems is to collect data from
detectors, in most cases to do rudimentary processing and to store the
data on some sort of mass storage medium (most often tapes). A very
important task of the acquisition system is also to provide the user with
necessary control over the system and to monitor the collected data.
A very simple model of this is shown in fig. 11 which schematically
describes the flow of collected data and data (commands) entered by
the user.

The control of a data acquisition system is one of the big, and clas-
sical problems in such an acquisition system. It always forces some part
in the acquisition system to scan multiple locations for possible input
data (in fig. 11 the ACQ module has two input locations, one for data
and one for control commands from the user), hence increasing and
complicating considerably the states in which the acquisition system
can be.
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Figure 12: Data acquisition computer system
The collected data flow enters the system in the reader module and end in
an output module, storing it on tape, possibly via a number of preprocessor
units (the intermediate buffers are not shown). The command flow (dotted
lines) initiated by the user is managed through a control module which decides
to what part of the system a command should be passed. Replies to the
commands given are sent back to the controlling program through a buffer,
while messages from the system to the user are handled separately.

Figure 12 (ignoring detectors and external electronics) can serve as
a generic model for a data acquisition system. This consists of four
major parts: control, information, the actual acquisition system and a
monitoring facility (the latter usually being totally unaware of the rest
of the data acquisition as such).

The control part has two components, one entirely initiated by the
user (for commands such as "start", "stop" etc) and one initiated by
the system. The latter is used to inform the user of demands for main-
tenance (tape changes) and general messages. The control part is not
only used for issuing commands to the system but may also be used to
send data, such as gain matching coefficients, to some of the modules.

As mentioned earlier, modules having multiple input buffers (such
as the "Reader", "Preprocessor" and "Output" modules in fig. 12) are
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a complicating factor. Great care has to be taken in which order the
buffers are scanned for possible input data as well as how often. It
is of course possible for two (or more) modules to put data into the
same buffer, thus eliminating the dual input problem. This, however,
demands that the recipient recognises different types of buffers, which
is also a complication.

4.1.1 The NORDBALL data acquisition system

The data acquisition system of NORDBALL has existed in four versions
of which the second (ACQ90) is built on the first (ACQ), the third
(ACQ91) contains major changes in almost every respect and the fourth
(ACQ92) is a further development of the third. The first version was
developed over the period 1986 to 1990, the second version 1989-1990,
the third was started in 1991 and the latest version, though not fully
finished at the time of writing, has been run successfully.

The main hardware modules in the first three versions are: the elec-
tronics, a VME micro-computer system, a VAX 8650 connected to a
large number of terminals, graphical displays and tape stations. In the
latest version a PC has been added for controlling the VME system.
The VME micro-computer system is used as the actual data acquisition
computer and is in all four versions programmed in MODULA-2, ex-
cept for a small portion for which assembler language was used. A small
kernel and message system for the VME computers, written mainly in
MODULA-2, was used for task switching and inter-task communica-
tion. The programs running in the VAX/VMS computer are written in
VAX-FORTRAN and the VAX/VMS-DCL language.

The VME micro-computer system is built up of a number of MC133
modules each having a MC-68010 micro-processor and 500 kbyte ram,
as well as another 4 Mbyte ram accessible by all of the MC133 modules
in the crate. For the ACQ and ACQ90 versions seven CPUs running in
parallel were used while ACQ91/ACQ92 uses only four.
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ACQ90
The main purpose of the development of ACQ90 from the former ver-
sion ACQ was to: i) make the system more transparent and easy to
maintain, ii) remove common bugs as well as obvious errors in design,
Hi) enable the VAX to handle any number of VME acquisition systems
simultaneously and iv) prepare some parts of the system to ailow fur-
ther development into what later became ACQ91. The third of these
items was found to be a very good investment as the system develop-
ment could be performed on a reduced, "dummy" system while the real
acquisition system could be used for live experiments.

•••SerialLink

Figure 13: The VME part of the NORDBALL data acquisition system
The collected data is read from the interface with the electronics of the "ACQ"
module and passed on to the VAX by the "DR11W" module. The latter
manages a high speed DMA interface between the VME system and the VAX
computer. The VME system communicates with the VAX through an ordinary
full duplex serial line serviced by one module for receiving and one for sending
data (commands). The "CAMAC-Server" is a module for read/write access
to the CAMAC crate used by the acquisition system.

