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Non-Collective High-Spin States in 1480y

by

Eugene Liviu Dines
Abstract

General physical cancepts regarding nuclear high-spin states are
given. The high—sgin states in 148p (Z = 66, N = 82) were produced
via the reaction 112Cd(Pb-backed)(40UAr,4n) at Eyzp= 175 , at
the 88~inch Cyclotron at Lawrence Berkeley Laboratory.

The data were collected with an array of 12 Compton-suppressed
pure Ge detectors, and sorted in the E,X E,, 2D-coincidence
matrix format for prompt and delayed gates placed on the RF - Ge
TAC{which can give the time distribution of a given coincident y-ray
relative to of formation of the compound nucleus). A Ge - Ge TAC was
also recorded, thus giving one distributions of time intervals
elapsed between detections of any given two coincident y-rays. The
data were alsg sorted in the RF — Ge TAC X Ey, Ge — Ge TAC X E,,

(0°, 90°), (0°, 0%) and (90°, 90") formats, where the last three gave
information abaut the angular carrelations. The format (0°, 90°), for
example, refers to coincidences .between a given y-ray detected in the
backward direction and another detected at 90°, with respect ot the
beam axis, respectively.

Methods for placing gates on various transitions above and below
the 480 nsec isomer at 10 (known from previous work), as well as
for calculating transition intensities and their associated errors
are given. Calculations of angular correlations for multiple y-ray
cascades, assuming non-zero-width distributions in m-states for some
given spin state, were done and compared to experimental values.
Analysis of RF - Ge and Ge - Ge TAC spectra for transitions above the
480 nsec isomer implied lifetimes of g 5 nsec(except for the 327.2
keV transition). Using such analysis, some 19 new y-ray transitions
were discovered above the isomer, thereby extending the 148Dy level
scheme up to spin I = 3Ifi , Assignments of spins and parities for the
new levels are made based on information obtained from angular
correlations and the Yifetime 1imits. Previous work on the 11 transi-
tions below the 480 nsec isomer is confirmed.

Below the isomer, the even-spin and -parity levels{up to 10%)
have been interpreted as excited states of the "hgllz configu-
ration{with the 146Gd core unexcited), while the 3=, 5- and 7-
states have been interpreted as: the («fl/ Jo X 3-(3- refers
to the core octupole), (=hyis2s1/2i5~ and %nh11/2d3/2)7-
configurations, respectively. Above the 480 nsec isomer, the 1ll1-,

12- and 13- levels at E*= 3980, 4476 and 4851 keV, respec-
tively, have been discussed with relation to levels of the two-par-
ticle-core-octupole coupling (nhglg)[' % 3—, where 1I' =10



for the 12- and 13-, and I' = 8 and 10 for the 11-. Theoretical
values for energies of the 11-{after interaction matrix diagona—
lization in the 2D basis made by I' = 8 and 10) and the 13- levels
are obtained using second-order perturbation theory, and found to be
in reasonable agreement with the experimental values. The rest of the
experimental levels above the 480 nsec isomer are interpreted as
deformed-independent-particle-model states.
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Chapter 1

High-Spin States in Nuclei: Generalities

Recent developments in experimental techniques have made possible
the study of nuclear properties at very high angular momenta, around
40-50n, nearing the value that a nucleus with mass around 160 can
sustain against an 8 MeV fission barrier. The use of heavy-ion beams,
such as 40Ar, at lab energies in excess of 4-5 MeV/incident nucleon,
has brought angular momenta of 50-60h into the compound systems
formed with masses around 160. The equation below enables one to
calculate such a maximum value of the angular momentum imparted to the

compound nuclear system:
12 0.22(Ry* Ry)[ulEpy - Veg) 1372 (1.0.1)
max= v 17 "2/L¥itcM c8 ’ de

where R1 and R2 are the projectile and target radii, respectively,

VCB is the Coulomb barrier energy given by 1.4Zprojltgt/(R1+R2+d)

(d being the difuseness parameter, usually taken around 1.2 fm)in MeVv,
ECM and y are the center-of-mass energy and the reduced mass of the
projectile-target system, respectively. The expression above can be
easily obtained from o = w(R;* R,)2(1 - VeglEou) = my *

* (1 + 1), the classical expression for the cross section

max' max

for such heavy-ion collisions, where the heavy-ion wavelengths, acy



are much smaller than the dimensions of the collision systems.
Fig. 1.1 shows the dependence of the maximum angular momentum

of such a compound nuclear

system on its mass, A, for pos-
sibilities of de-excitation.

In order to live more than
10'21 sec, any nuclear system
must have a non-vanishing
barrier against fission, and
the solid curve in the figure

represents the dependence of

the maximum angular momentum

(when the fission barrier va-

Fig. 1.1 nishes) that a "cold" nucleus
can hold vs its mass, along the g-stability 1ine(Cohen et al, 1974).
The curve descends for higher A because of increasing Coulomb
repulsion and for lower A because of ower surface energies and
higher rotational frequencies required by lower moments of inertia.
Heavy-ion reactions also bring in considerable amounts of excitation
energy(around 40-50 MeV) which greatly increases the chance for
fission, and the subsequent loss of the angular momentum to the
relative motion of the outgoing fragments. At such excitation
energies, only particle evaporation can prevent fission. The time
scale(Diamond and Stephens, 1980) for particle evaporation(for normal
binding energies) is about 10718 10717 sec, which necessitates a

fission barrier of around 8 MeV(approximately the neutron binding



energy) in order for fission to slow down to such times. The dashed
line in Fig. 1.1 corresponds to an 8-MeV fission barrier, below which
particle emission(mostly neutrons) dominates. In the time interval
10'21— 10'17 sec, or between the solid and the dashed curves in

Fig. 1.1, only the fission of the compound nucleus can be studied,
which gives 1ittle information about this region. Khen the particle
evaporation is slowed down by the decreasing Tevel density(which goes
1ike expﬂ/E':_E;;L where the yrast energy Eyr is defined on the

next page; Diamond and Stephens, 1980)sufficiently, the y-ray
de-excitation takes over the process of nuclear decay into the ground
state. This happens at around 10‘15 sec which is the halflife of the
fastest typical E1(~ 1 MeV)y-ray transition(see Fig. 5.2.15). Also,
this starts to happen when the excitation energy is below the neutron
binding energy. Thus, between “he dashed and the dotted lines in Fig.
1.1, one can study the nuclear states via particle evaporation, which
is more sensitive to nuclear structure than fission, but less so than
the study of the y-ray decay, which corresponds to the region below
the dotted 1ine. Estimates have been made about the maximum angular
momentum surviving particle evaporation, based on y-ray and
a-particle emission probabilities(see Diamond and Stephens, 1980j,
represented by the dotted 1ine in Fig. 1.1 .

The rest of this chapter will attempt to give a flavor of the
studies of the y-ray decay of high-spin states(thus restricted to the
region below that dotted 1ine) in general, while the following
chapters will present, in detail, the y-ray decay of the high-spin

states of 148Dy. looking at Fig. 1.1, one can easily see why



nuclear systems with masses around 140-150 have been picked in the
beginning of such studies, since spins up to ~ 70ff could tentatively
be reached.

Fig. 1.2 shows the decay modes of the reaction indicated({whose
4n product is the object of investigation of the subsequent chapters)
in the (E*. 1) space. At the lab energy of 175 MeV, the 1520y com-
pound nucleus is formed with an excitation energy of about 75 MeV(E*=
= ECM' Q) and with a maximum angular momentum brought in by the
reaction of about S6ti{according to (1.0.1)}. Actually, compound nu-
clei initially formed in the reaction considered have a rounded tri-
angular distribution in spin, thus concentrating the formed nuclei at
spins around 50-6Ch, while from Fig. 1.1, one can see that for such
a compound nucleus, fission(for a barrier of ~ 8§ MeV) will start
beyond spins of about 70h. At spins lower than 70h and E*s 75 MeV,
the nucleus can de-excite by emitting nucleons which carry relatively
small amounts of angular momentum, about 1-2fi per. When the nucleus
has de-excited down to within one neutron binding energy(~ 8 MeV) of
the yrast line, it has no option but to lose its remaining excitation
energy and angular momentum by y-ray decay. The yrast line is defined
to be the locus of all points in the (E*. I) space which have the
lowest excitation energy E* for a given total spin I, From Fig. 1.2,
it can be easily seen that higher spins{associated with higher
excitation energies)correspond to fewer neutrons emitted and also
longer y-ray cascades, since L¢ 2 . The y-ray paths of de-excitation
the nucleus follows after no more neutrons can he emitted(i.e. below

the entry line in Fig. 1.3), contain two main types of transitions
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(see Fig. 1.3): "yrast-like", i.e. those parallel, or nearly so, to
the yrast 1ine, which carry angular momentum but 1ittle excitation
energy, and "statistical”(which depend on average matrix elements and
level densities; see Diamond and Stephens, 1980), which run nearly
perpendicular to the spin axis, and thus carry reiatively little
amounts of angular momenta, but considerable amounts of excitation
energy, thus rapidly "cooling" the nucleus towards the yrast line.
Until the nucleus reaches a region near the yrast 1ine, it has
virtually infinitely many patis of de-excitation at its disposal,
with the result that no single transition has enough intensity to
stand out in the spectrum. This is the "continuum" region, and recent
developments of the method of the “"frequency(or transition energy)
slicing" of the continuum has given hope that one might get a
quantitative idea as to what the probability is that the nucleus will
pick one path or another to decay. However, when the nucleus reaches
the yrast line, or regions near by, enough population will collect
into only a few possible pathways, so that the transit.ons belonging
to those pathways can be resolved as discrete lines. For the case
presently under investigation, this seems to happen at spins around
311, this beiny as far up as the level scheme of 1480y could be
extended, although for other, more rotational, nuclei, with masses
around 160, such as 158Er. for example, discrete transitions were
observed from spins around 40%i, employing high-resolution y-ray
spectroscopy techniques(such as described in chapters 2 and 3)}.
Nuclei carry angular momentum in two basic ways: by the

collective motion of the whole nucleus, or by single-particle



alignment. Fig. 1.5 il1lustrates the collective rotation(quantum
mechanics prevents a nucleus from rotating collectively except with
respect to an axis perpendicular to its symmetry axis!) of 158Er,
interrupted by a pronounced "backbend" and two progressively weaker
"upbends®, which otherwise follows rather well the expression for

thelevel energies of a rigid rotor:
. 22FT11 +1) 5 E - h2122)(41 - 2) (1.0.2)

for 1 =0, 2,4, ..., and where & is the moment of inertia, which is
also defined as ¥ . l(dE*ldI)'Is l/w, where v is the rotatio-

nal frequency of the whole nucleus with respect to an axis perpendi-
cular to its symmetry axis({see Fig. 1.5). The two canonical variables

1 and » are related to each other via u = (dE*Idl), and since one

can always define E_ .= (IIZ)E“:'2 and VITT + 1) =F%w, one can

obtain the following connection to the y-ray transition energy, EY, which

is an experimental quaritity:

tw = AT(T + 1) [dE, (D)/d(1(1 +1))] = (1.0.3)
= AT(T + 1) (dE, (1)/d1)[d1/d(1(I +1))]=

= AT(T * 1)(21 + 1)7UdE, , (1)/d1] = [dE, oo (1)/d1]
{(for I > 1)

Mo = [(Epqp (141) - E o (I-DVI(141) - (I-1)] = E /2



The expression above, relating the angular frequency of rotation
of the nucleus as a collective ensemble to the energy of the y-ray
emitted, applies for the y-ray decay of good rotors, which most of the
quadrupole—deformed nuclei are, and for which the y-ray de—excitation
in the (E*, I} space proceeds via al = 2 steps. Steps of different
al also give an w linearly proportional to Ey, except that instead
of 1/2 in front of it as for the al = 2 case, one has 1 for the case
of al = 1, for example. Gamma-ray decays via al greater than 2(i.a.
y-ray multipolarities greater than 2) are quite unlikely, although
one stretched £3 vy-ray has been tentatively reported in the present
work on 148Dy(see chapter 5}. Using an extreme example to
illustrate this point, one can see that when a photon is emitted, its
momentum is p = E/c(if recoil is neglected), and the maximum angular
momentum that it can carry is ITj-rE X F|= REyfﬁc = RE1/197 MeV*fm,
This says that a 1 MeV y-ray can carry one unit of orbital angular
momentum at R = 200 fm away from the center of the nucleus! If this 1
MeV y-ray is emitted in the course of the de-excitation of a collec-
tively rotating nucleus{thus, most 1ikely being a stretched EZ) then,
at the moment of emission, the required rotational frequency is fiw =
500 keV, which translates into about 1021 revolutions per second.
02l

Interestingly enough, Earth has spun about 1 revolutions around

its axis since its creation !

For a classical rotor, the moment of inertia{see {1.0.2)) depends
on nuclear macroscopic quantities 1ike shape and flow pattern,
expected to be rigid at very high spins, and such a rigid ellipsoid

has moments of inertia given by(Diamond and Stephens, 1980)



Z. (usmirZe 2y = (u2)(als DF (1.0.4)

where the axes x,y,z can be cyclically permutated, and the semi-axes

are related to the mean radius R by r a R, and

"x,y.2 Y,z Yx,y,2

IE'is the rigid-sphere moment of inertia given by (2357ﬁ2)=0.01913R§A
Mev'l, where the nuclear radius RS-I.28A1I3-0.76+0.8A‘1/3(fm).

The coefficients ax'y’z are expressed in terms of the shape parame-
ters g and y as follows:

a = exp[(8/1.6)cos(y-2x/3)]; (i.0.5)
a= exp[(p/1.6)cos(v+2x/3)];

a,= exn[{s/1.6)cosy]

The moment of inertia in (1.0.4) is actually an “effective” value,
due to the coupling of the single particles to the rotation axis, for
the states of very high spins. For an oblate shape, spinning around its
symmetry axis, z, one can easily see how {1.0.4-5) with vy=60", give

for 32: to its lowest order expansion,

Z, = (1/2)[exp(8/1.6) + exp(8/1.6)1E = (1.0.6)
- exp(8/1.6)F = (1 +0.68)E ,

for small values of the deformation parameter g. Similar lowest order
expansions ﬂ155}or other three basic classical rotating shapes are

depicted in Fig. 1.4, with the triaxial shapes between those 1limits.
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The deviations of expansions such as (1.0.6) from exact expressions
start at g = 0.3(as we will see in chapter 6,|8| = 0.18 for 1480y,
"effectivel y* averaged over its yrast states), and, just like the
1iquid-drop shapes of minimum energy as a function of spin(Diamond
and Stephens, 1980), give oblate shapes(of moderate deformation)
through most of the spin range, becoming prolate when g8 = 0.8(just
before fission). From Fig. 1.4, one can see that the lowest energy
trajectory(thus highest moment of inertia) corresponds to an oblate
rigid shape spinning around its symmetry axis. Earth is a 1iving exam-
ple of the application of the solid-line O-Il curve in the figure a-
bove! Res! rotating nuclei, however, are not oblate due to shell
effects, extensively discussed in the references above.

In general, nuclei are not rigid, and thus, nucleons can move
throughout the nuclear volume with pairing interactions between one
another, which can reduce the moments of inertia by factors of 2-3
from the rigid-sphere values, at low spins. As the spin increases,
the pairing is considerably reduced by the Coriolis force, thus
enabling the moment of inertia to increase with spin or #iuw = 57/2.
However, the Coriolis force(proportional to the j of the nucleon) will
act most strongly on the high-j nucleons, so that the gradually
increasing slope of a plot of the moment of inertia vs fw(e.g. Fig.
1.5, for the case of 158Er) is occasionally interrupted by more or
less sharp increases, where it is energetically more favorable for the
nucleus to break a pair of high-j nucleons and align them more or
less completel y(Stephens and Simon, 1972) along the rotational axis.

The aligned high-j orbitals above are also known as "intruder® orbi-



tals(Diamond and Stephens, 1980), brought down by the spin-orbit in-
teraction(e.g. the proton h11/2 orbitais into the N = 4 shell, which
play an important role in 148Dy; see chapter 6). At this point the
first band and the band containing the aligned nucleons(also with a
larger moment of inertia)cress, resulting in the 1atter band becoming
the yrast line above the crossing flu. This also results in the
nucleus slowing down in its rotation with respect to an axis
perpendicular to its symmetry axis, because of the sudden gain in the
aligned spin i.

Fig. 1.5 depicts the moment of inertia, total spin I and the

aligned spin i, all plotted vs fiu, for the case of lssEr.

It is an 11312 pair of

140 :
' £ neutrons that is
;m .
A ~ responsible for the sudden
€80
-
z ~eo decrease of Mwior E_)
40 Y
-~

with tetal spin I(or aligned
spin i)(phenomenon known as

"backbend"(see Johnson et al,

1 1971))occuring at fiuw = 0,25
8 * . :
. S 30 ] MeV, while a pair of h11/2
0 ;’ b protons seems to cause the

"upbend" at fiu = 0.43 MeV,

Fig. 1.5 where, by then, one has four
particles aligned along the rotational axis. At still higher spin, of
about 38t, it seems that 1585r may start a third yrast irregularity

{at #w = 0.50 MeV), whereby a pair of h9/2 neutrons may be aligned.

11
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Details about the observation of these three potential yrast
irregularities in 158Er are found in a May 1982 Physical Review
letters publication(see Burde et al, 1982).

Thus, certain nuclei such as 158Er,(w1‘th 68 protons and 90
neutrons, far from the double-closed spherical shells at the "semi-
-magical" Z = 64 and the "magical" N = 82) can start out as prolate
shapes rotating with respect to axes perpendicular to their symmetry
axes, their smooth collective rotations being occasionally inter-
rupted by backbends andfor upbends whereby pairs of high-j nucleons
align their angular momenta along the rotation axis. On the average,
this behaviour cooresponds to the sclid-lined trajectories on the
£ vs 1 plot in Fig. 1.4 . True collective rotations with strongly
enhanced E2 transition rates(about two orders of magnitude faster
than the single-particle transitions) and spins which, on the
average, increase smoothly with fiw .

At the other extreme of nuclear behaviour, one has the
dashed-1ine trajectories in Fig. 1.4, which represent the average
location of states with single-particle character, thus spaced irregu-
larly in E* and I . In this case, the nuclear states are non-collec-
tive, and the angular momentum is carried by high-j nucleons with
large projections of their angular momenta on the symmetry axis of
the nucleus. Bohr and Mottelson(1975) considered nucleon angular
momentum alignment along the symmetry axis as an "effective" nuclear
rotation around that axis. This concept hereby completes the making
of the four basic E* vs I trajectories sketched in Fig. 1.4,

meaningfully applicable to nuclei. Such an irregular yrast line thus
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leads to weak, if any, collective transitions. One can have isome-s,
or “yrast traps", in this spin region(as high as 30h)(Bohr and
Mottelson, 1974),as a result of the fact that statistical
transitions({usually dipoles)compete better against the yrast-like
ones, such that more population is cooied down at relatively high
spins. The collective E2 transitions are enhanced by about 100-200
times over the single-particle unit and thus characterized by short
average lifetimes. For nuclei such as 1480y, collective E2 tran-
sitions are considerably hindered with respect to single—particle
transitions de-exciting from irregularly spaced yrast states in the
high-spin region, In addition, to a smaller but nevertheless
important degree, the irregularity of the yrast states introduces the
possible existence of low-energy dipole y's de-exciting from high
spins, which can be 2-3 orders of magnitude slower than the
collective E2's.(Transition rates are proportional to E$L+1.)
Conversely, the presence of high-spin isomers can be taken as an
indication of non-collective rotation.

The 1480y nucleus(magic number of 82 neutrons and 2 protons
higher than the semi-magical number of 64) shows irregular level
spacing and the existence of isomeric states, characteristic of
non-collective behaviour. Theoratical calculations(Dessing et al, 1977
and Cerkaski et al, 1977) have indicated this region of isotopes as
especially prone to exhibit yrast traps, based on the oblate-
coupling scheme. On the other hand, some isomeric states can be
explained by the shell model only (Horn et al, 1977).

In the case of a nearly spherical nucleus, such as 148Dy,
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alignment of individual high-j nucleons along the rotation axis seems
to be, as we will see in chapter 6, just about the only way this
nucleus can carry angular momentum. Fig. 1.6 below illustrates
this mode, which is irregular in level spacing, and characterized
by various types of electromagne-
tic transitions(El, M1, E2, E3;
) stretched and non-stretched). A few
transitions in 148D_y, however,
are probably collective(see sec-
tion 6.2), thus introducing(to the
degree of tentativeness of the
discussion in section 6.2) inter-
Fig. 1.6 play between collective and single-
particle motions.

The most recent previous work on 148Dy(Jan et al, 1982)
extended and confirmed previous work (Haas et al, 1981) on the level
scheme, up to spins of 22-23#i, with electromagnetic properties of
transitions deduced up to 1=18#i. The reaction used was (160,4n) on
136Ce, fron which y-y coincidence analysis was done, while angular
distribution information was obtained from the reaction (a,8n) on
152Gd. Conversion—electron analysis gave unambiguous Lx acsignments
to the 6263.2 kev 17° level, while below the 480 nsec isomer at the
2919.1 kev 10" Tevel, extensive previous work (Haas et al, 1981 and
Ward et al, 1983) established a strong sequence of five transitions
of energies E,= 86.9, 94.1, 389.8, 660.8, and 1687.5 kev, together

with six other weaker, and more or less parallel, lines with energies



E = 101.2, 304.3, 382.7, 739.2, 749.4 ard 1677.3 keY (the above 11
energies were deduced from the present work). Those works also gave
unambiguous electromagretic multipolarity character o the 11
transitions below the isomer: all being stretched E2's except for the
94.1, 382.7 and 739.2 kev y's{these being strecthed £1's) and the
1687.5 kev y-ray which has been identified as am E3,

In my trying to extend the decay scheme and determine the
electromagnetic properties of the transitions involved, a variety o-f
experimental techniques were used: prompt and delayed y-y coincidences,

y-y angular correlations and y-y-TAC{time-to-amplitude converter)

spectra.