Since the computer part of the acquisition system for NORDBALL
is built up of two different types of computers, the simple model of
fig. 12 is somewhat more complicated in detail but remains valid. The
two parts of the NORDBALL acquisition computer system are shown in
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fig. 13 and fig. 14.

SerialLink"«MReceivel • Buffer • • * • I " I • • • • LogFile

Figure 14: The VAX part of the NORDBALL data acquisition system
The "CRTL&Save" module in the VAX is a combined program for collecting
and saving data on tape, for performing preprocessing as well as control of
the acquisition system. Communication of commands and messages between
the VME system and the modules in the VAX is performed by the "Receive"
and "Send" modules. The "ErrRec." module collects any error messages for
later investigation. The on-line monitoring of collected data corresponds to
the "SAP" module.

In the VAX the part of the ACQ system looks somewhat differ-
ent from the generic picture given. The collected data are read from
the DR11W DMA interface from the VME system by a combined
Controller/Tape-saver/Preprocessor program. This program is used for
the three tasks of controlling the ACQ system, saving received data on
tape and shipping a portion of the received data to a buffer readable
by a separate spectrum analysis program (SAP).

In fig. 15 the data flow in the VME system of the ACQ and ACQ90
is shown. Data are read from various types of electronics by dedicated
tasks each running in a separate CPU and put into different buffers.
These buffers are read by a merger task, also in a dedicated CPU, which
combines the different types of data into events which are put into the
next buffer. The merged data are read by an output task which can
direct the data to a varying number of output servers, viz "DR11W"
(as in the figure), "Serial-Link" or "NULL" (bit bucket). All of this
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Figure 15: Data flow in the VME system of ACQ/ACQ90
Data from CAM AC, NIM and ECL electronics are read by the corresponding
reader and placed in different buffers. The Merger merges the different types of
data together into events before it is shipped to the VAX through the DR11W.

is supervised by a "Commander" task (also in a dedicated CPU, not
shown in the figure) which triggers the readers to start reading a new
event, synchronizes the switching of buffers and handles the signalling
to the electronics. For efficiency the reader CPU reading CAMAC
data runs a very specialized program designed by the user in a pseudo
language, compiled in the VAX and loaded into the CPU at boot time.

ACQ91 and ACQ92
These versions of the NoRDBALL data acquisition system were designed
to increase the rate of collection of data to meet the demand of saving
the energies and times registered by the single detectors in the inner
ball, as well as the demand of higher acquisition rates. To achieve
this the readout of data from the various types of electronic devices is
performed by hardware and shipped to one reader in the VME system,
i.e. the event builder is moved outside the VME system. As a result
the different types of data in an event are no longer separated within
the VME system, as only one reader CPU is used, making the merger
task obsolete, but in order to keep the system compatible with the old
ACQ90 there is still a dummy merger task.

While ACQ91 still used the same configuration within the VAX
computer, the ACQ92 uses a PC for the control of the VME system.
As a result the "CTRL&Save" module in the VAX computer was sim-
plified into a combined preprocessor/tape-saver. The control of the
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VME system from a PC has simplified and speeded up the startup of
the VMS system considerably.

4.2 Data processing

Data processing is a very important part of contemporary 7-ray spec-
troscopy and over the past years experiments have been performed
which have producced more than 100 Gbyte of collected data. This
amount of data dwarfs that produced by earlier experiments and causes
a whole set of new problem in its processing.

4.2.1 Collected data

The data collected in these types of experiments naturally depend on
the experimental detector set-up. In all cases the data are organized
in events. Each event corresponds to data measured within a period
of time, small enough to ensure that the data originate from the same
nucleus. Each event normally contains a number (> 2) of 7-ray energies
and an identification of the corresponding germanium detector. In most
cases each of these are also accompanied by a number corresponding to
the relative time at which the germanium detector registered the 7 ray.

For many detector set-ups there is also a multiplicity detector (c.f.
the inner ball for the NORDBALL). The number of 7-rays detected by
this unit is about 5 to 8 (depending on the reaction and the detector
design). Usually, the single 7-ray energies are not used. Instead the
sum of the energies and the number of 7-rays are used. These two
numbers are often referred to as sum-energy and multiplicity.