15
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Chapter 2

Experimental Procedure

The high-spin states in 1480y have been produced in the
reaction 212cd (%0ar,4n) at 1ab energies of 175 and 185 MeV,
using the 88-inch Cyclotron facility at L.B.L. . The IIZCd target
was 1 mglcm2(0.0012 mn) thick ard Pb-backed. The 4°Ar beam(the
jons were in the 8% charge state) had an R.F. of about 14 MHz(in
the third harmonic, i.e. three times the particle frequency of about
4.7 MHz), with a 70 nsec separation between beam bursts, whose

average length was about a few nanoseconds.

2.1 Gamma-Ray Doppler Broadening and Shift

Due to the finite thickness of the target, the beam loses energy
going through it. Conseguently, the recoiling 148D_y are formed with
about 6.2 and 6.0 MeV(for the 175 and 185 MeV lab energies, respec-
tively)less center-of-mass (C.M.) energy at the side of the target
touching the Pb than at the side where the ‘OAr beam enters the
target.(Through the 1 mglcmz of 112Cd. the “Oar ions lose about
8.4 and B.2 MeV at incident lab energies of 175 and 185 Mev, res—
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pectively.

The 14BD,y nuclei formed near the Pbh backina, recofl with about
43.8 and 46.5 MeV, respectively, into the Pb, traveling a range of
6.9 and 7.1 mglcm2(0.0061 and 0.0063 mm, respectively), respectively
before stopping(see Horthcliffe and Schilling 1970). The stopping
time, T, for such objects, can be calculated from the range, R, as

follows:

T = R/<v> = R/Cv = (R/cC)(mc2s2E)2/2 (2.1.1)
= [R/C(3.0x108 m/s)1(931 Mev/a.m.u./2)}/%(m, 51}/

where m, is the trave.ing particle mass(in a.m.u.), E is the
kinetic enerqy, in lab{in Mev}, and the constant C s usually taken
about 0.5 since the recoiling 148Dy slow down with constant dv/dt .

The stopping time then becomes the simple expression

T= 1.4 x 1077R(myrE) /2, (2.1.2)

-12 sec, respectively for

which gives us 1.4 x 10712 and 1.6 x 10

the two beam energies used in the lab.
At the other extreme, for the 1480y nuciei formed right where

the 405, beam enters the target, the 1480y nuclei start to recofl

with about 46.1 and 48.7 MeV, respectively, and by the time they enter

the Pb backing, they have lost about 16.0 and 16.6 MeV, respectively,

which means they will stop after traveling about 5.2 and 6.1 mg/cm2

(0.0046 and 0.0054, respectively)in Pb, respectively. This translates



18

into about 1.3 x 10'12 and 1.6 x 10712 sec, respectively.
(Naturally, the thickness of the Pb backing was more than ample to
accomodate the ranges of the recoiling 1480y calculated above.)

The actual experimental case is an average of the two extreme
cases discussed above. It is therefore deduced that the recoiling
148Dy nuclei stcp in about one-and-a-half picosecond. Experimen-
tally, no broadening of any y-lines was found implying 1ifetimes of
the orcer of nsec(also see section 5.2). The same implication can be
made from the absence of any Doppler shift(AEys Eg(vreclc)cosep;
Veec 15 the recoil velocity of 148Dy and Fig. 2.2.1(c) defines
ep)of the high-energy y-ray lines, the majority of which seem to
de-excite from low spins, as we will see.(lie time it takes the

1480y nucleus to de-excite down the whole main cascade(Fig. 4.1.1)

is of the order of nanoseconds.)

2.2 The Detectors Used in the Data Acquisition

The approximately 70 x 106 events, recorded event-by-event on
eight 6250 B.P.I. magnetic tapes with the ModComp Classic Computer,
were taken with the Diamond/Stephens High Resolution Ge Array(Dia-
mond, 1984). This consisted, at the time of the experiment, of 12
Compton-suppressed intrinsic Ge detectors{see Fig. 2.2.1{a})extending
from about 77° to 154° with respect to the beam axis(see Fig.

2.2.1(c)). Each Ge detector was Compton-suppressed by a bismuth-ger-
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Fig. 2.2.1(c)

> X
7 Table 2.2.1
The Be detector angles.
Mgles o ¢ °, ¢,
Ge no. Record'g Seg.
1 1 ' 180.0  38.5 - 145.5 0.0
2 057 0.0  158.3  180.0
3 3 180.0  325.5  145.5  270.0
4 7 154.3 0.0  154.3 0.0
5 5 231.4  325.5 1209 2213
6 6 2571 0.0 102.9  180.0°
7 2 231.4 3.5 120.9°  138.7
8 8 128.6  325.5 120.8°  318.7
9 9 128.6 3.5 1209 413
10 10 w2.9 0.0 1029 0.0
11 12 na  ass 79.4  328.8
12 1 ni1 s 7.4 3.2
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manate(Bi46e3012. or BGO, for short)shield, through which it

viewed the target. A diagram of such a Compton-suppressed Ge is showed
in Fig. 2.2.1(b), which shows two of the six phototubes belonging to
its BGO shield, as well as a simple diagram of the Compton scattering
taking place in the Ge . Table 2.2.1 gives the positions of the 12 Ge's
in terms of the angle e and azimuthal angle ¢, as well as the polar
angles ep and ‘p' Aso given in this tang is the sequence in which

the firing Ge's were recorded on tape for each event.

When completed, the High Resolution Array will consist of a nearly
4« ball of 40 BGO zectors surrounding 20 Compton-suppressed(as descri-
bed above) intrinsic Ge detectors aranged in three rings. In Fig.
2.2.1{a) we can see the three rings, one in the median plane, one in
the plane above it and the third in the plane below, each plane with
only four detectors at the time. One can also see some of the photo-
tubes of the BGO shields. This inner castle of BGO sectors will act as
a 4x sum spectrometer with an energy resolution and efficiency almost
as good as for the larger Nal balls, Sinée it has a smaller number of
detectors than larger Nal balls, the present BGO ball will have worse
multiplicity resolution. The high density of BGO(7.13 glcm3) by
comparison to Nal, enables ciie to achieve such a compact arrangement as
the present set-up.(See Diamond, 1984 for details.)

Germanium detectors offer a unique combination of energy
resolution and efficiency for y-ray discrete spectroscopic studies. It
takes about 2.96 eV to create a charge carrier(a electron-hole pair) at
77°K.(Ge detectors must be cooled(usually at 77°K with liquid nitrogen)

in order to minimize the thermal noise current whose amplitude depends



on the absolute temperature T like 13/2exp(-Eglsz); Eg is the
band-gap energy:0.75 and 0.67 eV at 0° and 309°K, respectively(Knoll,
1979).) This means that, e.g. a 60 keV y-ray will create about 20,000
such 2lectron-hole pairs, or carriers. In a Tl-activated Nal crystal
only about 8 keV of the y-ray will be converted by the scintillator
(usually with an efficiency of about 13 percent) into visible light -
with a 4 eV average photon energy, thus producing only about 2,000
scintillation photons per pulse. Allowing for some 1ight loss at
crystal surface and crystal-phototube intsrface, only about 1,500 such
photons will reach the phutocathode. Assuming a reasonable Z0 percent
average quantum efficiency of the photocathode over the entire
scintillation spectrum, only 300 photoelectrons will be produced. This
is the minimum number in the signal chain since subsequent photo-
multiplier stages will multiply this number, It is this minimum num-
ber of photoelectrons which determines the resolution of such a
NaI{T) detector, namely R = 2;351(300)112 = 14 percent, for the

60 keV y-ray detected. Sources other than statistical can worsen the

resolution of a NaI(T )(e.g. non-uniformity in light collection, non-

linearity of the Nal{Tl) scintillation response, etc; see Knoll, 1978).

High quality Nal{T) scintillators{coupled to modern P.M.T.) can offer
energy resolutions of 6-7 percent at 0.662 MeV(137Cs). Some of the
Nal(T) counters routinely used in "continuum® experiments at L.B.L.
have been known to offer resolutions of around 9 percent at 1.17 Mev
(GOCO).

When one deals with Ge detectors, the pulse amplitude will

fluctuate due to the inherent statistical variation in the number of
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electron-hole pairs(aside from other sourzes, such as incomplete
charge collection or electronics following the Ge, for whose treat-
ment the reader is referred to Knoll(197¢)). Assuming Poisson
statistics, the standard deviation in the number of such charge
carriers will be the square root of the mean number produced. However,
the Poisson model holds if all events along the track of the ionizing
particle were independent, and thus predicts that the variance in the
total number of electron-hole pairs is equal to the total number of
such pairs produced, i.e. Eylc . In order to adjust for departures
from such an ideal process, one should use an adjustment factor,
called the Fano factor, F, (Knoll, 1979), relating the observed va-
riance to the Poisson-predicted variance(i.e. F = (observed statisti-
- cal variance)/(Evlc)). Thus, the energy resolution for a Ge detec-
tor will actually be R = 2.35F/(E /e qppier)t 2)- M inprove-
ment factor of around 50 is found in resolution of a Ge detector over
NaI(Tt) for the Ev used in the example above, using an F = 0,12 at
77°K (Knoll, 1979). The pure(intrinsic n-type) Ge detectors used in this
experiment were able to achieve resolutions of better than 0.20 percent
at the 60Co energies, which translates into an average resolution of
about 2 keV at 1 MeV.

Such high-resolutior in-beam y-ray spectroscopy can be spoiled by
the Doppler broadening of the peaks. Approximately, such width is given

by the following expression :

(AE:/E:) = (v/c) sin @ sin¢g , (2.2.1)
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where v is the velocity of the emitting nucleus, e is the angle
between the recoil velocity and the y-ray emission, and ¢ is the
opening angle of the y-ray detector. In the worst case, one has e =
90° and ¢ ~ 20°, and with a projectile 1ike %0a- at about 180 Mev

1ab energy, one has v/c ~ 2.5 percent, which gives AE:IEg -

1 percent, or AEg ~ 10 keV at 1 MeV, which is about five times

the Ge resolution mentioned above. Fortunately, this serious problem
is avoided if the y-rays are emitted after the time that it takes the
recoiling nucleus to stop in the Pb foil backing the target. As we
sav earlier that time is of the order of i psec, and the laany
nucleus and other nuclei near closed shells have been known for some
time to have de-excitation times much Yonger than 1 psec,(Their non-
collectivity implies enhanced single-particle nature of their exci-
ted states, thus transition rates slower by 7actors of 100-200 over
collective transitions(proceeding with lifetimes of ~ lpsec); see

chapter 1.). For 144,146,148,150¢, 148,150,152,154y, 40

152,158,156,158¢, i e, nuclei just above the Z = 64, N = 82 double
closed shell, it is expected that essentially all discrete y-rays are
emitted after the respective recoiling product nucleus stops in Pb.
Thus, the experimental resolution is around 2 keV at 1 MeV .

For y-ray spectroscopy, germanium is superior to silicon. Its Z
number(32 vs 14,respectively) offers better photoelectric absorbtion
(which varies 1ike 24'5/53). Alsp, Ge offers a s)ightly ower

energy per electron-hole pair(2.96 vs 3.76 eV, respectively, at 77°K).
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2.3 The Quality of the Data Acquired with the Pure-Ge Array

The germanium detectors thus offer a rather unique combination
of energy resolution and efficiency which is quite an asset for y-ray
spectroscopic studies, Since they are almost never very large, there
is a high probability that a Compton-scattered y-ray will escape from
the detector, so that only a fraction of the incident y-ray energy
will actually be deposited in the detector. One gets a poor peak(full
energy)-to-total area ratio(P/T), which is about 0.20 for a 1,33 MeV
y-ray for a germanium detector of about 2" diameter by 2" thick and
about "20 percent"(the 20 percent is relative to the peak efficiency
of a 3" X 3" Nal(T) detector for 1.33 MeV y-rays)(see Fig. 2.3.1).

Table 2.3.1(a) shows that for a y~y coincidence spectrum only 4
percent of the events are full energy - full energy(Pz), and thus
interesting to analyze, being obscured by the other 96 percent
"garbage" events which waste the storage space. For y-y-y, or triple
coincidences, the situation is a 1ot sadder: 99.992 percent of the
events are “garbage®, obscuring 0.8 percent of the events which are
1nterest1ng(P3); stil1 worse, for the quadruples, only 0.16 percent
of the events are usefu](Pa), whiie the “garbage" accounts for more
than 99.998 percent of the total events. In this experiment, we will
not, however, be interested in coincidences higher than doubles,

because of statistics problems, as transpires from Table 2.3.1(b},
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Jable 2.3.1

Ge Detector 20 percent(of 3" X 3® Nal at 1.33 MeV)

(a)

Ge Ge? Ge3 Get
PEAK /TOTAL 0.2 0.04 0.008  0.0016
COMPTON-SUPPRESSED 0.5 0.25 0.13 0.06
PEAK /TOTAL
IMPROVEMENT 2.5 6 16 39
(b)

105 Triggers/sec Coqn ts/sec

Days to collect 50 X 105 events

W = 20 ge Ge3 Ge?

5 Detectors 870 25 0.35
12 cm 0.7 23 4,5 yrs

12 Detectors 4700 450 29
12om 0.12 1.3 20

21 Detectors 11000 2200 280
12 om 0.05 0.25 2.1
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discussed shortly below. In order to increase the proportion of
useful (full energy coincidences) events over the remaining
unnecessary events (which account for peak - Compton, Compton - peak
and Compton - Compton coincidences) a scintillation material (BGO
elements in our set-up) was used to surround the Ge detector, so that
the y-rays scattered out of the Ge detector can be detected in the
scintillator and used in anti-coincidence modules to veto the
partial-energy pulse left in the Ge detector. While this solution is
only partial, Table 2.3.1(a) shows how dramatic the (P/T)'s improve:
from a P/T of 0.50 for a single event to a (P/T)2 of 0.25 for a
double, to a (P/T)3 of 0.13 and a (P/T)4 of 0.06 for triples and
quadruples, respectively. These numbers translate into improvement
factors{over the non-Compton-suppressed case) of 2.5, 6§, 16 and a
whopping 39 for singles, doubles, triples and quadruples,
respectively. Impressingly enough, the double-coincidence spectra(of
particular interest in the present work)contain, with
Compton-suppression on, about 25 percent more useful events(i.e.
Pz)than the non-Compton-suppresed single spectra have(i.e. P).

As far as the rates of coincidence events are concerned, they
are affected principally by two factors: distance between source and
detectors and number of detectors. One usually selects the minimum
desirable distance at the point where summing effects, or
pile-up(simuitaneous arrival of two coincident y-rays in the same
detector) are in excess of the maximum tolerable value
of about 10 percent. For average y-ray multiplicities of about 20,

this gives an upper 1imit of about 0.5 percent for the efficiency and
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a lower limit of about 13 cm for the distance to source, for a 20
percent Ge detector. Going farther away than this will mean a
sizeable loss in statistics for doubles, since they fall off as the
fourth power of the average distance between detector and source. The
small size of the BGO shields making up the anti-Compton suppressors
allowed the 12 Ge detectors used in the run to fit around the source
at i distance of about 13 cm. Approximately, the rates for doubles go
up as the square of the number of detectors, for triples as the cube
and so on, and the Table 2.3.1(b) shows that with only 12 detectors
we had doubles coming in at only about 42 percent the rate one would
have with all 20 Ge's . The calculations are based on production of
about 105 compound nuclei(or "triggers")per second, and with an
average y-ray multiplicity of about 20. The numbers .below the rates
(in parantheses)represent.the days it would take to collect about 50
x 108 events, which would fit on about five 6250 B.P.I. magnetic
tapes. It would take less than half the time with the completed ball
to take the same number of doubles as it did with the 12 Ge's, and
less than a fifth of the time for triples! In calculating all the
rates shown in Table 2.3.1(b), use was made of the following
approximate expression for the probability, PM.N,p'

of detecting p-fold coincidences with N detectors, assuming an

average y-ray multiplicity of M :
Pun,p = (N (Me:QQPLL - (8 - pr2)UM-P (2.3.1)

where!?.is the total efficiency(above 300 keV) of a Ge detector used,
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and which was taken to be about 2 X 10'3 .(See Diamond and
Stephens, 1984.)

The impressing numbers for the rates for high-order
coincidences (doubles, ¢riples, etc) displayed in Table 2.3.1(b) are
important because of the effective resolution problem. For a single
detector, one defines the energy resolution as the inverse of the
number of resolvable points below a certain peak. For example,
(Stephens, 1984), a 2 keV resolution at 1 MeV(the case for our Ge
detectors)gives one about 1/500 = 2 X 10'3 for such energy
resolution, in such a one-dimensional case. For a two-dimensional
matrix one has (500)2 resolvable points, giving an effective
resolution of 4 X 10'6 , while for triple coincidences this value
becomes 8 X 10'9 . This analysis says, essentially, that two y-rays
of identical energy, while being unresolved in one dimensional
analysis, will Have very different coincident relationships, and
thus, they will be easily resolved in two-dimensional analysis.

In general, the higher the order of coincidences analyzed(i.e.,
the higher the dimensionality of the coincidence matrix), the higher
the number of y-rays of identical energy which can be easily
resolved. To #1lustrate with an example, if one has N unbranched
rotational bands, each with about 20 y—rayé spread over about 1 Mev,
one has about N(ZO)2 doubles (D). Since there are (500)2 resolvable
doub1es(Dr) in the sub-matrix 1 Mey X 1 MeV, one has

D/D. = N/25)% ~ NX1.6% 1073 (2.3.2)

r
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For the one-dimensional(singles) case the value above becomes N X
XaXx 10'2, which tells us that, for only 2 bands, a little less
than 10 percent of the resolvable pointc are used-up, while for the
two-dimensiona) case (doubles) it would take about 60 such bands to
use-up about 10 percent of the corresponding matrix.(Similar

calculations give about 2,000 bands for triples !.)

2.4 Experimental Set-Up

A diagram of the electronics set-up is shown in Fig. A.I{in the
appendix). As we can see from it, each event written on tape consisted
of at least 5 parameters: at least 2 Ge's, one RF - Ge TAC, one Ge - Ge
TAC and a Ge Tag Word. The events were of variable length, since
parameters with zero-channel values were skipped by hardware("zero-skip
mode*).

Two TAC's were used in this experimert in the hope of providing
life-time information. The RF - Ge TAC gave the time between the arrival
of the beam burst relative to the phase of the cyclotron RF(which is
also the time the compound nucleus 1520y is formed)and the
time when the second Ge fired(i.e. the later of the coincident pair
of y-rays). As far as the time scale dealt with in the present
work {nanoseconds) is concerned, the time of formation of the compound
nucleus is the same as the time when the y-ray decay starts, since the

nucleus exhausts all excitation options down to the y-ray entry



line(see chapter 1) in about 10'15 seconds. Between this time and
compound nucleus formation only fission and particle emission domi-
nate. A Ge majority box{a "Multiplicity logic Unit"), set to fire
only when at least 2 inpu”s(2 Ge's) were present, provided the start
of the RF -~ Ge TAC, while the RF(present all the time) provided the
stop. The same Ge majority box provided the start for the Ge - Ge TAC,
whose stop was supplied by the output of the Ge “OR" unit(which pro-
vided an output if any one Ge fired). Thus, the Ge - Ge TAC essen-
tially gave the distribution of times elapsed between the 2 y-rays in
the coincident pair.(1f more than 2 y-rays were detected, the Ge - Ge
TAC only gave the distribution of elapsed time between the first 2
y~rays, since the "OR" unit fired when the first y-ray was detected
while the majority box fired when the second y-ray was detected.)

The Ge Tag Word put out a bit which represented the Tabel of the
second (or later) Ge detector. A unit pulse was thus created in a
channel number equal to 2 raisad to the power equal to the total num-
ber of Ge's(i.e. 12) minus the Ge label in question. This Tag Word,
when associated with the Ge - Ge TAC can give potential information
about the ordering of the 2 coincident y-rays in guestion. However,
this is true only when the time between such 2 y-rays is more than
the resolution of the Ge - Ge TAC, which is about 5 nsec{FWHM), as we
will see in chapter 5.

No such delays among coincident y-rays were found in 1480y
above the 480 nsec 10% isomer(with the possible exception of the

327.2 keV transition; see section 5.2). This indicates that all the

transitions above that isomer are prompt with respect to one
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another(within about 7 nsec, according to the analysis in section
5.2). The same holds true for the transitions below that isomer, with
the exception of the 86.9 keV transition relative in time to the
other 10 transitions which are obtained after the 86 nsec(Haas et al,
1981, Julin et al, 1982(p.78) and Ward et al, 1383) 8" level

decays. However, as we will see in section 5.2, poor statistics{in
the present run)prevents one from cbtaining a believable value for

tihe 1ifetime of that level.
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Chapter 3

The Pnalysis

The WOpe + :lsz reaction(Q = -55.5 MeV) at 175 and 185 MeV
lab energy made lssz compound nuclei with excitation energies
of ~ 73.5 and ~ 80.8 MeV, respectively. For the two bombarding
energies, the maximum angular momentum brought into the compound
system(see chapter 1) is - 56 and 70, respectively. The 4 neutrons
remove a negligible amount of angular momentum (~ 3-4f1), and thus,
states with very high spins(~ 52-53 and ~ 66-6711, respectively) are
populated in the residual 14Bny. The 4 neutrons each carry,
however, about 12 MeV of binding plus kinetic energy, thus leaving
the high-spin states in 148Dy with about 25.5 or 32.8 MeV of

excitation, respectively.