4.2.2 Energy calibration and gain matching

In multi-detector systems such as NORDBALL, ESSA-30, TESSA-3, and
EUROGAM, the energy calibration and gain matching are very closely
related and constitute one of the most delicate steps on the way to an
analyzable data set.

Gain matching can be denned as the process of forcing each indi-
' vidual detector to line up in comparison to all the others, while energy
j calibration is the process of determining the correct function connect-
\ ing channel number and energy, either for the case of each individual
' detector or for the sum of all detectors. The two processes are closely

28



related but there may be small differences in the results depending on
which of the two is optimised.
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Figure 16: Non-linear residual (B.(c)) for two germanium detectors.
Two detectors in the NORDBALL set-up. As can be seen, one of the detectors
can be represented well by a second order polynomial, while the other one
needs a more complicated formula to be parametrized. The behaviour of the
second detector can be explained by the non-linearity of the ADC.

The correspondence between the value registered by each germa-
nium detector and the actual energy deposited in the detector is a
function depending not only on the detector but also very much on
the electronic devices involved (amplifiers, ADCs etc.). This function
may to an acceptable approximation be represented by a simple lin-
ear expression if only a single detector is used. Contemporary detector
systems, however, are built up of 20 or more individual detectors and,
when adding spectra from different detectors together, a linear expres-
sion may not be sufficient.

E = A + Be + R{c) (45)

Although the non-linear part of the function (fig. 16) is small, it contains
factors of very high order. An efficient way to correct for this is to
describe the non-linearity by a look-up table as in eq.(45) (in which
A and B are the coefficients of the linear function, c is the channel
number from the ADC and R(c) the look-up table). This expression
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is general, is rapidly computed and, since the look-up table varies very
slowly with c, it can be considered as a constant feature of the detector
during an experiment, i.e. even if the detector changes its dispersion
only the parameters A and B need to be changed.

If a spectrum is the result of a sum of a large number of single
detectors, the width of the peaks in this spectrum will be a function
not only of the widths of the peaks in each single detector but also of the
deviation of each peak position in each detector from the mean position
of the peak in the summed spectrum. The total number of counts in
a peak of the summed spectrum, however, is simply the sum of the
number of counts in each detector regardless of the gain matching. This
means that not only will a poor gain matching result in wider peaks,
reducing the resolution, but the height of the peaks will also become
smaller than optimal. And since only peaks with heights of the order
of the local background are detectable, a good gain matching is crucial
to the detection of weak peaks. In higher dimensions of spectra this
effect plays an even greater role.

4.2.3 Intensity calibration

For germanium detectors the probability for a 7-ray to deposit all of its
energy within the detector varies strongly with the energy of the 7-ray,
as can be seen in fig. 17.

Unfortunately the 7 ray energy is not the only parameter affecting
the response of the Ge detector. Often the coincidence criterium (the
time window) plays an important role, especially in the low energy re-
gion. This is due to the fact that the cross section for the photo-electric
interaction with the detector is higher for low energy 7 rays than at
higher energies. This in turn implies that low energy 7 rays will inter-
act with the detector closer to the entrance surface than 7 rays of higher
energy, and the time the detector spends collecting the corresponding
charge released is longer. Thus the time window determining a coinci-
dence can affect the detector response. Also the count rate affects the
response. If the calibration and experimental data are collected with
different types of coincidence criteria and count rates, it may become
very difficult to determine the detector response.
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Figure 17: Typical detector response.
Relative efficiency of the NORDBALL detector (i.e. sum of all individual ger-
manium detectors). The efficiency calibration was performed using an 152Eu
source and is extrapolated below 121.8 keV. Note the logarithmic scale in
arbitrary units of the y-axis.