3.1 “he Sorting of the Data

The data were sorted in the format of 3 two-dimensional E7 Vs
E7 coincidence spectra(each 2048 X 2048 (channe1s)2), one for
each of the 3 RF - Ge TAC slices(gates), as shown in Fig. 5.2.2 .

The energy calibration being 1.199 keV/channel (zero intercept)(as
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deduced from 152Eu calibration; see the appendix), each one of the

3 E7 VS, E7 spectra spanned nearly 2455 X 2455 (keV)2 of the
two—dimensional space of y-y coincidences. Fig. 3.1.1 shows a "bird's
eye” view of such a two-dimensional Ge X Ge spectrum.

In addition, a two-dimensional spectrum of RF - Ge TAC vs E7
was constructed, wherein there were incremented points of coordinates
(EY,RF - Ge TAC channel), where E* refers to the at least 2 coin-
cident Ge's present in each event. The size of this spectrum was 2048
X 512 (channe1s)2. A later sorting was done whereby a two-dimen-
sional spectrum of Ge - Ge TAC vs E?(see Fig. 5.2.11 for a full
projection on the TAC axis) was constructed for all the y's in
coincidence with the 1061.1 keV transition(the one right above the
480 nsec isoher), and also in coincidence with the RF - Ge TAC slice
1(the prompt peak). A similar spectrum was constructed for the 660.8
keV transition(below the 480 nsec isomer) and in coincidence with the
RF - Ge TAC slice 3(the “late" gate). The size of each of these 2
two-dimensional spectra was also 2048 X 512 (channe1s)2. and they
were built in order to ascertain the promptness of the transitions
with respect to 1061.1 and 660.8 keV transitions, respectively(and
separately). The analysis of such two-dimensional spectra involving
the RF - Ge and the Ge - Ge TAC's is done in section 5.2 .

This type of analysis was done for each of the two sets of data:
the 175 MeV set, with about 47 milljon events, and the 185 MeV set,
with about 23 million events(see Table 3.1.1 for the 175 MeV data).
However, as it can be seen from the Table 3.1.1(b), the extra 10 MeV

of lab energy(even though it enhanced the high-spin states in the 4n
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Table 3.1.1

(a) The 175 Mev *Oar + 112c4 Ryn wiih 12 ge's

Sorting of coincidences with 211 detectors.

Events RF-Ge TAC| RF-Ge TAC| RF-Ge TAC | Sum of Correc~ | Lost
Record'd | Gate 1 Gate 2 Gate 3 Gates 1»3[ted* Ev's
47298500 | 33007225 §941351 3326994 42275570 146356549 -2%/0

Total RF -~ Ge TAC counts: 44383349; Total Ge - Ge TAC cownts: 44200000
Discrepancy: ~ 0.4 percent

* During the first tape, Ge no.9 drifted all throughout, and it was ne-

glected during sorting: 12X11/11X10 = 1.20, t.e. ~ 20 percent of the

9336000 events on that tape were discarded,The RF - Ge TAC gates

were adjacent, and did not cover the entire RF-Ge TAC spectrum(leaving
2,113,778 events out, i.e. not sorted in any format).

{b) P/B ratios of the first five transitions in the main band above

the isomer, measured for the 175 and 185 MeY sets of data(in the full
projection spectra). Energy resolution was the same for sets

of data. P/B refers to heights.

E_(kev) 1061.1 | 462.7 | 495.8 | 1045.5 | 279.0°
P/Bf175 Mev | 2.05(1) | 1.48(2) | 1.58(2) | 1.82(2) | 1.58(%)
185 Mev | 1.50(7) | 1.01(6) | 1.12(8) | 1.42(n) | 1.25(7)

* Yalues of P/8 in that column fnclude contributions from im-
surities (14654 ang 1487y,




Table 3.1.1 {(cont'd)

(c) Sorting of coincidences for angular correlations.
Comparison of statistics to all detectors case(in

terms of numbers of coincident Ge pairs for given formats).
Above {somer(in coincidence with RF - Ge TAC gate 1)

Sortin No. counts | Ratio to all) detectors case [Prediction
Formats

0°- %0° 738329 0.22 0.24
0°-o0° 2991p9l 0.09 0.09
90°- 90° 2893624 0.09 0.09

Below isomer(in coincidence with RF - Ge TAC gate 3}

No. counts }Ratio to all detectors case |Prediction

0°- %° 1pazp71 0.31 0.24
0°-0° 463424 0.14 0.09
90°- 90° 382333 0.11 0.09

* For the 0°- 90° case: (4X4)/(12%/2:10!)=0.24
For the 0°- 0" and 90°- 90° cases: (4!/2:2:)/(12:/2:10!)=0.09
(12:72:10!) represents the no. of different pairs out of 12 Ge's,

for example.
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channel vs. the 3n one{chapter 1))brought considerably more quasi-
continuum. It seems the extra temperature 1ifted the top of the y-ray
cascade to points in the (E*, 1) space(see chapter 1) from where
considerably more numerous paths of y-ray de-excitation are
available.This is evidenced by the considerably poorer peak-to-
-background ratio{P/8) for the 185 MeV set of data than for the 175
MeV one. Such being the case, further analysis of the 185 MeV data
was abandoned, and all efforts were concentrated in analyzing the 47
million events of the 175 MeV data, due to its much better
quality(i.e., P/B) and statistics.

The possibility of sorting the triple(Ge3) events, while
attractive because of the cleanliness of the ensuing spectrum, was
not deemed feasible due to poor statistics(see Table 2.3.1(b), which
shows the triples were only about 10 percent of thz doubles !}. The ~
5 million "triple" events would have given us statistical
fluctuations more than 3 times worse than for the doubles.

The sorting was done with the “EVAS" version(Belshe, 1984) of
the EVAL Program{Holm, 1979), which also enabled the user to closely
monitor the incrementing of counts in each of the 12 single Ge
spectra, for the purpose of making all 12 detectors have the same
peaks as closely aligned as possible. The degree of such peak
alignment in all 12 detectors was better than 25 percent of the FWHM
of peaks at ~ 1 Mev.

The data were also sorted in angular correlation format(see
Table 3,1.1{c)) : 4 detectors at e = 180" and 4 detectors at o =

0°(see Table 2.2.1), with respect to the beam axis, respectively,
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were chosen, and the former were incremented along the x—dimension
while the latter along the y-dimension of a two~dimensional 2455 X
2455 (kev)Z spectrum. In addition to this 0°- 90° format, the data
were also sorted in the 0°- 0" and 90°- 90" formats, each in a 2455 X
2455 (kev)z matrix, whereby there were incremented coincidences
between any 2 Ge's in the backward direction, and coincidences
between any 2 Ge's at 90°, respectively. These last two matrices were
constructed because, as we will see in section 5.2, they provide
results more sensitive to.multipo1arity for cases when the two
coincident y-rays carry the same angular momentum, while the 0°- 90°
format provides results more sensitive to multipolarity for cases
when the 2 y's carry different angular momenta.

The angular correlations results(in all the above 3 formats)
were found to be more or less isotropic for the transitions below the
480 nsec isomer(see section 5.1). This was mainly caused by the
paramagnetic relaxation effects(hyperfine fields created in the
target material during the reaction) which tend to destroy the
orientation of the nuclear spins populated in the reaction.
Therefore, as far as the 11 transitions below the 480 nsec isomer
were concerned, we had to use the (I,x) assignments made in previous
works on 148Dy, involving linear polarization and conversion

electron measurements(Haas et al, 1981 and Julin et al, 1982(p.78)).



3.2 The RF - Ge Time Distribution of the Coincident Gamma-Rays

The present work seems to agree with the (I,#) assignments of
the 1061.1, 495.8, 1045.5, 462.7, 279.0, 763.4 and 1170.5 keV
transitions above the 480 nsec isomer, within experimental error, The
11 transitions below that isomer were oberved with a much better P/B
when the gate on the RF - Ge TAC was the one marked 3 in Fig. 5.2.2,
while just the opposite is true for the approximately 34 transi-
tions{including the 19 new ones observed in this work) above the 480
nsec isomer, which clearly have the best P/B for the RF - Ge TAC gate
1(the "prompt" gate). The gate 3 corresponds to coincident
transitions taking place much later after the compound nucleus
formation than the “prompt® transitions in gate 1. The time scale in
Fig. 5.2.2 increases right to left(just 1ike all TAC figures). As the
figure indicates, the prompt peak has a FWHM of about 9 nsec(while
the width of gate 1, actually used in sorting, is about 11 nsec), and
is symmetric, within about 1 nsec, with respect to the line marking
the centroid. In order to show this, the base of the “prompt" peak
was chosen to be the second horizontal line from the bottom of Fig.
5.2.2, and this is probably the best 1ine one can choose such as the
regions L and R are nearly the same, area- and shape-wise. One can
see that L still includes mostly prompt transitions, just like R,
however, lowering the second horizontal 1ine below where it was

chosen, makes rapid inclusion of "tail*, or late, transitions, very

41
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much different than the ones in R .

A of the transitions above the 480 nsec isomer are time-
distributed within an interval of about 7 nsec, after quadratically
subtracting the jitter of the beam pulse relative to the RF(~ 6-7
nsec (Diamond, private communication)) from the experimental value of
9 nsec. Since the nuclear y-decay and cyclotron-RF jitter are
independent phenomena, the respective widths they introduce in the
time distribution of the transitions detected can roughly be added
quadratically. Since the the RF - Ge TAC spectrum for the 1061.1 keV
transition(placed at the bottom of the “prompt" cascade, just above
the 480 nsec isomer, in the present work) seems to have the
narrowest (FWHM ~ 7.5 nsec;see Fig. 5.2.3) and rast symmetrical prompt
peak (with very 1ittle, if any, tail), it was chosen as the "“prompt
reference", i.e. with respect to which the RF - Ge TAC spectra for
all the other transitions above the 480 nsec isomer will be analyzed

(see section 5.2).

3.3 Method for Analyzing Discrete Coincidence Spectra

In order to establish the y-ray decay scheme of 148Dy, prompt
y—y coincidences were analyzed. Cuts(gates) were placed on the
x-dfmension of the symmetrized 2455 X 2455 (keV)Z two-dimensional
matriz{fn coincidence with the given RF - Ge TAC gate), on y-ray

pegks(foreground), as well as on backgrournds({quasi-continuum) on both
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sides of the respective y peaks(see Fig. 3.3.1, for example). Fig.
3.3.2 shows the spectrum obtained from projecting(or collapsing) all
the rows, from 20 to 2000(i.e. from 24 to ~ 2400 keV) in the prompt
coincidence two-dimensional va EY matrix, onto the x-axis of

that matrix. Various impurities are indicated in the figure caption,
as well as the reaction channels to which they belong, together with
their relative proportions. One can also see that the transitions
below the 480 nsec 10" state isomer are markedly suppressed in

their intensities, relative to the transitions above that isomer.
Comparisons of intensity ratios of a representative transition below
the isoiler to one such transition above the isomer, to ratios of
pertinent RF - Ge TAC gates areas, are depicted in Table 3.3.1 . The
spectra in coincidence with background gates were averaged, and
normalized to the number of channels used in the gate on the y-ray
peak, and then subtracted, channel-by-channel, from the spectrum in
coincidence witi the y-ray peak of interest.(See Fig. 3.3.1 for
placing such gates.)

The spectrum depicted in Fig. 3.3.3 was obtained in the same way
as Fig. 3.3.2, only it represents the full projection of the two-di-
mensional coincidence matrix in coincidence with tha RF - Ge TAC gate
3(the delayed gate), showing the transitions above the 480 nsec
isomer appropriately reduced in P/B({and intensity). If one follows
the P/B of the 1061.1 keV transition from Fig. 3.3.2 to 3.3.3 ,by way
of the similar spectrum in coincidence with RF - Ge TAC gate 2(not
shown here), one notices the reduction in the P/B numbers:

8.05(1)/1.13(2)/0.75(3), respectively.
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Table 3.3.1

Comparisons of ratios of intensities of transi-

tions(above and below the isomer;see below) to ratios
of areas of “prompt” to “delayed" RF-Ge TAC gates.

Intensity  [Ratfo of intensit1€S] Ratio of areas | Ratio of
of the of the transitions” of pr.ge TAC RF-Ge TAC

transttions | 1061.1 keV to Slices 31 slice 1
1537-4 1687.5 kev Unenorfnors - PN /W1 dth
(kev) transitfon to 1somer
1061. Vife-time

(a)Y — Bate on the 660.5 keV transition{< Tsomer] ]

.2
35690 {1400 3.93 x 1072 10x1072/6x1072 % 08/2.92x10
4195 {2150 a4z x 102

(b) —[um of gates on 1061.1, 462.7, 495.8, 1045.5 and 279.0 kev]
ransitions

896.9 ko27.5| 15.1 x 1072 10x10-2/6x10~2 2. 08/ 2.92x1072
L» s},2 % ]9-2

* normalized(or not) to same no. of channels as in RF-Ge TAC slice 1.

*<and’)’ refer to transitions below and above the isomer, respectively.
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The technique of analyzing spectra in coincidence with discrete
transitions is rather simple. The spectrum in coincidence with a
given y line(after proper background subtraction, as discussed above)
should not return that given y 1ine, but all the others in
coincidence with it; the lines below it in the level scheme(allowing
for possible branching, W({)), and electron conversion) should appear
with equal intensities(also the intensity of the transition gated on},
while the y's above such transition in the level scheme(again,
allowing for pnssible branching) should appear with their own, rather
smoothly decreasing intensities. This is so, because in order to
de—excite from the state from which the transition gated on comes,
the nucleus can only follow the band(if there are such bands) to
which the transition ahove belongs, or bands which branch out below
that transition. Data for gates placed on transitions de—exciting
from higher-spin levels show that the continuum is more intense at

higher spins.

3.4 Ge Relative Efficiency

In order to obtain transition intensities, one needs the y-ray
intensity and the corresponding electron conversion coefficients. The
total absolute efficiency of the Ge's as a function of E' was
needed to obtain the y-ray intensities. This total absolute

efficiency ¥s e,y m c;o #({Wax) ((dbeing the solid angle subten-
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ded by the detector), where €int is the total intrinsic efficiency,
which is defined as Cint = (no. of pulses recorded)/{no. of y's
incident on the detector). Therefore, €abs ™ (no. of pulses recor-
ded in peak)/(no. of y's emitted from the Pb-backed target during the
reaction). Both ratios above are on an event-by-event basis. We speak
of “total® efficiency, such as for the two above, since they are
meant to inciude effects due to the absorbers(made of Sn and Ag backed
by Cu(to absorb the Sn and Ag X-rays)) which covered the entrance
window of each Ge in order to remove low energy back-scattering.
Following the run, a 152, source(EY = 122, 245, 344,
444, 689, 779, 868, 963, 1086, 1112 and 1408 keV; see lederer et al,
1978)replaced the 112Cd target, and double coincidences in the form
of histograms were recorded on tape. Subsequent anulysis of the
152Eu y-ray intensities done for 4 Ge's, randomiy chosen, gave a
total relative efficiency(all we need is to compare y-ray intensities
to each other{after being corrected for conversion)) curve of the
shape c gy = E-0°79L, for £ > 245 keV. Below 245 kev,
the 122 keV point from thelszEu run together with the 1333a data
(taken with similar Ge's) give an efficiency which varies ~ Es
between 80 ~ 120 keV, and ~ (EY)”?. between 120 - 160 keV(Fig.
3.4.1).(T™e B0, B2 and 162 keV points from 1333a. together with the
122 keV point from 152Eu, were used to find the shape of the
efficiency below 160 keV, where it curves downwardly, due to the
absorbers placed on the front of the Ge's.) The 1333, data( lederer
et al, 1978) was taken from a different run involving the same kind

of Ge's and was normalized such that the line obtained from a least
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squares fit to the 276, 303, 356 and 384 keV points coincidded with
the line E;0'791 obtained from 152gy.

Inspection of the 15zEu data revealed that absorbtion started
to set in at about 160 keV. The 152Eu data, taken in the same run
with the 133, data, showed the 122 keV point to lie in the same
relation to the other points(see Fig. 3.4.1(a)) as it does for the
1480y run(Fig. 3.4,1). The arrows departing from the numbers 1, 5,

6 and 10 in Fig. 2.4.1(a), indicate where the 122 keV point lies with
respect to the other points from 152Eu. for Be's 1, 5, 6 and 10,
respectively. The 152Eu Ev's above 245 keV, taken with this

latter run gave an exponent of -0.793, remarkably close to the
average exponeqt obtained from Fig. 3.4.1(even though different Ge's
were involved in different completion stages of the BGO Ball).

The four log-log plots of the relative efficiency vs Ev (see
Fig.3.4.1), show that, on the average, the 122 keV point lies within
the scatter of the other points with respect to the best 1ine drawn.
Therefore, one could take Crel ~ E;°‘791 for Ev > 122 keV,
without making a large error. However, in the 1ight of the discussion
above, a compromise was reached to have the efficiency decrease like
E;°'791 from 160 keV on, The exponent 0.791 is the average of
the values indicated on the four plots in Fig.3.4.1{error in 0.791 is
about 0.025), and Fig. 3.4.2 shows the shape of the average relative
efficiency curve thus found and used in the present work. It was not
necessary to do this relative efficiency analysis for all 12 Ge's:

in the event that they were not similar, one could only use an

average value of the relative efficiency closest to only two detec-
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tors(e.g. no. 1 and no. 10) anyway, since all possible pairs of Ge's

were incremented in one and the same two-dimensional va EY-coin-

cidence matrix.

3.5 Method for Obtaining Transition Intensities and Their Uncer-

tainties

The integration of the y-ray peaks is done with the help of the
“FIT routine of the spectrum analysis program "SUSIE"(see Appendix},
or by direct summation of counts in the peak + background underneath
and then proper subtraction of background counts. The latter method
was employed whenever statistics made gaussian-fitting of the peaks
{involving setting the background around the peak) noticeably inac-
curate(especially in angular correlation work). The errors in such
peak areas(i.e. y-ray intensities) are calculated according to the

following expression:

- 2 1/2
o (AY"ZNaphys) , (3.5.1)
where AY is the net area under the y-ray peak in question(i.e. a-
bove the background), obtained with “SUSIE®, N is the number of
channels in the peak and phys is the jitter that the quasi-
—continuum and the background statistics under the peak iiself

introduce in the number of counts) of each of the N channels
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in the peak.

As we can see from Figs 3.3.1 and 3.5.1, if one goes roughly 3
times the FWHM of the peak, to the left and to the right away from
the peak, one has the spectrum fluctuating greater than the
statistics of any channel in those ranges(see below). In the example
taken, looking at the spectrum in coincidence with the 1061.1 keV
transition, after subtraction of the average of the spectra in
coincidence with the two background gates shown, analysis indicates
that the r.m.s.(root-mean-square) deviations of the number of counts
in the channels in the L and R regions, are o = 53.5 and op =

60.0, respectively. These numbers were obtained according to:
o= (1/N)§:[(counts)i- <counts>N]2. {3.5.2)

where (counts)i is the number of counts in channel i, and <counts>

is the average of the number of counts over the N channels taken at
the right and left of the peak(see Fig. 3.5.1). These numbers are
about 3 times the statistics in the average typical channel, which is
of the order of ~ (400)“2 = 20.(The value of 400 is obtained by
adding about 85({the average number of counts in the same chan-

nel regions in the background spectra) to about 315, which is the num-
ber of counts in a typical channel in regions R and L in the spec-
trum in coincidence with the foreground. This operation is necessary,
since Fig. 3.5.1 represents the result of subraction of background
spectra from the foreground spectrum.) While 9 and op are about

the order of the statistics in such average typical channel for the
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spectra in ccincidence with the background gates, they become at
least 4 times those statistics when one adds the average of the two
background spectra to the net{background-subtracted) spectrum. In
conclusion, the calculation of ®phys accerding to (3.5.2) takes
into account the statistics of the background as well as the ore-
sence of any gquasi-continryum fluctuations. The result is calculated
per channel(see (3.5.2)), and, therefore, it is necessary to multi-

ply ’ghys by the number of channels in the peak, in (3.5.1).
The additional factor of 2 comes from the fact that (3.5.1) repre-
sents the error in the net area of the y-ray peak, which is the re-
sult of the subtraction of the background(with its statistics and
quasi~continuum fluctuations) from the sum of the net area and the
same backgraund,

Tt can be easily seen that (3.5.1) is physically meanincful in
the fallowing extreme cases: When the quasi-continuum fluctuations
are 22ro, (3.5.2) will only give us the ¢ due to the statistics, i.e.
(3.5.2) will essentially give us the background per channel under the
oeak (B/chamnel). Thus, (3.5.1) becomes the familtar (AT+ 25)1/2,
which is the pure statistics error. This might be the case for z very
gead ratational nucleus, with de-excitation paths standing cut pro-
nouncedly aven at spins aroung 30-40¢ ., In the extreme rase of per-
fect statistics{running forever!) and quasi-continuum fluctuations
under the peak, the fluctuations in the background under the peak due
to statistics will be negligibly smaller than those due to the quasi-

continuum. In this case, (3.5.2) will only represent r.m.s. Sluctua-

tions per channel due tao the quasi-cantinuum peaklets under the y-ray
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peak, and (3.5.1) simply represents the addition in quadrature of
errors given by two independent processes: the statistics(represented
by Ay) and the quasi-continuum{whose shape at any given spin is in-
pendent of how long one runs!)(given by 2Naghys).

This sort of analysis, involving quasi-continuum around the peak
in question, might raise questions of objectivity. One might argue
that different people might choose the L and R regions differently,
larger, for instance, to include peaklets with higher P/B's than
chosen here, or go farther away from the peak in question finding re-
gions where it is possible to have a much weaker quasi-continuum.

In the 1ight of the dicussion in section 3.3, however, it is the

as described above
1480y

opinion of the author that calculation of %phys

is realistic: a non-collective nucleus, such as , is expected
to exhibit more quasi-continuum, since it lacks a well defined
de-excitation path({which is characteristic of more rotational
nuclei), over a wide spin range.

As far as choosing regions such as R and L, one can reasnnably
allow peaklets(or quasi-continuum fluctuations) of the order of L
and op, respectively. looking at Fig. 3.5.1, one should realize
that this is a reasonably objective procedure. The net area of the
495,8 keV peak becomes, after subtraction of the net peak areas
in the background-gated spectra from the net peak area in the spec-
trum in coincidence with the foreground, 3640 + 166, which is in ex-
cellent agrrement with 3470 * 172, as obtained from the result of sub-
tracting the two spectra in coincidence with the background on the

right and left of the peak.The errors above were arrived at as
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follows:

For & 172 : In the spectrum in coincidence with the 1061.1 keV y

Tine, minus the average background spectrum, for the 495.8

%phys*
keV peak, is = 57.0(from averaging oy and aR), which gives, after
insertion into (3.5.1) together with AY(see Fig. 3.5.1), a value of
about 172 .

For # 166 : The same analysis gives o's of = 51 and 42 for the
errcrs in the net area of the 495.B keV peak in the L and R back-
ground-gated spectra, respectively, which average(upon averaging the
two background spectra) quadratically to a ¢ = 47([(512*422)/2]1/2).
From the spectrum in coincidence with the 1061f1 kevV foreground
peak(i.e. including the background underneath) it was found Tohys =
52.0, which gives (using Ayu 3640 in (3.5.1), and quadratically
adding the background conribution of 47 found above to the result) o
= 166 . The excellent agreement of the two uncertainties above shows
that one only needs to calculate ¢ in the net gated spectrum(left
after subtraction of the necessary background-gated spectra)}, which
does reflect the background subtraction in its statistics and quasi-
continuum.

In order to find the relative intensities of transitions,
corrections must be made for electron conversion. If Wops 15 the
probability(or the intensity with which) the transition aBie = Ey-

- Ef is observed, and wEM(L) is the probability(or the
intensity with which) it proceeds by y-ray emission of parity and

multipolarity FM{L), respectively, then one defines the electron
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conversion coefficient as

o (8 es €M) = wion D) (3.5.3)

The coefficient defined above represents the number of converted
electrons per y-ray emitted during the Ei > Ef nuclear transition.
The following simple expressions can be obtained by manipulating

(3.5.3) above:

Wl a wPe (4 psEM(L) = (3.5.4)(a)

= [1* o (8638 ]S (aE; (ML)

WIE! o WTEL(8E, (3EM(L)) L1+ o (aE £3EM)] (b)
The script "rel* indicates the intensity of some transition
relative to the intensity of some reference transition, usually at
the bottom of the level scheme. In the present case, the reference
transition will be the 1061.1 keV one, which has been placed, in this
work, as well as previous ones{Haas et al, 1981, Julin et al, 1982
(p.78) and Ward et al, 1983), at the bottom of the main “prompt" band.

If one now corrects for the y-ray efficiency of the Ge detector,

rel

obs 1S obtained:

'T(ET)’ then the following expression for w

ggl(AE‘f-E"“)) = [1 +a (aE;EM)] *  (3.5.5)



* WE(E EM(L) e, (E,),

where Ey - Ei - Ef, if the transition proceeds entirely via

y-ray emission. The theory of electron conversion is well known, and
it will not be dealt with further in this work, except for depicting
the dependence of aT(the total conversion coefficient) on aE;¢

and transition multipolarity and parity(Fig. 3.5.2).
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Chapter 4

The leve! Scheme of 1480y

In Fig. 4.1.1, is shown the level scheme of 1480y, above and
below the 480 nsec 10+ isomer, including some 19 new
transitions(all above the isomer) observed in the present work. The
transitions represented by broken arrows have been found to be
questionable in their existence and/or respective position in the
level scheme, nonetheless, 1ikely to be there. The respective degree
of such 1ikeliness is discussed in what follows, on grounds of

transition intensities and their associated uncertainties.

4.1 The Transitions Above the 480 nsec Isomer

The 1061.1 keV transition, used in the examples in the preceding
section, i1lustrate the manner in which gates on various transitions
and their respective backgrounds were made. Fig. 3.3.2 shows the
presence of numerous discrete y l1ines belonging to various impurities
(14%py, 145,146,148c, 147,1481y) 44 addition to the y lines
belonging to 14BDy. Setting a gate on the 1061.1 keV transition(and

subtracting the spectra in coincidence with the backgrounds around
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the peak, as discussed in the preceding chapter) returns all of the
newly observed y 1ines above the isomer, as well as the eleven y's be-
Tow the isomer, appropriately reduced in intensity. This is shown in
Fig. 4.1.2, which shows the prompt 1061.1 keV transition gate. In
order to establish the position of the 1061.1 keV transition just
above the isomer, i.e. at the bottom of the "prompt" cascade, a gate
was set on the 660.8 keV y 1ine {in coincidence with the late RF - Ge
TAC gate 3), below the isomer.

The spectrum in coincidence with this gate is shown in Fig.
4.3.1, where we see the 7 transitions, 1061.1, 495.8, 1045.5, 462.7,
279.0, 763.4 and 1170.5 keV(all appropriately reduced in intensity,
compared to the y's below the isomer), with intensities shown in
Table 4.1.1(a). The relative proportion of the 1932.1 keV transi-
tion(later shown to belong to the lower side-band to the left of the
main-band in Fig. 4.1.1) to the 1061.1 ke¥ one is also given. At the
bottom of the table, is also shown the relative proportion of the
1677.3 and 1687.5 keV transitions, below the isomer, obtained from
the sum of prompt gates on the 1061.1, 495.8, 1045.5, 462.7, 279.0
and 763.4 keV y lines, above the isomer.

Table 4.1.1(b) shows the relative intensities{with respect to the
1061.1 keV transition) of the same transitions above the isomer trea-
ted ia (a), as obtained from the sum of the prompt 660.8 and 1687.5
keV gates. The intensity values seem(within the experimental uncer-
tainties) to position the 1061.1 and 495.8 keV transitions at the
bottom of the main cascade above the isomer. Since all the transi-

tions above the isomer havc been found prompt with respect to one
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(a)Relative intensities of the 1061.1, 462.7, 495.8, 1045.5, 279.0,

763.4, 1932.1%, 559.4° and 361.6%(° meaning side band) tran-

sitions above the isomer, from the delayed gate on the 660.8 keV

transition below the isomer. Relative intensities of the 1677.3 and

1687.5 keV transitions below the isomer(marked with with €) from

the sum of prompt gates on the 1061.1, 462.7, 495.8, 1045.5 and

279.0 keV transitions above the isomer.

Level Scheme Order E
Leve: ocheme Lrcel =

1 1061.1
462.7
465.8

1045.5
279.0
763.4

NSO o s W

1170.5"
1932.1%
559,45

361.6%

1687.5¢

1400
1330
1250
1240
1040
1170
1130

1000

690

400

897

&

+

&

*

*

&

+

+

*

No. of counts

130
118
120
108
105
120
170

95

70

40

62

lre‘l
-~

1.00

0.95 # 0.12
0.90 + 0.12
0.90 + 0.11
0.75 + 0.10
0.84 + 0.12
0.81 +#£0.14

0.72 # 0.10
0.49 & C.07

0.31 # 0.05

1.00°¢



68
1677.3¢ 239 + 13 0.27 % 0.02¢

(b)Relative intensities of the 1061.1, 495.8, 1045.5, 462.7, 279.0,
763.4 and 1170.5 keV transitions{listed below in the order adopted
in the present work(see text)) and 1932.1%, 559.45 and 361.6°

keV transitions(s having the same meaning as in {a)) as obtained
from the sum of the prompt 660.8 and 1687.5 keV transitions(loca-
ted below the isomer). As in (a), the proper corrections for Ge
relative efficiency and electron conversion were made, while the

uncertainties were obtained in the manner discussed in section 3.5 .

level Scheme Order 51 No. of counts lq

1 1061.1 9363 + 870 1.00

2 495.8 7473 2 750 0.80 + 0.11

3 1045.5 6985 * 608 0.75 + 0.0

4 462.7 5532 + 491 0.59 + 0.08

5 279.0 6795 % 680 0.73 + 0.10

6 763.4 7658 + 785 0.82 % 0.11

7 1170.5" 5894 + 886 0.63 * 0.12
1932.1% 2640 + 265 0.28 + 0.04
559.45 2388 * 240 0.25 * 0.03
361.6° 1590 # 160 0.17 # 0.03

1'Its intensity represents about 0.77 of the fat peak including the

1170.5 and 1172.7 keV transitions(see text).



another within about 7 nsec{see section 5.2), Tables 4.1.1{a) and (b)
should give the same sequence for the seven transitions in the main
cascade above the isomer. This is the case here, even though Table
4.1.1(a) gives a slightly different order: given the size of the
experimental uncertainties in Tables 4.1.1(a) and (b)({especially in
(a)), it is considered that the agreement is good enough.(The size

of the uncertainties in Table 4.1.1(a) makes the order of the 462.7,
495.8 and 1045.5 keV transitions unclear.) The spectrum(not shown) in
prompt coincidence with the 660.8 and 1687.5 keV transitions below
the isomer shows much better P/B ratios and statistics for the seven
transitions above the isomer than the corresponding delayed gates,
thus indicating that there may exist another 660.8 and/or 1687.5 keV
transition(s) in prompt coincidence with a given number of the seven
transitions atove the isomer in 1480y. or perhaps in impurities
created by this reaction. This hypothesis was not pursued any further,
and the information contained in Table 4.1.1(b) should be taken with
a large grain of salt,(However, see the paragraph below.)

The sequence of the first seven transitions given in Table
4.1.1(b) agrees with the sequence above the 495.8 keV transition
obtained from the prompt 1061.1 keV gate(see Table 4.1.2). It is also
in agreement with Julin et 21(1982(p.78)). In addition, the relative
intensities of the 1932.1, 559.4 and 361.6 keV transitions from Table
4.1.1(a) are in large discrepancy with the values from (b). The
relative intensities of the three transitions above from Table
4,1.1(b) agree very well with the values obtained from the prompt

1932.1 kev gate(see Table 4.1.3(a)). However, since both Table

[
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4.1.1(a) and (b) give the same general sequence of the seven
transitions above the isomer, except for the position of the 462.7
keV transition, it was decided tn average the relative intensity
values from (a) and (b) for the 495.8 keV transition(they are within
experimental uncertainty anyway!). This average is listed in Table
4.1.2, which also 1ists the relative intensities of all transitions
above the isoper(with respect to the 1061.1 keV transition), as
obtained from the prompt 1061.1 keV gate(except as noted). The
intensities of the transitions in the prompt 1061.1 keV gate were
first obtained relative to the 495.8 keV transition, and subsequently
normalized to the intensity of the 1061.1 keV transition, with the
help of Table 4.1.1 .

The prompt 1061.1 keV gate(Fig. 4.1.2) shows three transitions at
416.0, 1021.5 and 1241.5 keV, which have also been found in the prompt
462.7 keV gate{not shown). No other gates in 148Dy seem to return
the 416.0, 1021.5 and 1241.4 keV transitions. While all this might
point to placing the 1061.1 and 462.7 kev transitions at the bottom
of the prompt main cascade, it was decided this kind of evidence was
not good enough: only two of all the more or less established 1480y
transitions are involved plus other explanations(e.g. impurities, or
the possible presence of a cascade parallel to the main on2 in
148Dy) are possible. In additicn, the energies of the peaks associa-
ted with the 1061.1 and 462.7 keV transitions as returned in the 416.0,
1021.5 and 1241.5 keV prompt gates were both off by about 1 keV. The
issue was not deemed worth pursuing any further.

In the manner described above, gates were placed on all transi-



Table 4.1.2

Intensities(relative to the 1061.1 keV transition), spin and parity
assignments(see chapter 5)(parantheses indicate tentativeness) of all
observed transitions in 148Dy(above the 480 nsec isomer). Only

coincidences with RF - Ge TAC gate l(prompt) were considered.

rel

> K EBeale) 1 fh
11" » 107 3980.2 1061.1(4) 1.00 E 1
127> 11° 4476.0 495.8(3) 0.85(11)" M1
14" > 127 5521.5 1045.5(4)  0.64(5) £ 2
16" > 147 5984.2 462.7(2)  0.60(5) E 2
177> 167 6263.2 279.0(2)  0.41(5) M1
st 17° 7026.6 763.4(2)  0.49(6) () 1
(197)> (18%) 81971 1170.5(5)  0.46(9) E 1
{(207)> (197)  8530.2 333.1(1)  0.34(4) (M)1
(217)» (207) 9167.8 637.6(2) 0.14(2) gy 2"
(217)> (197)  9l67.e 970.7(3)  0.09(2) (£) 2
(z27)> (217)  9702.9 535.1(2)  0.20(3) () 2
(227)> (20)  9702.9 1172.7(5)  0.14(3) () 2
(237)» (227)  10055.4 352.5(3)  0.10(2) 1
(237)> (217)  10100.9 933.1(4)  0.09(2) (€) 2
(247)> (237)'  10453.4 352.5(3)' 0.08(3) (M1
(247)> (237)  10453.4 398.0(2)  0.12(2) (g) 2"

(247)» (227) 10453.4 750.5(4)  0.05(2) () 2



(267)> (247)
(287)> (267)
(29™)> (287)
(30%)> (297
(317)> (307)

us
(227)» (207)

us us
(247)> (227}

us
(247)» (227)

us
(267)» (247)

s
(137)» (10)
11s
(187)» (137)
11s
(157)» (14')
16~ » (157 )
177 » (157 )

(tit)’ 17'
{207)» (197)
(257)> (237)

11s

11s

10930.7
11813.2
12533.2
13100.9
13215.1

9287.9
10110.2
10110,2
10930.7

4851.2
5410.6
5772.2
6263.2
6263.2

477.3(2)
882.5(5)
720.0(3)
567.7(3)
114.2(3)

757.7(3)
822.3(5)
407.3(2)
820.5(5)

1932.1(5)
559.4(3)
361.6(2)
212.0(3)
491.0(3)

0.15(3)
0.13(3)
0.11(3)
0.06(2)

0.05(2)""

0.07(2)
0.10(2)
0.05(2)
0.09(3)

0.28(3)"

0.25(3)

*

0.17(2)*

0.03(1)
0.10(2)

Individual Side Transitions

8590.4
8783.9
11070.3

327.2(2) 0.10(2)"

£86.8(3)
1014.9(5)

0.06(2)
0.06(2)

(E) 2
() 2
() 1
gy 2"
() 1
() 2
() 2
() 2
() 2
() 3
() 2"
(M)1
(M)1
(€} 2
.
gy 2"
() 2

Opbtained from the sum of the 660.8 and 1687.5 keV prompt
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gates(below the 480 nsec isomer}. In the case of the 361.6 keV
transition, its intensity relative to the 559.4 k2V was found to be
very nearly the same in the 1932.1 keV prompt gate as in the sum

of the two prr.pt gates above. In the case of the 495.8 keV transi-
tion, the number tabulated is the average of the corresponding num-

bers 1isted in Table 4.1.1(a) and (b)(see text).

i It does not take into account the possible existence of a life~

time(however, see chapter 5).

*** 3 multipolarity value could not be derived from angular cor-

relaton measurements(see section 5.1).

US Refers to the upper side band(see Fig. 4.1.1),

115 pefers to the left lower side band(see Fig. 4.1.1).

' after a =nin or transition energy indicates there is another level
of same respective spin, or another transition of same transition

energy, respectively.

A denotes the angula~ mometum carried by the transition in question.

" denotes non-stretched transitions.

Al relative intensities above have been properly corrected for Ge
relative efficiency as well as fcr :iectron conversion(based on the

multipolarities and electromagnetic character deduced in chapter §5).
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tions shown in Fig. 4.1.1, and all corresponding relative intensities
and their uncertainties worked out appropriately. The relative
intensity of the 279.0 keV transition is lower than the one far the
764.3 keV transition, but one has to add the relative intensity of
the 491.0 keV transition to the relative intensity of the 279.0 kev
transition, in order to compare relative intensities properly(based
on the level scheme). Also, the pectrum in coincidence with the
1170.5 keV transition(Fig. 4.1.3) shows that the sum of intensities
of the 491.0 and 279.0 keV transitions adds(within experimental
error) to the intensity of the 763.4 keV transition. This can also be
seen from the spectrum in coincidence with the 720.0 keV transition
(Fig. 4.1.5).

Five cross-over transitions have been found({1172.7, 970.7, a
second 352.5, 933.1 and 750.5 keV; see Fig. 4.1.1), and, from Table
4.1.3(a), one can see the 637.6 and 535.1 keV transitions(which the
1172.7 keV transition crosses) are greatly reduced in intensity, what
little is measured being due to the fact that placing a gate on the
1172.7 keV transition will inevitably include some fraction of the
1170.5 keV transition. Fig. 4.1.4 shows the spectrum in coincidence
with the 1172.7 keV transition, which markedly contrasts with Fig.
4.1.3, which shows the strong presence of the 637.6 and 535.1 keV
transitions, with same relative intensity(within statistics) as they
are observed in the gate on the 1061.1 keV transition. In similar
manner, the position of the other four cross—over transitions was

established.

The level scheme in Fig. 4.1.1 presents a few transitions placed

74



75

1400

1000

) j $'288 — —— [T T !
——.“ln_ . 4 ., ~w|
= £'228 ‘5028 — IMM%
© e.nws.lllllll."l,l.ﬂp
> L71SL I\N =t
o
¥y
ns
3O
Q&
=0
t 8'S6%
129
[0'6le
LU ——
]
Y
g 8 °

SLINNOD

1800 2000

1600

Fig. 4.1.3

keV

1200



w T Y Y A L) T
K| Iy 11727 reV GATE

= PROMPT,
®

COuNTS




77

¥

720 keV GATE
PROMPT

G288 ——T—
£'228°5°028 —

c.nWNc( o —— -

Wb

L, ooz —=

800

600

keV

400

— ]
06l H.m.l-

|r||||| (o]

¥ 0°2ie—= m
2 Ll =
i —=
=

e} ! (o) . o
8 g °

SLNNOD

100

a
S1INNOD

1200 1400

1000

keV

Fig. 4.1.5



with a high degree of tentativeness{marked by broken arrows): A 212.0
keV transition has been observed and tentatively positioned from

the 16~ level of the main band to the 15~ of the right lower side
band(see Fig. 4.1.1). The same dearee tentativeness seems to be
present in the case of the B820.5 keV transition, of the upper side
band, also displayed by a broken arrow(see Fig. 4.1.1). Its
intensity, added to the intensity of the 477.3 keV transition is
considerably higher than the intensity of the 882.5 keV transi-
tion(see Table 4.1.2). Such rather large discrepancy(not found below
1 « 24 #1, as it can be readily established from ingpecting Table
4.1.2)is due to the quasi-continuum. This behaviour is probably
typical for non-collective nuclei, such as 148D_y.