4.2.4 Histogramming

The process of creating the analysable spectra (one-, two- and perhaps
three-dimensional) is not always a simple, straightforward task. The
principle is quite simple: for each event tLe corresponding element in
the spectrum is updated (the events are in most cases kept on tapes).
The size of the spectrum, however, in two- (and even more so in three-)
dimensions is large. A common size of a two-dimensional spectrum is
4fc x 4k elements, yielding 16M elements (Ik and \M corresponding
to 1024 and 1048576, respectively), each element corresponding to at
least two bytes. Though it is not unusual for computers today, to have
32 Mbytes of internal memory, it is not always possible for a single
user to employ this amount of memory effectively. The updating of a
two-dimensional matrix follows two techniques for reducing the amount
of memory needed.

The first method divides the two-dimensional spectrum into a num-
ber of sections (commonly 2 to 8), each updated individually. When
the event tape is read and an event falls into the current section of the
spectrum it is updated immediately. The number of sections is defined
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by how much computer memory the user can claim for this task. The
disadvantage of this method is that the event tapes have to be read sev-
eral times, resulting in rather lengthy sessions, and since the amount
of data produced by experiments has grown very rapidly, this method
is not often used nowadays.

The second method is designed only to read the event tapes once
but also to keep the amount of memory used to a moderate scale. This
method also divides the spectrum into a number of sections (8 to 64),
each of which is associated with an intermediate file to which the events
are written sequentially in a compact format. Whenever such a file con-
tains more than a certain number of events (depending on the amount
of disk space available) the corresponding section of the spectrum is
read, updated and written back. This method has proved to be quite
efficient and the time for processing one event tape is typicallv slightly
longer than the time needed to read the tape.

4.2.5 Background subtraction

Pragmatically, the background in a 7-coincidence spectrum can be de-
fined as that everything that is not a full-energy peak, corresponding
to the decay of a discrete level, in the nucleus (but not in the quasi
continuum). This background is composed of several distinct parts, of
which the most important are:
Compton-related coincidences. At least one of the 7-rays is related to
the decay of a discrete level in a nucleus and has undergone Compton
scattering in the Ge detector. In two dimensions there are two types
of this scattering, viz. Compton-Compton scattered events, for which
both of the 7 rays are Compton scattered, which contribute to a smooth
backgrund surface, and Comption-photo peak events for which one of
the two 7 rays is Compton scattered, the other totally absorbed in the
detector. The latter contributes to a ridge (stripe) on the low-energy
side of each peak.
Random coincidences. These are truly random and carry no informa-
tion.
Coincidences related to statistical *y-rays. At least one of the 7-rays
corresponds to a statistical (E2) transition.
Coincidences related to neutrons. These are neutron-induced 7-rays
from the material in the detectors etc.
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Depending on the method used for extracting the positions and
intensities of the l\dl-energy peaks there are two possible solutions to
the problem of reducing this background.

The classical approach, in which one-dimensional analysis is used,
is to project a (narrow) region (presumably corresponding to a known
7-ray energy) of the matrix into a one-dimensional spectrum (gating).
From this gate a spectrum, created in the same way but corresponding
to a region without any discrete 7-rays (preferably on the low energy
side of the first gate), is subtracted. In most cases this gives a satisfac-
tory result, though it may be difficult to find regions close to the gated
peak suitable for use as a background gate.

When using two-dimensional analysis methods, especially when these
include the display of the matrix, obviously this method is not possible.
The method most frequently used in Lund is the one developed by Pal-
meta and Waddington (ref. [14]). This is capable of not only removing
most of the continuous part of the background but also of removing the
Compton-ridges. The background spectrum subtracted from the the
two-dimensional spectrum is built up of two one-dimensional functions,
one specifying the amount of background to be subtracted and one the
structure. Since it is very important when performing the analysis in
two-dimensions that the Compton-ridges are removed as completely as
possible, a set of tools to manipulate the two functions was developed.
The time necessary to perform a background subtraction on a 4k x4k
matrix is about 25 minutes.

4.2.6 Data selection

Techniques related to data selection are used in two ways, namely, to
reduce part of the background and to enhance sertain structures in
the spectra relative to others. Since the neutrons have a mass their
time-of-flight from the target to the germanium detectors will differ
from that of the 7-rays. The time at which the germanium detector
registerd the 7 ray or neutron (see sect. 3.1) can therefore be used
to discriminate events that contains neutrons. Commonly the reaction
employed to create the desired nucleus will also produce neighbouring
nuclei. The sum-energy and multiplicity (H and K) of these will in most
cases be slightly different for each reaction channel and may be used to
enhance/suppress some of them. Most experiments will also result in
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coulumb-excitation of either the target or of the supporting material.
Events originating from these reactions are effectively removed since
the 7 ray multiplicity and sum energy is generally significantly lower.