Fig. 4.1.6 shows the spectrum in coincidence with the p;ompt
491.0 keV transition, belonging to the left side-band(see Fig.
4.1.1). A few points must be clarified before this tra.isition is
14aDy.

placed on the level scheme of The spectrum shows the

presence of transitions very close in energy to the 495.8, 1045.5 and
1061.1 keV transitions in 148Dy: actually, they belong to 148Gd,
where there exists a 488.9 keV transition{ lunardi et al, 1984). The
491.0 keV transition seems to occur also in 149Dy(Julin et al,
1982(p.76}), confirmed by the present work: gating on the prompt
491.0 keV transition returned numerous transitions previously placed
in the 4%y and vice-versa. In addition, a 334.6 keV transition
has been found(in the present work}in 149y in coincidence with the
491.0 keV transition(Gating on the prompt 334.6 keV transition also

returned a Yot of previously established 1490y and vice-versa.).
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The prompt 491.0 keV transition gate enabled us to measure the
intensity of the 430.2 keV transition in 14%Dy(see Julin et al,
1982(p.76)) and its relative proportion to the 334.6 keV transition.
Since the 430.2 and 491.0 keV transitions in 1490y are nearly
equally intense{this being established from gating on the prompt
984.8 keV transition in 149Dy) and are prompt with respect to the
Seam(established from RF - Ge TAC analysis), it was possible to '
deduce how much of the 334.6 keV transition is present relative to
the 333.1 keV transition in 148D_y, and thus perform the proper
correction to the area under the slighly fat peak at around 333.1 keV
thus produced. There is also a 334.8 keV transition in 148Gd
(lunardi et al, 1984), also in coincidence with the 488.9 keV
transition mentioned above. However, there is a 17.5 nsec isomer
separating them, and the 334.8 keV transition is about a fifth of the
intensity of the 1006.6 keV transition in that nucleus. Inspecting
the spectrum in Fig. 4.1.6, leads one to believe that this additional
correction is too small to worry about. Such analysis, ultimately has
placed the 491.0 keV transition, together with the 361.6, 559.4 and
1932.1 keV transitions, in the side band on the left of the main band.
Gating on the prompt 882.5 keV transition in 1480y returns
numerous transitions in 148Gd with greater intensity than the tran-
sitions in 1480y. The 1486d nucleus has 882.2 and 883.5 keV
transitions(the latter with a lifetime of 17.5 nsec; see lunardi et
al, 1984). The existence of a 882.5 keV transition in 1480y has been
established from prompt gating on a variety of 1480y transitions

not present(as far as it is known so far)in impurities, such as the
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763.4 keV transition. The placement of the 882.5 keV transition on
the level scheme was, however, quite solid(within experimertal error)
based on relative intensity analysis from gates placed on transitions
at the bottom of the Yevel scheme(e.g. the 1061.1 keV transition) as
well as from the spectrum in coincidence with the 882.5 keV transition
jtself. Placing a gate on the delayed 882.5 keV transition{i.e. RF -
Ge TAC gate 3 in Fig. 5.2.10) shows the clean presence of only the
394.7, 631.7 and 784.3 keV transitions, which together with the
883.5 keV transition, occur below the 17.5 nsec isomer in 148Gd(see
lunardi et al, 1984).

Table 4.1.2 gives the intensities of all transitions above the
480 nsec isomer, relative to the intensity of the 1061.1 keV
transition, sitting at the bottom of the main prompt band.
Multipolarity and parity assignments are given{tentativeness
indicated by parantheses), and they are discussed in chapter 5.
Calculation of errors in relative intensities was done in the manner
described in section 3.5, where an example was given involving the
gate on the 1051.1 keV transition. Intensities of the cross-over
352.5(different from the 352.5 keV transition in the main cascade)
and 1172,7 keV transitions were first obtained{from gates above them)
relative to wel, éstablished transitions in the main cascade{from
gates above them) and subsequently normalized to the 1061.1 kev
transition. The same procedure was used for the 491.0 and 820.5 and
822.3 keV transitions, obtained first relative to the 279.0 and 398.0
keV transitions(from gates above them), respectively, and thef~norma-

1ized to the 1061.1 kev transition(section 4.2).
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A quantitative analysis of how the transitions above the 480
nsec isomer are stacked in the level scheme, can be done with the
help of bar plots, such as those displayed in Figs. 4.1.7-8. The bar
plot corresponding to the gate on the 763.4 keV transition, for
example, depicts intensities(equal to the height of corresponding
bars) of transitions in coincidence with that transition., Branching
of transitions as well as cross-overs were properly represented by
stacking of corresponding bars on top of one another. Appropriate
error bars are displayed to the right of corresponding bars. The
smooth drop in the height of bars and/or their appropriate stacking,
as one proceeds to ascend(in spin or level energy) the main prompt
band is readily noticeable. Both Fig. 4.1.7 and 4.1.8 show that the
transitions below the corresponding gates(accounting for branching
and cross-overs) have the same intensity(within experimental errors),
or bar height. The height of the bars in Figs. 4.3.7-8 are normalized
such that the height of the 495.8 keV transition bar eguals the num-
ber of counts(i.e. the area under the 495.8 keV peak) as it appears
in the given raw gated spectrum(not corrected for Ge efficiency or
electron conversion).

Mnre quantitative support for the reported level scheme in Fig.
4.1.1 is given in Table 4.1,3(a), where the columns contain
intensities of all transitions above the 480 nsec isomer, measured
from the spectrum in coincidence with several selected transitions,
whose energies appear at the top of columns. The numbers
in the columns are normalized in exactly the same way as heights of

the bars in Figs., 4.3.7-8 discussed above. As in the case of the bar
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plots, appropriate corrections for Ge efficiency and electron
conversion(according to (3.5.5)) have been made(i.e. down a column).
In addition, the above corrections have also been made along the
row(i.e. the gating energies), so that the resulting coincidence
table should be symmetric({where applicable, since it is not square)
with respect to the diagonal. The entries along the diagonal are all
equal to zero(within experimental uncertainty)since there are no two
coincident transitions of the same energy(the two 352.5 keV
transitions are not in coincidence!), and, naturally, nc transition
can be in coincidence with itself. The resulting Table 4.1.3(a) has
entries of the form (Fyl’ ETZ), for which it is expected that
(Eyl’ EYZ) = (Eyz, Eyl)' and this equality holds true for
most of the entries(within experimental error). The few instances for
which the discrepancies run about 30 percent(apparently outside the
experimental errors), can probably be blamed rn the respective
transitions found in impurities, or the existence of weak transitions
of nearly the same energy in other parts of the level scheme of
148Dy, which could not be identified in the present work due to
lack of better statistics.

Table 4.1.3(b) illustrates the symmetry discussed above for
a square coincident matrix made of a subset of Table 4.1.3(a) plus
a few more transitions. The entries ar2 raw intensities, i.e. areas
under the y-ray peaks appearing in coincidence with a given gate(the
heads of the columns). One can see the entries symmetric with respect
to the diagonal are equal within about 10-15 percent(the order of the

experimental error), except for a cases with up to ~bout 30 percent
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Table 4.1.3

(a)Intensities of all transitions above the 480 nsec isomer, as de-
duced from spectra(corrected for Ge efficiency and electron conversion
(based on the findings in section 5.1)down the column and along the
row of gate energies}in coincidence with some eleven selected
transition above the isomer. A column contains intensities(with the
appropriate experimental errors * in parantheses below) of all
transitions in coincidence with the corresponding transition, whose
energy appears at the head of the column., The numbers at the heads of
columns and rows refer to transition energies in keV, as averaged
over all the gated spectra where the transition in question appears
as well as over all possible sets of channels on which the gate on
the respective transition can be placed(investigated from the fuli

projection spectrum in Fig. 3.3.2).

279.0 333.1 361.6 398.0 491.0 535.1

114.2 253 210 58 42 36 135
(75) (75) (16) (14) (12) (45)

279.0 0 1705 0 662 0 1126
(95} 172) (80) (125) (130) (185)

333.1 1431 0 297 538 565 739
(160) (150) (60) (80) (120) (87)



(65)

352.5T 800
(120)

361.6 0
(70)

398.0 464
(80)

407.3 434
(131)

262.7 3214
(285)

477.3 537
(110}

491.0 0
(1320)

495.8 4190
(380)

535,1 1093

(60)

566
(150)

263
(50)

502
(110)

156
(40)

1306
(120)

562
(120)

1973
(200)

6522

(45)

158

(55)

(50)

162
(65)

23

(15)

(130}

125
(45)

365

(60)

(100)

221

{45)

662
(90)

157

(65)

(50)

(20)

491
(75)

606
(100)

192
(85)

826
(95)

750

(22)

246.1
(54)

14
(65)

207
{70)

127

(45)

(80}

178

(70)

(90}

330
(160)

263

{25)

218
(75)

178
(s5)

1151
(180)

500
(180)

272
(90)

1825
(350)

a7



586.8

220.0

750.5

757,7

763.4

(120)

0.0
(130)

450
(1a0)

224
(85)

600
(150)

528
(180)

221
(85)

335
(90}

2535
(320)

Pg._&ﬂfﬂ’ 560

(140)

402
(72)

249

(80)

(80)

995
(175)

392
(127)

203
(67)

669
(180)

2037
(185)

431

(68)

870
(105)

120
(48)

61
(30)

225
(115)

117
{60)

76
(35)

1
(55)

481
(85)

227

(130)

152
(70)

84

(55)

(45)

330
(90)

258

(82)

(80)

0
(s2)

755
(120)

122

(85)

346
(86)

70

(35)

(40)

276
(61)

221
(711)

100.1
(45)

106
(40)

571
(144)

154

(87)

330
(97)

269
(86)

119
(75)

698
(175)

307
(107)

186

(87)

(45)

1814
(310)

220

88



|822.é (177)

1045.5

1061.1

726
(248)

263
(85)

411
(130)

328
(120)

3140
(345)

3521
(325)

2883
(415)

910
(143)

(140)

494
(166)

21
(75)

29
(80)

104
(65)

1546
(145)

1827
(182)

1798
(235)

568
(155)

413

(72)

198
(85)

153
(65)

166
(75)

52

(45)

(75)

0
(73)

479
(82)

151
(46)

795

(91)

576

{95)

(60)

180
(72)

133
(90)

475
(85)

777
(124)

794
(150)

251
(96)

207

(65)

260
(83)

121
(52)

101
(s0)

100
(45)

115
(81)

426
(145)

707
(252)

223
(66)

408

(67} -

387

(135)

(35)

543
(135}

169
(45)

1535
(275)

1774

(324)

(50)

362

89



279.0

(90)

28
(13)

367
(125)

700

(250)

(178)

(176)

11

(50)

(58)

(165) (123) (72)
882.5 970.7
135 45
(73) (20)
576 460
(110) (135)

562 0
(105) (53)
0 0
(38) (36)
462 409
(115) (108)
182 150
(44) (52)
386 213
(78) (83)

90

(163) (106)
1172.7 1932.1
75 86
1's) (30)
457 0
(58) (21)
424 627
(123) (175)
0 191
(18) (1)
216 352
(63) (98)
83 812
(37) (223)
261 287
(76) (82)



407.3

462.7

477.3

491.0

495.8

(63)

438

(152)

(31)

93
(43)

596

(181)

(46)

182
(63)

51
(2s)

(21)

%
(34)

493
(128)

379
(96)

212
(81)

806
(205)

463
(162)

139
(36)

145
(a6)

36
(37)

131
(52)

494
(141)

190
(75)

18
(51)

627
(185)

572
(198)

84
(31)

80
(27)

(28)

125
(43)

469
(137)

216
(711)

75
(32)

554
(151)

154
(107)

141
(49)

139
(64)

(39)

91

375

(110)

(49)

275
(95)

425

(121)

(55)

419
(151}

1254
(362)

103
(53)

92
(s1)



763.4

[820.5
822.3

(41)

118
(42)

68

(50)

(49)

675
(145)

578
(213)

308
(94)

603
(209)

47
(36)

191
(63)

1103
(329)

172

(48)

(31)

a7
(26)

239
(86)

(32)

229
(115)

87

(s7)

(24)

606
(267)

79
(52)

167
(61)

197
(83)

(51)

L 2

122
(s1)

283
(103)

149
(55)

145
(102)

604
(198)

93
(54)

147
(112)

38
(37)

51
(36)

378
(110)

179
(49)

88
(58)

182
1)

858
(295)

336
(78)

369
(121)

132
(61)

255
(83)
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1014.9 0 40 0 59 a8
(30) {36) (21) {37) (37
1045.5 588 630 448 535 0
(210) (183) (128) (176) (40)
1061.1 544 957 584 616 0
(172) (273) (186) - (211) (45)
1170.5 409 112 588 473 645
(165) (292) (197) (161) (221)
1172.7 ¢ 313 0 0 148
(36) (98) (54) (84) (55)
1932.1 201 164 135 7 0
(87) (66) (57) (34) (23)

¥ Same method in the examples in section 3.5 was used.

T Includes both 352.5 keV transitions except for the 398.0, 535.1
and 1172.7 keV columns, in which it refers only to the 352.5 keV tran-
sition in the main band(see Fig. 4.1.1).

TT Includes both the 820.5 and B822.3 keV transitions, except for the
535,1, 970.7 and 1172.7 keV columns in which it refers only to the
B20.5 keV transition{see Fig. 4.1.1).

** Gate on the 1172.7 keV transition includes some of 1170.5 keV tran-

gition.



A separate row was used for the 1170.5 and 1172.7 keV transitions,
respectively, since they have the larger energy separation than the
other two such cases{the two 352.5 keV and 820.5 and 822.3 keV tran-

sitions, respectively) and better statistics.

(b)Square array composed of a subset of the coincidence matrix
in (a) plus columns for the 1061.1, 495.8, 763.4 and 720.0 keV tran-
sitions(last two columns being represented in Figs. 4.1.7-8), illus-
trating the symmetry of the entries with respect to the diagonal
(indjcated by the straight 1ine drawn) along which the entries are
zero(within experimental uncertainty;see ~ible 4.1.3(a)). The entries
are raw numbers, uncorrected for Ge efficiency or electron conver—
sion. The riumbers at the heads of the rows and columns are transition

energies(in keV) rounded-off to the nearast integer.

Ey—

Y 279 233 369 398 491 436 535 720 756 763 871 1DE:
278 3200 574 1076 €025 1450 641 359 2537 379 2094
3233 2660 875 779 2873 951 499 &85 1913 1728
362 835 215 134 102 411 113
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deviation, blamed on the possibilities dicussed in the last paragraph.
Before leaving this sectioﬁ, it was deemed necessary to explain a
few inconsistencies about the placement of the 327.2 and 1014.9 keV
transitions: The 327.2 keV prompt gate(not shown) returns the 763.4
and 1170.5 keV transitions with about a third of the intensity of the
279.0, 462.7, 1045,5, 495.8 and 1061.1 keV transitions(see Fig. 4.1.1)
and thus, it is possible that a second 327.2 keV transition exists fe-
ding into the 1170.5 keV transition. However, it was felt that the a-
vailable evidence was not good enough to actually place such a transi-
tion on the level scheme(impurity reaction channels might also provide
the necessary explanation, although the issue was not pursued any fur-
ther). The 1014.9 keV prompt gate(not shown either) seems to show a
sizeable amount of the 882.5 keV transition, but none of the other
transitions in the ﬁain cascade above the 23~ level(see Fig.
4.1.1), or in the upper side-band. The “impurity button" is pushed

again at this point, as no other explanation was found.

4.2 Deduction of the Relative Intensities of

Branchings and Transition Cross-Overs

Before ] discuss the level scheme below the 480 nsec isomer, 1
would 1ike to comment on the pros and cons of considering one gate or
summing a few, when deducing relative intensities for transitions

above the gate(s) in question, or for branching or cross-overs: The
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prompt 1061.1 keV gate alone was i:sed in deducing the relative
intensities of all the other transitions above the 480 nsec(except
for the 495.8 keV transition and the transitions belonging to the lo-
wer left band{see Fig. 4.1.1);see Table 4.1.2), since, sitting at the
bottom of the main prompt cascade, it is in coincidence not only with
all other transitions above it{except for the four transitions in the
left lower side band) but also with all the quasi-continuum which
decays into each and every of those transitions. The relative
transition intensities thus obtained(those depictéd in Table 4.1.2)
represent the probability the nucleus decays via the discrete
transition in question rather than through whatever quasi-continuum
exists at the corresponding level energy. Summing gates as we go up
the 1evel scheme, in order to deduce relative intensities will
restrict the observaiion of the proper quasi-continuum, and thus, the
numbers obtained for those relative intensities would not truly
represent how the discrete path stands out over the quasi-continuum.
The same would be true for placing gates above transitions in
question: the transitions below appear with the intensity of the
gate, not with their own, as was discussed in section 3.3 .

However, in order to find branching ratios of transitions
de-exciting the same level, and which are so close in energy(such as
the 1172.7 keV, close enough to the 1170.5 keV transition) that they
appear as one fat peak in gatzs which return them together use must
be made of gates placed on transitions above the level in question.
As an example, gating on transitions below che 1170.5 keV peak would

only return both it and the 1172.7 keV transition in one fat peak,



thus rendering their relative intensity impossible to determine.
However, placing gates on transitons above both of them, will feed
the 763.4 and 1170.5 keV transitions{according to Fig. 4.1.1) with
equa) intensity, one determining the intensity of the 1172.7 keV
transition simply by subtracting the intensity of 763.4 keV peak from
the fat peak containing both the 1170.5 and 1172.7 keV transitions.

In determining the branching ratio of the 279.0 and 491.0 keV
transitions(branching out of the i7” lavel), only the sum of the
spectra gated on the prompt 763.4 and 1170.5 keV transitions was
used, and not the sum of other gates above them, since the level
scheme has a certain degree of tentativeness above the 1170.5 keV
transition. A branching ratio of 4.27(.87) : 1 was found for the
279.0 keV transition, relative to the 491.0 keV one. The same gates
(763.4 and 1170.5 keV) were used to determine a branching ratio of
12.3(4.21) : 1 for the 279.0 keV transition relative to the 212.0 keV
one.

In the case of finding the intensity of the 1172.7 keV
transition relative to the 535.1 or 637.6 keV ones(which it crosses),
it was deemed necessary to sum the prompt spectra gated on the 352.5,
398.0, 477.3 and 720.0 keV transitions{above the 535.1, 637.7 and
1172.7 xeV transitions), because of statistics reasons. The
intensities of the four transitions roughly add up to the intensity
of the 1170.5 keV transition{within experimental error; see Table
4,1.2). A branching ratio of 1.54(.30) : 1 was found for the 535.1
keV transition relative to the 1172.7 keV one.

In order to find the branching ratio of the cross-over 352.5 keV
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transition(different from the 352.5 keV transition in the main
branch!) relative to the 398.0 keV transition, for example, the prompt
720.0 keV gate was used: this gate fed the 352.5 and 933.1 keV
transitions(the cross-overs) with equal intensity, and thus, the
intensity of the latter relative to the 398.0 keV transition was the
same as that of the 352.5 keV transition to the 398.0 keV one. The
ratio found is 1.38(.51) : 1 for the 398.0 keV transition relative to
the cross-over 352.5 keV one.

The use of the same technique as in the case of the two
cross-overs above, and of the 720.0 keV gate, gave branching ratios
of 2.44(.66) : 1 and 2.23(.50) : 1 for the 398.0 keV transition
relative to the 820.5 keV and 822.3 keV transitions, respectively.
The 398.0 keV transiticn was taken as reference here, and not the
477.3 keV transition, as it might seem more proper, because the
latter was found more intense than the former in the prompt 720.0 keV
gate than in the promtp 1061.1 keV gate. This is not understood
presently, except for the possibility of the existence of another
transition of energy nearly, or exactly, 477.3 keV, which somehow is
in coincidence with the 720.0 keV transition, but not with the 1061.1
keV one.(The amount of 398.0 keV transition relative to other
transitions present in the prompt 720.0 keV gate was found to be
about the same as for in the prompt 1061.1 keV gate.) Al branc..ing
ratios above have been derived from the information depicted in Table
4,2.1, and translated into intensities relative to the 1061.1 keV
transition in Table 4.1.2,

One can see from Table 4.1.2 how the population flow is nicely



Table 4.2.1

Intensities of various transitions(branch~outs and cross-overs)
(corrected for Ge efficiency and electron conversign(according to re-
sults of chapter 5))with their experimental errors, obtained from the
gates indicated below. The sign "+" indicates summing of gates in the
gate column, and the hresence of two transitions in the peak whose

intensity is entered in the intensity column.

gq(kev) Intensity(no. of counts)
Gate(keV)
763.4 + 279.0 6402 * 630
1170.5 491.0 1501 + 270
212.0 520 + 175
352.5 + 763.4 4832 + 475
398.0 + 535.1 2377 £ 275
477.3 + 1170.5 + 1172.7 6379 + 650
720.0 _]
[,_'>_o ] 398.0 263 * 52
933.1 191 + 50
[720.0 ] 757.7 118 + 33

820.5 + 822.3 226 * 112



conserved at the levels to or from which branching and/or cross-over
transitions collect or de-excite, respectively. At the 197 level
in the main branch, for example: the relative intensities of the
333.1, 870.7 and 586.8 keV transitions add up to .49 * .05, which is
in excellent agreement with the relative intensity of the 1170.5 keV
transition, of 0.46 * 0.09 , In the light of the discussion in sec-
tion 3.3, one can see similar cases of such population conservation
as the one above(from inspection of Table 4.1.2 and Fig. 4.1.1). The
rather large discrepancy between the incoming and outgoing “discrete"
population flows at the level 1 = 26~ is due to the gquasi-continuum.
One would 1ike to use, in the analysis above, methods involving
as few assumptions about the level scheme to be established as pos-
sible, thus keeping as fa; as possible from the dangers of circular
logic. A case in point is the use of the sum of the 352.5, 398.0,
477.3 and 720.0 keV gates in order to derive the intensities of the
1172.7 keV cross-over transition. The use of four such gates involves
2 lot more assumptions about the level scheme in that region than the
use of one such gate. However, the statistics involved was deemed
enough of a reason to warrant the use of the gate sum above.Thus a
certain amount of quality in the analysis of the data was sacrificed
for a certain needed gain in statistics. Inspection of the spectrum
in coincidence with the prompt 720.0 keV transition and Fig. 4.1.8,
makes one realize that ~4 times the number of counts({and thus halving
the statistical fluctuations in the spectrum) would make 1ife much
easier in deducing the intensity of the 1172.7 keV transition

relativc iz either the 535.1 or 637.6 keV transitions, for examdle,
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Thus, one could use only one gate on only one transition, instead of
four, significantly reducing the number of assumptions about the level

scheme.

4.3 The Transitions Below the 480 nsec Isomer

As far as the level scheme below the 480 nsec isomer is
concerned, the Table 4.3.1 gives the necessary quantitative tools for
setting up the level scheme. Fig. 4.3.1 shows the specﬁrum in delayed
coincidence with a transition below that isomer, namely the 660.8 keV
transition, Table 4.3.2 displays the intensities of all the
transitions below the isomer, relative to the 1687.5 keV transition.
The previous work(Haas et al, 1981 and Julin at al,1982(p.78)) on the
level scheme below the 480 nsec isomer is confirmed in the present
work, except that the 749.4 keV transition is found to have be about
three times more intense than previously reported(Julin et al,

1982(p.78}).
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Table 4.3.1

Intensities of all the 11 transitions below the 480 nsec isomer, as
deduced from spectra{corrected for Ge efficiency and internal electron
conversion down the column but not along the row of gate energies)
in coincidence with all the 11 transitions. A column contains intensities
(and the appropriate experimental errors* in parantheses helow)of all
transitions in coincidence with the corresponding transition, whose
energy appears at the head of the coiumn. The numbers at the heads

of columns and rows refer to transition energies in keV.

86.9 94.1 101.2 304.3 382.7 389.8

86.9 0.0 109.8 235.3 6.1 26.7 49.3

(30) (37) (15) (2) (2) (5)

94,1 100.0 0.0 0.0 0.0 0.0 28.5

(30) (40) (1) (3) (2 (3)

101.2  175.0 0.0 0.0 4.7 21.7 0.0
(40) (40) (15) 8Y) (3) (4)

308.3  205.0 0.0 58.8 0.0 0.0 0.0
(40) (40) (15) (3) (3) (4)

382.7  101.0 0.0 191.2 0.0 0.0 0.0

(30) (40) (31) (3) (3) (4)
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389.8

660.8

739.2

1677.3

1687.5

67.8

125.0 0.0 0.0 0.0
(25) (30) (25) (3) (3)
205.0 70.7 323.5 0.0 60.5
(30) (20) (30) (3) (6)
90.0 0.0 0.0 14.6 0.0
(26) (25) (30) (3) (4)
210.0 0.0 73.5 10.6 0.0
(52) (25) (25) (2) (4)
250.0 6.6 57.4 13.1 9.3
(55) (3) (16) (3) (2)
325.0 70.3 125.1 13.8 50.6
(711 (19) (21) (3) (6)
660.8 739.2 749.4 1677.3  1687.5
95.5 12.9 4.4 21.7 115.4
(10) (3) (2) (5) (29)
69.7 0.0 0.0 3.6 56.4
{8) (4) (2) (2) (20)

0.0
(4)

154.5
(16)

0.0
(5)

0.0
(5)

32.2
(4)

132.0
(14)
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304.2

382.7

389.8

739.2

749.4

1677.3

1687.5

48.5
(6)
0.0
(6)

96.9
(11)

248.5
(27)

0.0
{(7)

0.0
(7

0.0
(7

64.4
(7)

351.5
(39)

Same method used in the examples in section 3.5 was used.

6.5
(2)
19.8
(3)

0.0
(4)

0.0
(4)

0.0
{4)

0.0
(4)

0.0
(4)

0.0
(5)

16.9
(3)

4.1
(2)
12.6
(%)

0.0
(2)

0.0
(2)

0.0
(2)

0.0
(2)

0.0
(2)

17.2
(3)

0.0
(3)

6.5
(2)
28.3
(4)

12.9
(2)

26.9
(3)

39.5
(4)

0.0

(4) -

19.6
(3)

0.0
(s)

0.0
(4)

19.2
(8)
33.3
(9)

87.2
(23)

183.3
(48)

226.2
(45)

32.1
(12)

0.0
(12)

0.0
(13)

0.0
(13)
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Table 4.3.2

Intensities(relative to the 1687.5 keV trénsition). spin and parity
assignments for all observed transitions in 148Dy, below the 480
nsec isomer. Only coincidences with the RF - Ge TAC gate 3(1ate)

were considered(except as noted).

L L rel *
L o> L Bevar(ke¥)  Elkev) L EM¥a
2*» o 1677.3 1677.3(5) 0.27(2)"" E 2
T 0 1687.5 1687.5(5) 1.00 E 3
5" » 3° 2348.3 660.8(3) 0.90(4) E 2
sty 2t 2426.7 749.4(3)  0.18(2) E 2
4ty 3 2426.7 739.2(3)  0.03(1) E 1
6> 4t 273i.0 304.3(2) 0.20(2) E 2
5> 5 2731.0 382.7(2)  0.08(1) E 1
7> 5 2738.1 389.8(2) 0.58(5) E 2
8" » 6% 2832.2 101.2(3) 0.16(2) E 2
gt s 7 2832.2 94.1(3)  0.30(2) E 1
10" > g* 2919.1 86.9(3) 0.60(6) E 2

* Taken from Haas et al, 1981 and Ward et al, 1983, and
verified(where statistics allowed) via angular correlation

measurements in the present work({see section 5.1).

b Obtained from the sum of prompt gates or the 1061.1, 462.7,

495.8, 1045.5 and 279.0 keV transitions above the isomer.



Chapter S

Muliipolarity(and Parity)Information from Angular

Correlations and the RF - Ge and

Ge - Ge TAC's, Respectively.

1. e information derivable from angular correlations depends on
the type of radiation observed(i.e. whether it's a, 8, y Or e7), and
whether the experiment yielded the direction, polarization or the
energy of the respective radiation, as well as the extra-nuclear
fields acting on the nucleus in question. Gamma-gamma directional
correlation(i.e. the observation of the directions of the two
coincident y-rays involved) yields the spins of the nuclear levels,
but not their parities. 1f one also observed the polarization of the
y-rays{in addition to their directional correlation), or if one
observed the directional correlations between conversion
electrons(e™), one could deduce the parities in question.

The figure below depicts the simplest example of an angular
correlation experiment. The two y-rays, N and ¥p» are emitted

rapidly one after each other. One then asks for the probability
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> ] H(e)d!ﬁlthat Y, is emitted into

gu‘g _*8 the solid angle d{L at an angle
'—.5 -

R d\qb &% e with respect to fi, the direc-

E; & tion of emission of Yy. Experi-

=4

ﬁ S mentally one records the number of

Fig. 5.0.0 coincidences between y; and Y

as a function of the angle @ between the detectors in question.
Actually the numbers so obtained are the averages of the true corre-
~lation function W(u) over the angles n distributed around e. This is
so because of the finite acceptance angle of any given detector used.
For the present case, {u ~ e)/e is around 10 percent, and thus one
probably does not make a large error if one neglects such correction
in obtaining “exp(°)' Tne comparison of Hexp(e) with theory

finally will provide tentative information as to the multipolarities
the transitions observed in 1480y carry, as well as whether they are
stretched or not,

The RF - Ge and Ge - Ge TAC's provide information about the mean-
1ife of the transitions in question, and about their promptness with
respect to each other. This information will give tentative
assignments to the parities carried by the transitions in question.
This together with the information given by the angular correlation
will tentatively assign spin and parity values to the experimental le-

els observed in 1480y.
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5.1 The Angular Correlation Measurements

The very simple case of a cascade of two y-rays(Fig. 5.1.1)
poses the question of finding the directional correlation function
Wiky,%,), where W(k;X,)dL2,d Slyis defined as the probabi-
lity that a nucleus, decaying through the cascade Ii’ I» If emits
the two radiations R1 and R2
in the directions 'E.I and 12

I"" f L= * into the solid angles d.n.land
—T=5 2
R [ -1-_71.' LiM dnz. This ~ase is the basis for
—_I___I' ——
Refllam) I =" generalizing to the most general
——IF_Iﬁ
£ case of a large number of y-rays

in the cascade, where a beam
Fig. 5.1.1 direction or the cobservation of
some y-ray in a fixeu direction selects an ensemble of nuclei with a
non-isotropic distribution of spin orientations. The succeding
coincident radiations then show a definite
angular correlations with respect to the direction of the emission of
the first(i.e. the y-ray on which one gates).

The details about deriving expressions for H(? :tz) are des—
cribed clearly in the 1iterature(Frauenfelder et al,1965), where use
was made of first order perturbation theory and the corresponding
density matrices: The nucleus in question decays from the initial
level 1 with spin Xi' described by the density matrix o;, to the

intermediate level with spin [ by emitting the radiation R1



observed in the directionT? . First order perturbation theory
yields the density matrix p(fi), through which the intermediate
state is thus fully described, the argument'ti indicating the
density matrix depends on the direction the radiation Rl was
observed., The second step in the cascade leads to the density matrix
of the final state, Pf klff}), which is the result of the pre-
ceding transition. .

The advantage of incorporating the density matrix and first order
perturbation theory becomes apparent when one has to deal with
external fields which tend to split the degenerate states of the in-
termediate nuclear level, thus causing a perturbation on the angular
correlation. It also becomes apparent when one has to take into ac-
count that the initial level has a certain distribution of m-states
whick tends to widen as one progresses down the cascade. In the
present case, calculations of the angular correlations were done
assuming a gaussian distribution in the m-states with HWHM(half-width-
at-half-maximum) taking values of 0, 4, 6, and infinity, the latter
being the case for the transitions below the 480 nsec isomer, The
long Yife of the 10+ level is ample for the paramagnetic
fields created around the target to deorient the nuclear spins in-
duced by the reaction, such that every m-state becomes equally proba-
ble.

The unperturbed angular correlation for the case of only two
rapidly succeding coincident y-rays is given by the complicated

expression below(see Frauenfelder et al(1965) for its derivation}):
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IIk
NoR AR s> b2 it ,_|1,&* (5.1.1)
{ }KI\\L{T("NILNZKI\:HL::E"IN%K-Q(LDC:Y;(L:T.D:{R??‘\)

where ck is the Racah radiation coefficient, which is an eigen-
function of the operaror Lz e Bvnth eigenvalue C. [is the angle
denoting a rotation with respect to the direction of propagation of the
radiation in question. In the present analysis, polarization of the
observed radiations is not considered(since no such sorting of the data
was made due to statistics considerations), but only the directions of
the two radiations in question, Rl and RZ' In this case, T becomes

zero since N(?l::;) must be independent of the Euler angle X'. The
representations Dk become then Legendre polynomials and (5.1.1)

simplifies into:

W kl,—k‘z) = H(6) = E ﬁkkPk(cose), (5.1.2)
K=even

- -b
where 8 is the angle between k; and k,, and the coefficients A,
break up into two factors, each depending on only one transition in

the cascade:

Ak = ALT{DA (LI (5.1.3)
AL =) I) C o(L.){L LI}\(IHLTI\I&\

and similarly for A (L,I¢I). In the expressions above {1l 11D are

the usual reduced matrix elements, and the 6-j symbols above must
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satisfy the triangle rule 0 < k < Min(ZI,ZLl,ZLE), otherwise
they vanish.

All the treatment above was done for the case of pure multipole
radiation{i.e. no mixing). The most general case of many y-rays
emitted in coincidence down a cascade can be treated in the same
format, only more complicated sums invoiving 6-j and 9-j coefficients
are involved, hich goes bevond the scope of the present dissertation.
It is easy tc calculate angular correlations between coincident
y-rays which do not necessarily follow each other, as long as the
transitions in between are stretched(i.e. L =[l;- 1, in which
case it is as if they are not there at all. In the case when the in-
termediate transitions are non-stretched(i.e. L >|I;- Iel).
angular correlation calculations are considerably more ccmplicated.

Experimentally, the data were sorted in the 0°- 90°, 0°- 0" and
90°~ 90° formats{see chapter 2 and the appendix) whereby coincidences
were considered between detectors in the backward direction and those
around 90°, as well as between detectors in the backward direction and
between detectors at 90", respectively. Table 2.2.1 gives the
positions of the detectors in question(1,2,3 and 4 in the backward
direction, and 6,10,11 and 12 clustered around 90" with respect to
the beam direction), as well as the corresponding polar angles. Gates
were then placed on various transitions({appearing with a good counting
rate in the deacy scheme) detected in the backward direction, and at
90° while the intensities of various coincident transitions detected
at 90°, in the backward direction(and vice versa) were measured.

For the transitions below the 480 nsec isomer, where previous
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work (Haas et al, 1981 and Julin et al, 1982(p.78))has given rather
unambiguous assignments for the multipclarities(and parities) of
those eleven transitions, the present data were compared to
calculations done with an infinite HWHM of the m-states distribution
for a state with spin equal to 10(Draper, 1984, private communi-
cation). The format of comparison was (0%, 90°), (90°, 0°), (0°, 0°),
(90", 90°), normalized so the (90°, Q°) column was unity. Table 5.1.1
shows the experimental values obtained(and their uncertainties), while
Table 5.1.2 shows ratios of the deviations of the experimental values
from theory to the magnitude of the experimental uncertainty. The last
column displays the Figure-of-Merit(F.0.M.} of the experimental table,
(i.e. Table 5.1.1)which is the square root of th» sum of the squares
of the percent deviations in the three columns(calculated row by
row). Since the uncertainties include the statistical part as well as
the part due to the quasi-continuum peaklets (see chapter 3), which
have a random nature, the F.0.M,'s should average to unity. Indeed,
the average of the numbers in the F.0.M. column comes to about C,93,
not far from unity.

The previously assigned values for the multipolarities below the
480 nsec isomer thus seem to be agree(within experimental error)
in the present work, which prcovides a good test of the data for
angular correlations to be used above the isomer, where there exist a
lot more unknowns. Table 5.1.5 shows the theoretical calculations
(Draper, 1984, private communication){treated in the same way as the
data), any Table 5.1.3 shows the experimental values for the angular

correlations for all the transitions observed above the isomer, while
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Table 5.1.1

Angular correlations measurements{for all transitions below the 480
nsec isomer) in the (0°, 90°), (90°, 0°), (0°, 0°) and {90°, 90°)
formats, normalized such that the (90°, 0°) column is unity(and

therefore omitted).

Jransition Gate {0°, 90°) (0°, 9°) (90°, 90°)
E 2 E 2 i
1687.5 3 660.8 2 1.09 # .35 1,154 .50 1,12 + .50
389.8 2 660.8 2 1.16 # .26 1.19 £ .40 1.27 # .45
94.1 1 660.8 2 1.23 # .43 1.03 + .46 1.1 * .51
382.7 1  660.8 2 1.21 4 .30 1.18 # .51  1.36 + .61
101.2 2 660.8 2 .83 # .29 .89 + .40 .67 .29
86.9 2  660.8 2 .95 # .47 1.02 * .48 .95 * .43
1677.3 2 660.8 2 .95 + .45 .96 + .44 1,10 # .51
739.2 1 1687.5 3 3.50 # 2.21  3.33 % 2.07 1.33 # 1.26
660.8 2 1687.5 3 .97 +.28  1.14 #.39 1,27 + .46
389.8 2 1687.5 3 1.01 # .32  1.04 # .47 1.30 * .60
382.7 1 1687.5 3 .85 # .26  1.37 # .57 1.25 * .56
304.3 2 1687.5 3 2.01 #1.03 1.07 # .52 1.33 .70
101.2 2 1687.5 3 " e o
94,1 1 1687.5 3 1.29 # .68 1.90 £ 1.01 1.71 # .92
86.9 2 1687.5 3 1.33 +#.74 1,99 4#1.06 1.33 #.72

* Averaged over the azimuthal angle values, ¢ = 0" and 90° .

** Poor statistics prevented obtaining a value.
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Table 5.1.2

Deviations of angular correlations results for all transitions below
the 480 nsec isomer{see Table 5.1.1) from theoretical values(see

text and Table 5.1.5). The deviations below, Byps are ratios of the
magnitudes of differences between experimental and theoretical values
to the magnitude of the absolute error in tie values given in Table
5.1.1 . The last column below displays the figure-of-merit(FOM) of
experimental data(see text).

Transition Gate (0, 90°) {(0*, 0%) (90',‘90') E,
E » B2 Ltn LIy L
1687.5 3  660.8 2 0.26 0.28 0.06 0.3
389.8 2  660.8 2 0.58 0.06 0.2 0.72
94.1 1 660.8 2 0.53 0.23 0.37  0.69
382.7 1 660.8 2 0.70 0.47 0.68 1,08
101.2 2 660.8 2 0.59 -0.69 1.43  1.69
86.9 2  660.8 2 0.11 0.31 0.31  0.45
1677.3 2 660.8 2 0.11 0.47 0.04  0.48
739.2 1 1687.5 3 1.13 .21 0.33  1.69
660.8 2 1687.5 3 0.11 0.39 0.27  0.49
389.8 2 1687.5 3 0.03 0.54 0.26  0.60
382.7 1 16875 3 0.58 0.96 0.60 1.27
304.3 2 1687.5 3 0.98 0.43 0.26 1.10
101.2 2 1687.5 3 i b > **
94.1 1 1687.5 3 0.42 1.06 0.86  1.43
86.9 2 1687.5 3 0.45 0.66 0.25  0.84

* Deviations with respect to averages of theoretical values over
the azimuthal angle values, ¢ = 0° and 90° ,

** Poor statistics prevented obtaining values(see Table 5.1.1).
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Table 5.1.4 disptays the comparison to theory, done just 1ike for the
transitions below the isomer(except that the F.0.M. for the three for-
mats, (0° and 90°), {0°, 0°) and (90°, 90°), is the square root of
the average of the squares of the percent deviations from experi-
ment). Table 5.1.4(c) summarizes the final choices for the transition
multipolarities, indicating in parantheses the F.0.M.'s for the four
HWHM's (0, 4, 6 and infinity). For almost all transition-gate com-
binations, one can see that F.O.M.'s.and the corresponding HWHM

are resonable(the latter being close to zero for gate and/or transi-
tion close to the top of the level scheme, and increasing to values
of 4 or 6 towards the bottom of the level scheme).

Table 5.1.4(c) 1ists the F.0.M.'s for the 1061.1, 495.8, 1045.5,
462.7, 279.0 and 1932.1 keV transitions for multipolarities smaller
by one unit than the ones tentatively chasen. This has been done in
effort to explore other ways to match the spins up to I = 17 (see
Fig. 4.1.1) than making the 1932.1 keV transition a stretched E3.
Overall, the F.0.M.'s marginally seem to favor an E3 7or the 1932.1
keV transition, one not being able, however, to eliminate the possi-
bility of a stretched E2. Similarly, 1isted are the F.0.M.'s for the
361.6 and 559.4 keV transitions, such that they are assigned
multipolarities greater by one unit than the ones tentatively chosen.
While it appears that the 361.6 keV transition can safely be chosen to
have a stretched multipolarity of 1, it seems it is quite possible to
make the 559.4 keV transition a stretched £2(although only margi-
nally). Finaily, the same discussion applies to the "932.1 keV transi-

tion. The 491.0 keV transition had already been tentatively found to



Table 5.1.3

(a)Angular correlations measurements(for all transitions above
the 480 nsec isomer) in the (90°, 0°), (0°, 90°), {0°, 0°) and
(90°, 90°) formats, where the two angles inside each paranthesis
represent the angles for the transition{"XN*} and its
corresponding gate, respectively(see text). The numbers in each
of the four columns below, are the actual areas under the y-ray
peaks, (normalized to the same number of Ge pairs firing
coincidently; see text),together with their uncertainties(in the
"+_* columns){obtained by the prescription described in section
3.5). The areas tabulated below need no and have not been correc-
ted for Ge efficiency or electron conversion. The presence of
"99" indicates that it was not possible to obtain a value for the

respective entry, due to poor statistics.