4.3 Data analysis
As huge data sets became common, the developement of 7-coincidence
analysis was forced to keep up to increase in pace. The very nature
of the three-dimensional spectra and the vast amount of peaks to be
extracted from them, demand new automatic tools of high confidence.
Also data bases for the extracted data are in great demand, as well
as data bases describing the structure of the nucleus and programs to
automatically make comparisons with recorded spectra.

4.3.1 Analysis of 7-ray coincidence spectra

The classical way to analyze a two-dimensional 7-7 coincidence spec-
trum (matrix) is to sum the contents of an energy range corresponding
to one of the dimensions into a one-dimensional spectrum (gating) and
to analyze this. This method has been used since the dawn of 7 spec-
troscopy and a large number of tools, such as fitting, gating and plot
programs, has been developed for it. In this case the matrix is consid-
ered as a large number of consecutive, one-dimensional spectra and not
as a two-dimensional spectrum.

The approach in which the matrix is treated as a two-dimensional
spectrum gives rise not only to a whole new set of solutions to problems
which are very difficult to solve in the classical approach, but also to
many new problems. The task of determining the position and intensity
of all (« 10.000-50.000) peaks in such a matrix is a very lengthy and
tiresome one and a program capable of extracting these data with as
high confidence as manual work " 'tis a consummation devoutly to be
wished".

42 - A program for two-dimensional analysis
The program "42" (ref.[15,16]) is a two-dimensional correspondence to
the interactive one-dimensional analysis programs. Instead of plotting a
three-dimensional picture of the area under consideration, as would be
the extrapolation from the one-dimensional programs, it uses a colour
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graphic display to colour-code the intensity. Since this coding is a very
delicate procedure, a method of expressing the intensity in terms of
the uncertainty of the background (noise) was developed. This method
has proved to be very useful, and without it the program would be
much more difficult to use. The program is capable of performing a full
two-dimensional fit on an arbitrarily shaped area of the matrix and can
also perform center-of-mass calculations for circular and rectangular
portions of hte matrix. In the task of verifying the presence or absence
of certain coincidences, the program has proved to be a particularly
efficient tool. There are also an option to save the operations performed
in a session so that they can be repeated later on another matrix. This
strategem was developed for the analysis of angular correlations.

The importance of local background
As mentioned earlier the uncertainty in the background is used to scale
the colour coding of the intensities of the peaks. This method gives
the colour scale a definite statistical meaning and is also used in an
algorithm setting the gray scale in programs plotting portions of the
matrix.

The idea behind this is to investigate the intensity distribution in a
potion of the matrix, which may be denned as:

D(n) = £ 8n<M{7) (46)
region

in which M(f) is the matrix value in the position r = (x, y). Or, in
other words, D(n) is the number of channels with n counts. If the area
under consideration contains only background, D(n) corresponds to the
distribution of the background.

In fig. 18 D(n) is displayed on a logarithmic scale for two cases,
namely, in the lower part, a matrix with background, and in the upper
part, the same area after the background is subtracted (ref.[14]). The
distribution function is composed of three components, i) the overall
background. This causes the large peak which may be used to determine
the background and the uncertainty in it, ii) Compton ridges. These
cause the tail on the right-hand side of the peak and Hi) Peaks. These
leave a small contribution on the right-hand side of the background
peak. It is also important to note that any structure, peak, Compton
ridge etc., will only affect the right-hand side of the peak in the D(n)

35



-100

Figure 18: D(n) fo. a 400 X 400 channel area.
The upper spectrum corresponds to an area in a matrix from which the back-
ground has been subtracted, and the lower corresponds to tne same area before
the subtraction. The effect of the background subtraction is clearly seen: the
mean value of the background (the position of the peak) is moved down to
0, and the large tail on the right hand side of the peak is erased. This tail
corresponds mainly to compton-ridges in the area. Also note that the peak in
the upper, subtracted, spectrum is very close of being symmetric as expected
if the background subtraction was correctly performed.

spectra. The left-hand side will always correspond to the uncertainty
in the background.