AU BATE AN AR U]y SR Uy SR 110 S
T T e 1} 10z 1§ 63 20 123 3!
H 333.¢ 279.8 436 N3 n 212 23 &0 1
3 333.) I52.40 128 17 31 10 85 18 227 23
] 333.1 361.7 [ FO [ 88 1S 20 16 5 19
1 333.1 . % 16 133 17 181 19 113 19
6 333.1 485 .% 43 14 se 1§ 1 17 87 1t
? 333.1 4852.5 153 19 205 2% 203 22 237 24
] 333.14 47T7.5 45 e 79 1S 190 19 §5 17
[ | 333.1 a%1.) 7 15 13 17 117 19 % 18
18 333.) 4%6.1 %5 26 293 29 285 22 444 da
31 333.2 §35.0. s 15 112 16 120 1% 129 19
32 333.1 §59.3 3 4 63 14 §3 15 0 317?
13 333.1 567.% » 13 2 n 13 14 82 17
14 333.) 837.9 197 18 237 2 185 29 105 310
15 333.1 720.5 47 13 48 33 43 18 49 15
16 333.1 7505 26 12 32 12 43 1% a1l 15
17 333.¢ 8.0 % IS 1% 22 18 140 19
1] 333.1 T3 218 2 286 28 213 2 32 N
1] 333.1 922.2% 43 13 M 1s 4 15 %3 15
20 338 030 43 12 | LN V] §3 1% 4 U
21 333.1 933.2 2 3 a2 12 3 1 ar 14
2 3333 | 2718 | 17 1 4 1t 3 12 19 13
23 333.1 1814.% ” ”» [ ] L L]
214 333.1 1045.9 118 44 166 17 141 10 160 11
25 333.) 1061 .4 170 1?7 124 )8 150 19 1% 13
2 333.1 1712w 183 18 230 23 156 19 233 23
27 333.1 19320 ? 22 8 F{ 2 » 10

. s
3 73 a2 1"s 15 a2 15 N u ot 17
2 %34 270 » % 0 N 2! % 77 S
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35 243 229 23

2% I 29 2 W%
18y 17 [T I 13 1?7 221 12
82 12 9 3 §5 14 193 16
® 12 100 e 183 16 $1 14
" 12 2 u 13 22 1 17
25 23 I N %1 25 219 3¢
13 2 13 [1] 8
a4 11 o i3 0 IS &3 14
386 31 2 3 m 29 481 44
“ 13 212 21 1385 17 187 18
2% 10 199 13 4 13 e 15
& 12 33 1 4 13 64 1a
2% 10 2 1 1% 11 29 12
5 1 108 13 6 13 ” 18
5 I ¢ 11 e 12 T3 1
27 18 I3 18 @ 12 44 12
[ 3 I $1 12 3 12 ” o
® 10 [ LIt $1 12 7 14
4 10 134 14 " 1 68 13
55 1 $5 11 45 12 a1t
) 3 10 36 11 50 12
7 8 2 9 19 10 27 19
126 13 184 18 164 17 192 18
135 14 8 112 18 232 23
19 19 195 19 163 17 %7 7
S 6 22 7 15 7 3 8
&3 1o e )i 1o
s 39 285 25 251 25 43 4
$3 8 s 7 4 10 &9 12
203 20 223 2 19 19 229 24
193 12 2 u 5 13 1 1%
[ JEEY 2 u "’ 13 0w 12
23 7 22 7 s 10 2 9
@ 9 & 19 a3 38 137 15
3 33 332 33 315 32 37 38
&2 10 n3 a2 72 a2 124 ta
382 38 353 35 388 33 7 45
T TR u2 12 126 s 125 14
2 7 33 8 13 7 §1 10
6 7 21 7 12 7 22 0
@9 & 9 [ 1} 53 18
[T | 23 7 [TRRT) 101 13
23 7 2 | 5 9 24 8
$2 9 a 0 7 9 a0
223 22 158 16 156 16 7
37 8 o 1 [1 I H a3 10
N7 [ ] $3 19 57 10
[T 21 6 @ 9 32 e
. % 7 25 & s 19 3 8
® 18E1.1  1015.0 16 & % 7 197 1106
” le6i.i  102:.77 9 s L) @ 9 a9
2 18611 10eS.§ e 19 234 23 159 16 177 18
1 1861l nm.e® 14 e 145 1S 142 15 229 23
$ 10610 120177 a0 @ % » 13 & LTI



(b)Angular correlation vatues{i.e. the areas and their uncertain-
ties) from (a) normalized to the (90", 0°) column(i.e. all en-

tries in the (50°, 0°) column are unity, and omitted).
with “99.959" or

RON GATE
1 330
2 3331
3 3330
4 3331
s 3331
& 333.%
7 3331
8 3331
s 3331

10 333.1
11 3331

12 333.1

13 333.1

14 3331

1s  333.%

16 333.1
17 333.4

18 3331

19 33301

22 333.1

21 3330

22 333.1

23 3339

24 333.1

% 3331

2 3331

27 333.1

28 763.4

29 763.4

3@ T63.4

31 763.4

32 763.4

33  783.4

34 763.4

35 763.4

3% 763.4

37 763.4

38 3.4

3% 763.4

49 763.4

41 763.4

42 763.4

43 w3

44  761.4

e s

zvs.n W8

52.4% 1.065
351.7 .741
395.1 1.400
406.9 1.163
462.5 1.863
477.5 1.756
491.1 1.806
495.1 1.149
535.0 1.258
§59.3 1.359
567.8 .889
§37:8 2.218
720.5 .935
758.5 1.231
758.@ .938
753.9 1.191
B22.2% 2,023
883.e 2.153
933.2 2.238
971.1  .048
1@14.9 99.939
1045.9 1.458
1061.4 .729
1171.2%1.503

1932.1 3.667
4.2
278.8 .78
327.2 =
323.2 ..21
352.5% .598
361.4 1.327
358.2 1.887
407.1  .6853
462.7 1.362
477.4 1.186
491.8 1.862
496.0 1.02Q
§35.3 2.258
558.3 3.845
§67.8 .SS50
$66.3 1.776
837.9 f.818
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Entries
*.93" denote poor statistics.

(0°,09) +-  {90°,90°%}+-
0775 1.382  +37
5802 .87 1.3%4 .20
.zx .531 .15 1.043 .32
24,247 .20 1,083 .31
.30 1.e67 .27 1.193 .29
.52 1.178 .56 1.55¢ .66
.28 1.325 .21 1.551 .24
.65 2.400 .85 1.215 .53
.44 1.630 .43 1.37% .38
.16 .805 .12 1.741 .25
.28 1.348 .32 1.438 .33
.59 1.352 .B3 2.085 .65

.50 ,370 .43 1.328 .86
.39 1.445 .28 .98s .22
.38 .922 .41 1.850 .44
.75 1.641 .95 1.59¢ .93
W21 .229 .15 1.S42 .3t
L7 .992 .14 1,730 .22
.67 1.147 .48 1.240 .5@
.70 1.240 .49 1.0823 .4
1,32 1.460 3.0 1.958 1.23
.85 (182 .71 1.131 1.e6
.93 99.939 .93 8%.399 .29
.23 1.240 .22 1.424 .24
11 .988 .15 1.128 .16
.21 r.e@ .16 1.525 .22
4.38 3.333 4.89 S5.60¢ 5.97
o7 513 IS 878 .19
.21 699 .10 1.539 .23

NoT iN THE Gh.E —

JA2 TS L1 221 g
.10 67! .12 1.310 .19
40 1.051 .37 1.974 .S58
A2 1.1 .45 8es .23
.28 272 .25 2.259 .&S
A9 1,114 16 1.327 .18
.20 99.999 .99 99,993 .93
57 2.823 .64 1.59 .53
.14 952 .13 1,442 20
.39 1,433 .27 1.3 .32
1.62 1.538 .73 3.179 1.38
.21 .867 .25 1.e587 .3t
.75 .§82 .44 .989 .55
.45 1.897 .33 1.770 .45



ROW

45
46
47
48
49
50
51
52
53

57
58
59
]
61
62
€3
64
65
66
§7
68
69
e
n
2
73
4
7
k{3
”
78
79
8e
81
83
&4

GATE

763.4
763.4
763.4
763.4
763.4
763.4
763.4
?63.4
763.4
783.a
763.3
763.4
1861.1
1961.1
1061.1
1061.1
1061.1
1e61.1
1061.1
1861.1
1051.1
1e6i.1
1061.1
1861.1
1851.1
1261 .1
1061.1
1261.1
1e61.1
1061.1
1061.1
1061.1
1061.1
1e61.4
1861.1

XN (0°,90%)+-

720.2° 1,058
750.2 1.222
757.6 1.111
021.7% 2.208
882.6 3.352
933.3 1.80%
970.5 2.452

1815.0 2.857
18945.7 1.4B2
1861.3 1.541
1170.8% 1.816
1932.3 1.483

1142 1270
279.0  .636
327.3  .283
333.0 1.099
352.6% .888
395.9 1.025
407.2  .957
416.271.560
462.6° 1.003
477.2 1.838
495.8 .92a
535.1 1.109
567.8 1.179
586.9 1.313
£37.5 1.266
728.1. .383
750.4 1.957
757.6 .94
763.5 .70%9
821.3%2.189
8682.6 1.935
933.2 2.100
g70.9 .920

1e61.1 1015.8 1.625
1061.1 1021,77 7.600
1061.1 1845.5° 1.258
1061.1 1171.0%1.028
1961.1 1241.7 P 1.375

For {a):

9% Represents two transitions, as follous: two 352.5 keV
transitions (the one de-exciting from 24” being 28% of the
total area ); the 822.3 keV transition is 45% of the total
area(B820.5 + 822.3 keV); the 1172.7 keV transition is 24% of
the total area(1170.5 + 1172.7 kev). (See Table 4.1.2 .)

? Heans the respective entries were not used in any angu-

.30
.58
.27
N1
.91
.28
1.47
3.40
21
.22
.14
78
7
.09
.14
.16
.15
.19
A4
.42
14
.29
.13
.17
.42
.69
.30
.13
.68
.21
.1e
.83
.53
1.31
.36
.73
4.14
.18
.15
.29

(0°,0%)+-  (80°,90%)s-

.802
1.778
.529
1.267
2.133
832
2.323
2.762
1.302
.930
852
1.857
© H
.651
.78
.933
.828
1.e88
1.971
1.018
.955
1.043
1.216
1.188
.476
750
1.816
.8ee
1.507
718
700
2.414
1.720
4.000
2.400
1.167
4.800
.853
1.007
.278

.28
.79
.21
.45
.64
.27
1.45
3.38
.19
.14
.12
.66
9
<09
.23
.13
«15
21
7
.32
14
.23
.14
W19
.29
.55
.42
20
.59
21
.10
.62
.51
2.35
.76
.61
2.71
.12
.14
.14

1.333
1.63¢
1.228
2.187
1.620
.758
3.871
3.81¢
1.524
1.718
1.3%
1.563
o540
1.219
1.308
1.176
1.851
.988
1.391
3.270
1.144
1.797
1.189
1.241
1.810
1.667
1.135
1.689
1.043
.949
1.220
1.333
1.848
3.200
1.360
.667
4.067
.953
1.626
1.e55

.37
74
.31
.66
.S}
-26
2.26
4.48
.22
.24
.20
.85
Nt
.17
.32
.17
.28
<20
.6
.76
.15
.33
.17
.20
.60
.86
.30
<34
.46
.25
.17
.38
.54
1.93
.49
.46
2.33
.13
.23
.28

120



lar correlation comparison with theory, because those three 121

transitions could not be placed on the level scheme due to
Jack of positive evidence(see chapter 4).

For (b):

9% The entry can determine the same multipolarity for the
two transitions {nvolved(see (a)).
? Same interpretation as in (a).

For (a) and (b):

The entries under “GATE" and “XN" are §n keV.

The x’-ray energy under "GATE" is the value obtained
from all-detector coincidence work(see chapter 4} and thus
more exact than the values under "XN", which are the averages
of the y*-ray energies as obtained from the four angular cor-
relation formats(with a lot poorer statistics than for 2ll-de-
tector format).
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ROu. GATE. TRANEITION (KEv)= 18 332.1 763.9 . IN EACH GROUP, NORM'D 70
TSR DR (2U 00, ARE 115 MATE, (ERE5,((8BLa0>_As .8 OF 965de°s .2 oF 9ebdac™.
®1 ROW OF 28 PAIAS 15 NORM'D TO (L1,L21=¢9¢%0%: 82 70 (879,
BROUPS L TO R ARE GAUSSIAN Wus=®,8,6,INF, RESP. LAST CO. )5 ROUS.

ERROR > 3.5 5I6MAS IN AT LEAST 1 OF 3 CELLS. T,
11 @8 1.12.8+0.2 1.6 +1.141.841.2 1.4 +].1¢8.9-1.9 1.4 71.7 1
11 00 41.342.6¢40.2 1.6 ¢1,3¢]1.845.2 1.4 1.3¢8.9+1.9 1.4 +].1-0,6+2.7 1.7 2
12 00 ¢8.947.548.9 9.8 ¢4.1¢1.9¢4.5 9.8 +3.2¢1.444.1 9.8 <1.1+0.7+2.3 2. 2
12 00 -5.0-5.8°1.2 9.0 -4,9-3,3+1.9 9.0 -2.1-1.6+2.5 2.1 +1.1+8.7+3.3 2.1 a
13 00 95,6¢42.7¢5.5 9.8 4.92.8+5.3 8.8 L} 9.8 ©1.141.2+3.6 9.6 &
13 00 ~9.9-5.91.3 5.8 -9.1-5.7+2.1 9.8 9.8 +1.1+1.243.6 9.8 &
2 82 +1.1-5.843.9 8,0 ¢]1,1-3,5¢3.8 9.8 ¢).1-2.5¢3.4 2.6 ¢).1-1.242.2 1.7 7
22 8@ ¢1.1-5.0+3.9 9.0 +1.1-3.5¢3.8 9.8 41.1-2.5+3.4 2.6 +1.1-1.2¢2.4 1.7 B
23 00 +2.9-5.3¢4.8 8.8 +2,7-3.6+44.5 5.8 42.1-3.0+7.9 9.8 +},1-2.142.0 1.8 B
23 00 -1.4-9.9+3.9 9.8 ~0.9-7.3¢3.5 9.8 =P.1=5.0¢3.2 9.8 ).1-2.12.0 1.8 )0
33 80 ¢1.1-9.9¢4.5 9.0 41.1-7.6¢4.2 9.8 ¢1.1-6.8+3.4 5.8 +1,1-4.0+1.2 9.8 ]}
33 02 ¢1.1-9.9¢4.6 9.8 +1.1-7,6+4.2 9.8 ¢1.1-5.0-3.4 8.B +1.1-2.8+1.2 9.8 12
11 05 45,247.7¢5.7 9.8 «4.442.844.7 8.8 +3.4+1.5+4.3 9.8 +l.1+8.8-3.4 2.1 13
11 85 =9.5-6.9+1.1 9.8 =5.1-4,2¢1.9 9.8 -2.7-2.€+2.5 2.4 +1,1+9.8+3.4 2.1 12
11 55 ¢1,0-7.2¢4.4 3. 41,1-5.843.9 9.8 1,1-3.843.3 8,8 +1.1-2.4+1.9 1.9 £
11 55 ¢1,2-6,9+4.8 9.8 +5.2-4.9¢4.0 5.8 *1.2-3.9+3.3 9.8 +].1-2.4¢1.9 1.9 1€
e 9.8 ¢2.942.8+2.0 2.6 42.,2¢1.342.8 2.2 +1.1-0.2+2.9 1.8 17
12 01 9.8 ~1.3-0.1+41.3 1.1 =8.1+0.1+41.9 1.1 +41.1-£.2+2.9 1.8 18
12 85 -9.9-2.7-9.9 9.8 =0.9+]1.6-0.7 1.1 ¢0.4¢0.6¢1.3 0.9 *1.1-0.7+2.7 1.7 19
12 06 *65.646.3+0.6 9.0 42.7¢3.8+41.3 2.4 +1.8+1.341.9 1.7 41.1-0.72.7 1.7 20
17 5@ +0.@-7.243.9 9.8 +0.5-4.743.7 9.0 +0.8-3.5+3.2 9.8 +1,1-2,0+2.1 1.0 1
12 5@ +2,1-4.9¢4.4 3.8 ¢1.7-3.7+4.0 9.8 *1.4-3.0+3.84 2,7 <+1.1-2.€<2.1 1.8 22
12 51 =3.4-7.2#4.2 9.8 =-3.0-5.2¢3.3 9.0 -1.7-3.3+3.1 2.8 +1.1+2.3+3.2 1.9 2
12 51 +3.7-1.8+5.3 9.8 +3.5-0.244.8 9.B #3,148.144.8 9.8 ¢1.1+0,3+2.2 1.9 24
12 56 -9,9-7.3-9.9 9.9 =B.5-2.2¢Q0.7 9.8 <~2.8-0.892.5 2.2 +1.1¢1.3+2.6 9.8 7E
2 S5 ¢6,084F5.4+5.0 5.8 +4.9¢3.5+4.7 9.0 +3.542.6+4.3 9.8 +1.)¢1,3+3.5 9.8 2t
22 81 -1.8-5.3+4.2 9.8 -1,5-3,647.4 9.0 ~P.8-2.3+3.1 2.3 +1.1e@.2.7.1 1.9 27
22 01 ¢3.1-1.3+5.1 9.8 +3.8-9.344.5 9.8 +2.6+0.144.1 S.B +1.1+0.2+2.1 1.9 28
22 11 +0.8-1.5+2.5 1.8 +1.3+0.142.4 1.6 +1.3¢0,142,4 1.6 +1.1-0.8-0.6 1.7 2¢
2 1] *1.5-1.342.8 2.0 *1.8-0.1+47.3 1.4 +P.9-0.1+2.2 1.8 +1.1-R.B«2.6 1.7 3¢
22 9F 9.8 =-7.9-2,8+8.7 9.8 -2.5-1.242.1 2.0 1,1+2.7+2.3 2.1 '
22 06 3.8 +4,7+3.1+4.3 9.8 42.442.2+4.0 9.8 +1,140.7-2.2 2.1
22 18 9.8 =4.4-9.92.3 9.8 =].3-0.441.7 1.3 <+1.1-0_j+3.0 1.¢
22 16 9.8 #4.8+7,9+3.6 9.8 +2.9+1.8+3.3 3.7 +1.1-P.1+3.0 ].8
2 BB 9.8 +1.9%€.9-1.2 1.4 41.4-2.8<0.6 1.9 +1.1-2.3+1.91!.9
s B6 +9.9+6.6-9.9 9.8 +0.3-0.1-2.8 1.4 +P.6-1.2+0.2 £.9 1.1-0.3+1.91.9
13 B +5.7+2.845.3 9.8 +3.7¢1.9+4.8 9.8 ¢2.8+1.4¢3.7 9.8 ¢1.1+8.3+3.0 1.9
13 €1 ~0.9-5.7+1.3 9.8 ~3.4-2.0+1.7 2.5 =-1,2-2.942.3 1.6 +1.1+8.3+3.2 1.9
13 50 +2.2-7.2+4.7 9.8 ¢2.1-5.244.2 9.8 *1.9-4,5¢+3.5 9.8 +1.1-3.6+1.3 9.8
13 50 -9.1-9.9¢4.2 9.8 «P.1-7.7+3.7 9.8 <£.3-6.0+3.8 9.8 +1.1-3.6+1.3 9.8
13 51 40.7-7.2+4.3 9.8 ~0.7-4.9+3.4 9.8 -0.1-3.2+3.1 2.6 <*l.1-0.9+1.6 1.7
13 61 «1.5-6.2+4.5 9.8 +2.5-2.144.2 9.8 +2,1-1,5+2.7 9.8 +1.1-0,9+2.6 1.7
23 @1 +1,9-5.5+4.2 9.8 9.8 4D.5-2.443.3 2.4 ¢1.1=0.71.7 1.7
23 €1 +@.3-7.3-3.8 9.8 9.8 +1.7-1.543.6 9.8 +1.1-0.7.0.7 1.7
3 10 +4,2-1.295.7 9.8 48.0+0.1¢5.3 9. B +3.4+0.5+4.9 9.8 +1.1+1.3+3.6 9.8
23 10 =5.3-9.%¢4.1 8.8 -4.6-5.6+3.6 9.8 -2.5-3.4+3.5 3.2 +1.1+1.3+3.6 9.8
23 11 +3.2-1.895.4 3.0 #2,4+0.8+4.3 9.8 42.140.3+3.9 9.8 +1.140.5+3.3 2.0
23 11 =2,1-5.7+4.4 9.0 ~0.5-).9¢3.€ 9.0 ~0.]-1.1+3.3 2.0 +1.1+9.5+3.3 2.0
23 60 +7.045.946.5 9.8 5,2¢3.8¢5.2 9.8 +3.8+3.1+4.8 9.8 1.1+2.1+4.8 9.8
23 6¢ -9.9-9.9-9,9 8.8 -9,9-0,7+1.2 9.8 -3.6-€.1+3.0 9.8 +1.1+1.1+4.8 9.8
23 61 +7.946.9+3.4 9.8 4, 1¢3.843,2 9.8 2.702.243.2 2.7 +1.1+D.3+2.1 1.9
23 61 =9.9-5.1-9.9 3.8 -4,7¢2.65-0.5 9.8 -1.1+0.5¢1.7 1.2 +1.1+2.3+3.1 1.9
33 05 +2.3-9.9+4.7 9.8 9.8 =P.7-4.843.2 9.8 +}.1-1.3+2.4 1.7
33 81 +1.9-7.9+5.0 9.9 9.8 +2.5-2.844.1 9.8 <1.1-1.3+2.4 1.7
33 1) =1.1-9.9¢2.9 9.8 ¢1.0-1.5+3.0 5.0 +1.1-0.8+3.5 2.2 +1.1+0.0-3.0 1.9
33 11 «2.9-7.3+4.0 3.0 ¢).3-1,343.0 9.0 +}.2-0.743.5 9.0 «¢).140.0+3.0 1.9




(b)Summaries of arrays such as in (a), given below for all tran-
sitions above the jsomer, in coincidence with the 333.1, 763.4 and
1061.1 keV prompt gates. Listed are the best multipolarities involved
(the first four digits), the row no. and HWHM group no.{in paran-
theses) followed by the F.0.M.'s of increasing order. Underlined are
the final choices made on 1ife-time and other considerations(see

text).