The D(n) function may also be used in order to check the result of
a background subtraction. This operation should result in a symmetric
peak corresponding to the background level in the D{n). If too much
background has been subtracted the peak would develop a tail on the
left-hand side as opposed to the right-hand side if the subtraction does
not fully compensate for the background.
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5 Experiments

5.1

This experiment is a part of a large number of experiments aiming to
study the properties of rapidly rotating nuclei in the region 90 < N <
100. These experiments were performed within the ESSA30 collabo-
ration during a period of 18 months starting in September 1986. The
analysis of the data was performed both in Lund and at Ris0, Denmark.

The nucleus was populated by the 146Nd(30Si,5n-4n)171-172W reaction
at a beam energy of 160 MeV. Approximately 7% of the 210 million
events collected were triple coincidences. These were used in order to
establish parts of the level scheme in which 7-7 coincidence techniques
were ambiguous. For the analysis of 172W also a data set collected with
the TESSA3, using the same reaction though at lower beam energy, was
used. The level schemes of both nuclei were extended both concerning
the number of bands and in spin approximately to 3bh.

The interpretation of the rotational structures was compared with
extensive calculations of band energies based on spin adiabatic and di-
abatic energy surfaces. These nuclei are expected to have relatively
stable deformations, offering a good example for testing cranking cal-
culations. Although the (calculated) deformations were indeed found to
be stable, the small changes present was found to be crucial to explain
the behaviour of the nucleus.

In the case of 17lW, calculations of the 16 lowest quasiparticle states,
corresponding to the possible combinations of parity and signature for
both neutrons and protons, show that transitions for each band are
observed only up to the point at which the band enters a region of
significantly higher level density.

Since this data set was the first analysed by the author, it has served
as a testing ground for developing analysis techniques. One of the
results of this is the program "42".

5.2 167Lu

Also this experiment is a part of the same systematic study as 171-172W.
Approximately 130 million events were collected using the ESSA30 de-
tector system and the existing level scheme was extended to approx-
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imately 35 h. The reaction used was 123Sb(48Ca)4n)167Lu at a beam
energy of 206 MeV.

The frequencies of the band crossings together with the signature
dependence of the excitation energies and the measured B(M1)/B(E2)
ratios, indicate a larger and more stable deformation than the three
closest, even-N Lu isotopes (161>163-165Lu).

5.3 163Tm
This nucleus was populated in high-spin states using two different re-
actions, both performed at Ris0with the NORDBALL setup. A light ion
beam of 85 MeV 19F on 148Nd, resulted in 320 million double and triple
events, which were collected with 20 germanium detectors to give the
first data set. The second data set was the result the reaction of a heav-
ier beam of 166 MeV 37C1 on 13OT1 from which more than 2 billion (!)
events (double and triple) were collected using 20 germanium detectors
(one of which an X-ray detector) and 39 of the 60 elements in the inner
ball.

These data sets have been (and are) used in several ways:
i; investigation of the 7r/i9/2[541]l/2~ configuration and
ii; an attempt to establish the negative signature partner.
in; analysis of the fluctuation of the background in order to investigate
the number of bands (ref. [17,18,19]) and possible differences due to the
reaction creating the nucleus.
iv] angular correlations to establish mixing ratios and spins.
v; development of methods to handle huge data sets.

5.4 171Re
Although this experiment is within the same study as the W and Lu
experiments above, the data was collected using the TESSA3 setup.
Approximately 60 million events from the reaction 123Sb(52Cr,4n)mRe
at 236 MeV were collected. Although the data set is small compared to
the 171-172W experiment mensioned above, the presence in the TESSA3
setup of the inner ball, used for selection of the reaction channel, the
data sets are almost comparable in quality.

The rotational bands were extended to approximately 28 h. In the
band identified as [402] | a second band crossing was found that is not
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9 -fully understood in the CSM model. In the band identified as [515] |
also the beginning of a second bandcrossing was found. The [660]^
band has a gradual increase in the alignment before the bandcrossing, a
character interpreted as a shape change, as the bandcrossing indicates
a weak interaction between the s and g bands.
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