TS, ALL MNGLES)// /21

. Y OF AQC! 1515 OF

1
121250 2
1180

#1188 153 0. 8770222660 36,2
(. 3o23i0- 28,3 91155018, ‘
S%:16,3:.5/2081
IRC I SRR

£ 2
/1206
3.3%

30
1.8s1288
%p 1206(20,21.671200017,1)2/2216134,212/11081 1,112 1/ 1188¢2,112,1/2206
2,3502-87///2216194,3),1/1281¢17,23.1/1206¢20,21.2/2201(28,2.3/1251€24,3).4/12

86(3,3).7/2206¢32,311/1105(13,311.1/71256(26,3)1.1/1250¢22,1)1.2/2266(35.211.5/22
11130,112.2/2211(2%,3)2.6/1155¢16,1)12.671100¢1, 1)2.8/1108(2,1)2.8/2208:7,1)2.9/2
2000,112.0/1186¢15,302.9/

1109C1, 1) 6/1108¢2.1).5/1206(19,2)1.271206128,271.2/2266(35,211.4
71200117,331.9/2266¢36,21.9/1201010,3)1.9/2211¢29,3)2/2216(36,3)2.1/2211(38.3)2
«1/2216¢33,312,3/2206132,372.4/2201(28,3)2,7/1256125.5312.0///72251429,110/1 2501 2
1,3).1/2266(36,3).1/2211¢30,3).1/1155(15,11.2/1206¢19,3).3/1100(1.1).3/1108:2,1)
03/2208¢7,1).3/2200(8,1).3/1155116,3).4/2266(35,3).5/1250(2%,5).6/1201¢18,31.7/1
206:29,3).0/1201¢17,311.2/2201(27,3)5.3/2201¢28,3)1.5/2216¢33,3)1.7/2216(34,3)].
7/1251124,371.9/1251¢23,312/1200¢3,3)2/2206132,312.2/1105113,312.2/1256126,3)2.2
7120004,3)2.3/2206(31,372.6/1105(14,312.9/1256125,312.%/

: 1206020.2)1.1/2216¢34,201,1/1200017, 101, 2/1256126,301,3/2206(32.2
. A71Z08:3.2)1, 7711000 1,251.7/110812,2)1.7/1105¢13,371.7/1206¢19,3,2.2/2266 35,
2)2.6////1206120,21072201429,319/2216¢36,3),1/1201(17,2).1/1251¢24,3).3/1200. 3,3
). 4/1256122,1).4/2206¢32,3).5/1185¢13,3),5/2266135,21.§/1256¢26,3).6/2211¢38,1 ).
S/2211429.3). 9/ 1185008, 008 /0000 L AL S/ 10802, 100,0/220007.111.1/2208¢8.111.1+1
155015,311.2/72266¢36,3)1.3/1258(21,371.3/1206¢19,3)1.6/1201(18,3)2/2201¢27,312.5
1221%(33,3)2.8/

Emu_ﬂ!ﬂ 2216(33.3).2/201(19,3) 4/2206¢31.3).5/1208¢8.3).5/1256(25.31.5/1
185014.31.7/2201127,3),7/2211(30,3),7/2211¢29,1).0/1206119,3),8/1100¢1,31.9/118¢
(2,3).9/1251123,3:.9/1206¢26,3)1.1/220017,531.2/2200¢8,3)].2/2266(35,3)1.2/2266.
36,311,2/1280021,3)11.2/71201¢17,3)1,371258022,311.3/1158¢ 15,301 . 4/1156(16,3)1.4/2
201028,371.6/2216¢34,3)1.6/1251024,311.0/120003, 001 0/2206132,3)1.9/1105¢ 13,31
mzwzs.:»z.xmzzzms:m-/n;mu!z:mzmu.z:.z/zmrz1.z».zuzsuz:.::.
3/1200¢4,3).5/1250021,1).7/2206¢(31 31, 7/1186¢18.3).9/1256¢25.3).8/2266¢36,2).9/2
211029,138.1/2211¢38,311.2/1155015,111.3/010001 ,131.3/1100(2,111.3/2208:7,1)1.3/
2200¢8.1)1.3/1155(16,3)1.8/2266¢35.3)1.5/1258022,3)5.5/1206¢20,3)1.7/1281(17,3>)
a272201020,312.2/2216(34,312,3/4251¢24,3)2.4/1208¢3,312,5/2206:32,3)2.6/1195: 13,
312.6/71256(26,3)2.6/

22F .<36,3).2/2268135,3).2/1206119,3).3/1201(10.3).3/2216133,3) .4/

2211030,3).47221,129,11.4/018001,3).4/118812,3),4/1206120,3),5/2201(27,3}.6/1200

$4,0),672206131,3).6/1250021,3).6/2200¢7,3).6/2200(8,3).6/1250122,3).7/1105(T4,3
1.7/1251(23,3).7/1286¢25,31. 7711851 15,31.7/1185¢18,3).7/1201¢17,3).7/2216( %6 .3).
0/2201¢20.31.8/1281(20,3)1/1200¢3,310/2206(32,304/1105¢ 13,31.1/1256¢26, 320 .1/7/
/2266(36,210/1250021,1).3/71206¢19,3).471201¢18,3).1/2214¢29,1).2/2211¢30,3).2/1}
$501S,1).3/1100¢1,11.37110002,1),3/2200(7,11,3/2200(8,11,3/2201(27,3),3/1156¢ 16,
3).3/2266¢35.3),4/12%0122,3),4/2218(33,3),5/1206¢20,3).5/1251123,3).6/1291 (17, 3)
277520004 .3).772201¢20,3).0/2206(31,8),9/2216¢36,3).9/1105¢14,3),.9/1261126,3). 9/
m*(!s.!n.mzw:.:mzzmsz.:umm 13,30.171286126,31.1/
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I:;zq:l_;n 1201€10,1).5/2218133,2).8,120004,2) §/2206(31,371.1/1185(14,3)1.2
J1288125,8)0.4/1255028,931.6/2286( 38,351 .7/2201027,3)) . 8712064 19,315, 9/2266(¥5.3
2.9/2210(29,1)2/2211438.3)2.1/5298¢21,372.3/110071,312,3/110012,312,3/2200. 7.3}
L8/270018,312,6/1386¢18,312.8/1186¢16,3)2.8/1750022,3)12.6/1205(20,312.5// /11201
ul.n).z/ztlt(n.zl.z/xnuz:.l).-/m.y!j/lzss«zs.:).wnos(u.su/zzu(n
3. 0/22010427,10).3/)208¢10,2)).8/1280(21,1)2.4/2266(36,212.5/2211€29,112.9/2211
(99,3)2.9/5186¢ 18,113/

- 1251123,2).8/120004.21.7/3195116,2).7/2281¢27,11.7/12508121,13,7/2
131,3).07.266(28,3.9/1155¢15,13.9/2200¢7,1).5°2200:€,11. 971188415, !).!/zzm
33,.3)8/71200018, 3 M/T212429,1)01/712908(22,3 1172211430, 111,0/2266(%6,.3)71.1/71206¢19,3
M.2/2266(35,3)1.2/110001,331.2/1009(2,3)1.271206(28.351.3/1201¢17,311.4/2201¢26
«331.4/1250028,311,.5/2216¢34,321 . 6/)208¢3,311.8/2254192.313.671106¢13,311.6/1256
€26,.3)1.2/7/71281¢28,198/1256¢(25,3).2/1195(14,3),2/2206(31,31.2/1201¢18,113.2/221
G(!! 2).3/]20804 . 3) 3/2201027,1).4/1205(19,2).8/1250(21,1).9/2266(36,2).9/2211(2
9,101.0/2201C6. 513 4/1185C15,190,075100¢1,092,2/010002,1)1.2/2208{7,1)1.2/2200¢
0,121.2/1155¢16.9)1.2/2285¢358, 3. 2/1250(22 3M,2/71206(20,.311,3/1201¢17,5)1,8/22
QL120,.331.5/2216036,311.571251(28,3)1. 'IllZ.(‘(!,!H 7/2206¢32,311.7/0105¢13,33) .0
/1796(26,301 .8/

ch 12008, 2),8/1105018,2).6/1251(23,2).7/2206(31,31.7/1201¢10,13.0/2
16433,21.8/2201¢27,2).9/1256125,3).9/1250121,3)1.2/2251¢2%,111.2/11585115,311.2/
2266(385,3)1.2/1185(16,311.3/1206(19,3)1,3/2211¢30,371.3/2200(7,311.3/2208(0,3)1.
3/2266(35,321.4/1250122,3)1.4/110011,3)1.5/110002,3)1,5/1206(20,311.6/1201(17,3)
1.072201(28,911.972216¢34,312/1251024,372/1200¢3,332.1/2206¢32,312.2/1185113,312
.2/3256¢26,312.3////1251(23,19.1/1281¢18,11.2/2216¢33,21.3/125E(25,31.3/1105.14,
3).4/2206031,3).4/12088.2),5/2201427,1 1. 7/1206019,211/1258121,1)1.4/2266136,211
5/2211429,135. 772200630, 310, 7/70155¢15,030.07010801,1)1.07110002,1)1,0/2208(7,1
1.8/2208(8,.1)1.8/1155¢16,3)1.0/2266¢35,3)1.9/1250(22,311,9/1286(20,312.1/1201¢ 17
0312,2/2201120,312.4/2216¢34,312.5/1251124,312.5/1208(3,3)2.6/2206(32,312.7/1105
€13,312.7/1256¢28,312.7/

1206019.27.0/1100¢1.231711080(2,21172266¢35,211.2/1201(18.3)1.4/1
5061 203775 226538, 20,7724 0T T30 T, 1/2211¢29,3)1. 82216033, 371071201 17,302
72215134,352.5/125625,312.6/2206(31,312.7////2266¢ 36,270/ 1206¢ 19,31.2/1250( 21,
3.3/1201¢18,31.4/2211129,1).6/2211(30,3),7/1185(15,11.8/1108C1 1) 871108(2,11.%/
2200¢7,1).8/2200¢8,11.9/1155(16,3)1/2201(27,3)1.1/2266¢35,3)1.2/1258122,3)1.2/12
06(20,3)1.6/2216(33,3)1.6/1201117,312/1251(23,3)2/1200¢4,3)2.4/2201(28,3)2. 4221
€134,312.7/2206¢31,312.0/1251024,332.%/

2216033.3).7/2266¢36.31.7/1201118,2),7/2211129,11.8/2266135.3).9/ 1
206:2,3,.8/2201¢27,3), 1/1206(19,3.9/2211030,3).9/2206¢ 31,31, 3/1251123,31.9/1185
€16,31171250021,300/110801,351.1/210002,311,1/2200(7,3 11, 1/2200¢9,3)1,.1/1185015,
301.171185016,371,1/71256¢25,900,1/1250022,3)1,1/1206(20,311.3/1201¢17,311.§/2201
120,3)1.8/2216¢38,3)1.0/1251(24,5)1.9/1208(3,3)2/2206¢32,3)2.1/1105(13,3:2,2/125
€126,312.3////)281006.35,2/1258¢21,1).2/2201¢27,3),3/ 12061 18,2, 3722561 36,21, 4/2
216133,3,,5/22T1128, 17.771251¢ 23,32, 0/221 1430, 35.8/11S5¢15,1 1. 8/1108:1,15.9/1188
(2.1 9/72200¢7,1),9/2200(0,1).9/1158¢16,3).9/1200(4.3)1/2266(35,311,1/1258.22.3)
1.1/220603),351,2/020628,311.3/1 106 14,301, 3/1255(25,3 1. 4/1201¢17,3>1 .§/2281: 2
5,3:).072216¢34,33).3/1251724,3)2.1/1200(3,312.2/2206¢32,312.3/1105:13,312,3/125
8028,3,2.%

M: 2266¢36,2),4/1206119,2).6/1201118,2) §/.1266(36.3).6/2216133.3).§
/220%:31,5,.7/120004,3,,7/0195C18,3).772211088,1 1. 7/72211430.3,.2/2201127,2).8/12
6142%,3).0/1256125,31.8/110001,3). 8/110002,3),8/1250¢21,31.8/1206(28,35,9/1155: 1
$.3).9/2200¢7,3).9/220008,3).9/1155016,3).9/1256(22,3).9/1201¢17,.3)1/2201(20,3)}
L1/2216¢34,3)1.171261124,5311.2/120043,3)3.3/2206(32,351.3/1105¢13,371.3/1256¢26,
Sl 877470206019, 20/2205427,31802216¢33,31 4,2201110.27.1/1251123,37.2/1250:21,
10,37120804,3).3/2266(36,21.4/2206(31,31,4/1198(14,371.571256125,3).5/2211(29, 1).
$/2211¢(38,3).5/7)185015,.1). 6711001, ,1).671108¢2,1).6/2200(7,1),6/2200(0.1).6/1185
C18,3).8/2266(95,3).7/71250122,3).7/1206420,9).871200117.3). 9722011 28,313 /22164 34
«311.171251028,3)1.3/0200(3,.3:1.2/2206¢32,311.2/1195113,931.5/1256¢26,331.3/
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118001,1), 4711000 2,11,471206128,2).5/2266(35,2).7/1208(19,2).8/1

2W1L17,2 7,872216134,3).9/2286(38,2).9/2206°32,511/17%61 26,311 72211129,35)/
}1/7221:¢39,331/1280(3,3)1/71106¢13.311.1/2201128,33).2/2216(33,311.,2/1251( 34,

M.2/712%6(25,3)1.4/2206(31,3)1 .4/71200¢4,311,.5/2200(7,5)1.5/2200¢8,35}.5/2281(27,
3)1,5/1288122,93).8/1198016,3)1 . 5/1258¢21,311.7/1188¢16.31).9/1281123,3)1.7/1185
(18,301.777771206(20.30/2286( 36,270/ 1 28504 22,2)8/2211( 38,7 . 1/71201(172,32.1/221)¢
29.3).2/1158016,10.2/1100¢1,12,2/110002,39.2/220007,15.2/220018,11.2/1185¢ 15,3).
2/2201120,3).3/2266(%6,3).3/1268¢21,3).3/2216(34,5).4/1252024,31.4/1206119,3).8/
1209¢3,3).5/2206(32,3).8/1106(13,3).5/1286(26.310.6/1201¢ 18,3, 772201(27,31.9/221
6(33,311.1/1261(23,3)1.271200:4,371.3/2206(31,3)1 .571185(14,3)1.8/)285128,313.8/

- 1105114,21.0/120014,2).0/1281(23,2)1/2201427,2)1.2/1286123,3)1.2
R131,311.2/2218453,321.7/12758(21 F/2210¢29,131.8/1188115,3)1.0/2200(7,3)
1,8/2200¢0,3)1.071156C18,311.0/1201018,2 11_.9/1250(22,3)5.9/2211(30,112/1206¢19,3
Laars teci B o3 3/ 1ORi 5307,/ TTOE TR ETE 2768 35312,/ 2786( 38 3,2, 67771168
(18,2180 120004,21.5/2206(31.2). 7/2216(33.2). 7/ 200 LB LLD/125€(28.2 11 17125123
W101.2/2200027,101.9/1206119.2)2.2/1258(21,1)2.6/2286( 36 .2)2.7/2211129,1 )3/

gs 333.2 7;'.; 2211029,3).2/3201117,3).2/2211138,2).3/110811,31.3/1198t2,3),3/1
(28.37.3/221634,3).5/1201(18,).5/2201(28,3),5/1206C 18,3 1.6/ 1200¢3,3).5/2200
17.3).6/2200¢0,35.6/1251€24,3).8/2206(32,3).7/1288122,3).7/5195¢13,33.7/2266¢ 35,
3).8/1256¢26,3).9/2215133,3).9/2201(27,3).8/1250¢21,51.8/1:850 16,3).9/1156¢15.3»
J9/72266¢38,3).9/1200¢4,3:1/2206¢31,311.1/71286(25,371.1/7)251123.321.1/1105t148,3)1
W2/7//2210438,318/1258122,310/2266(35.310/2211(29,3).171206026,33.1/5188¢ 46, 50§
7319001 ,10.2/7110002,1),2/220007,1).2/220009,1).2/1185(15,31.2/1281117,31.3/2268¢
36,3,.3/1250121,33.3/2201(28,3).5/1206019,3).5/221634,31.6/1251124,3).7/1201¢ 10
+37.7/120003,3).0/2286132.31.8/1106(13,3).9/1256126,3).9/22681(27,3)1/2216¢33,3 11
.2/1251123.3)1.4/7320014,3)1.6/2206(31,3)1.9/1105(14,3)1 .4/1256¢(28.311. %/

b S} 2266¢36,3).372286(35,3).4/1281(10,2).4/2216135,3).4/2211129,1)>.8
/1258¢21,3/.4/1251123,3).8/2391(27,3).4/1185¢15,3).6/1200¢4.3).5/1155¢16,31.5/12
056019,3).5/2206¢31,5).6/2211(0,3).5/0105¢14,3).5/220807,3 1.57220019,3).5/1258¢2
2,3,.5/010001.3).5/110002,31.5/1256¢25,33.//1206(20,33.6/1201¢17,3).7/2281(20,3
L8/2206¢34.2:.8/1251(28,3).0/120003.3).9/2206(32,3).9/L185(13.31.9/1256128. 311/
2/1201018,3)0/1250021,1).1/2286¢36.21.1/2201(27,3). 171205019, 3),17221142%,1
215(33,35.2/2211¢30.3).3/71155¢15,1 1. 3/110811,1).3/110812,1).3/7200:7,1).3/2
.11.3/1155015,32.3/1251423,3).3/2266¢35,3,.4/1250022,3).4/1280,14.3).4/1206(28,3
.5/722061(31,3).8/1201(17,3).5/1185¢14,3),5/1256¢25,3).6/2281(2'5,3).6-2216(34,3,.7
71251(24,3).7/120001.3),9/2206. 32.3).8/1105¢13,3).6/12561(26,5).0/

F!_!_Sm 1206020,211.5/1100(1.,111.6/2010012,1)1.6/2216(38,2)2.2/12011 37,112,
712656(26,312.472206¢32,212.5/1209(3.212,0/1105013,213///73211438,1)0/1250122,3)
.1/2266¢35,3).1/2211(29,3),1/1185¢16,1).2/1206(20,3).2/1108¢1,1).3/01100¢2,1).3/2
20007,1:.3/2200(9,11.3/1155¢15,3,.3/2268¢36,3).5/1201(17,3).5/1258021,3). 671288«
19,3).9/2201¢28,31.5/2216¢34,351.1/1251(24,311.2/1201110,3)1,3/1200¢3,311.4/2206
€32,3+1.5/1105(13,311.6/1256¢26,311.6/2291¢27,3)1.9/2216¢33.3)2.3/1251(23,332.6/

120004, 3029/

gi 333, 7i_| 1206(19,3).8/2266(36,3).9/2266135,31/1201(10,212.1/2216(33.312.
7Ji000) 201.4/110002,3)1,4/2211¢30,3)1.4/2211129,2)1.6/1206(28,3)1.7/2206(3) .3
2/7150004,3)2.471256125,9)2.2/1201117,312.2/2201127,3)2.3/1105¢16,3)2.8/2208(7,3)
2.6/220016.3)2.6722:6:34,5:2.7/1258122,312.771253423,3)2.8,1471258.21 , s /1201 |
8.3).1/2206(35,21.371206.19,3).4/2214429,11.0/2201027,31.8¢2221¢30,3/.9/1155..1€,
RoR A 00 ) f3) jrai00:2,11000/22088 7,000, 42225000,13.170405016.311.2/2216433,3,
1.3/2266¢35.311.6/0250102,311.5:1250123,355.7/1206020.311.8,120014,3,2. 17220117
+302.2/2296.34,302.5/2201128,312.6710085¢26,3:2.7:41256125.3:2.6r2216134,3:3.5¢

m 2206131,32,4/4200:8,21.4/1256125,3).4/1105: 10,3,.4/22.6:33,2,.5/
Va8, 40.9/1254125,32.7/2205127,3).7/1206019,3:.8:2211429,1 1. 8/2211138,3 0. % 11
00 §,3).9/0000:2,3:.8/2266136,3)1/0258121.311/220807,3)0/2200:6,314,2266435.3)4/

1206:20.3:1/1260022,311. 47348850 46,30-170285016,311.0/42004¢17,311.0/220:428.3 4.
3/22168134,3)1.3/4261¢26,311.37120013,312,6/2206132.324.4/1295:13,311.4/1258:258,3
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M.6171742 -,imzzmn.z».unmu.l).zmmu.z».suzsuzs.l:..;uzmzs.:
2.B/2206¢.3).6/2201027.1),0/5206(19,214 74258124, 10.2/2266038,21,.3/2211029,5)
1.8722100 30,301, 5/2186018, 1 08 .8 00000400 2.5 00000 2,0 10,857,220\ 7,014 .5/ 22000 602 )
1.871588036,321 .8/2266135.301.673259:22,5313.651206120,331.7/1204417,311.852201:2
B3 8 220636,5:0.970250128,3:2/1208(3,5)2,2206132,3:2. 0721051 43,3:2.4/1256126
32.4¢

%‘l:g!_;% 120018.27.871105148,3).4/1258(28,31.5/2206¢31.5/.5/1254¢23.3 1.6/ 22
S ST g 1772256053, 54.071201018,21,9,2244429,1)0. 0712500 21,3)1/2208:7,313/2208: &,
30072200 98, 3 0/ 1 U850 18 312/ 0250022,354711854 06, 920/1206¢40, 390 0r0s0001,308.1/3
10012,341.220206120,353.270201017,310.2/2266138,324.3/2268135,311.3/2201120,34:.
3/2216450,5:1.3/1286020,351.375200(3,3)1.4/2206:32,322.5/3105:13,3::.5,1258128,3
M.§17078005046,20.07120810,2.2/2216033,2).3/1201140,1+.6/2206:31,21.5/125.123,
A1.B71256025,20.7/2205127,10470208019,201.2/12581 21,1 11.4/2266138.211.8/22451425,
10.6/2204v38,310.672185018,100.6720001 4,000, 77800802.020.77220007 404, 7122001 &,
$01.772085426,350.772266135,301.7/1258122,31.771206020,351.8/1281117,301.%:223s
126,302/2206¢30,3:2.1752514264,3)2.173200:3,312.2/2206132,53+2.2/118513,3:2.2/125
6126,3:2.2/

L 333, S350 2286131.2:.2/0200000,1).3/1258¢25,21.3/2246133,21.3/5185114,21.3
2400 4,0 ).3/1206019,2).671251023,212,6:2268436,31.6/2208127,24.6/2266135.30.6022
$4029,21.702250038,30. 7712580 20,30 7700000 1,32.27010012,3).773158015,31.743155: 2
6.30.7/2200:7,3:.7/220818,3/. 77125822, 3:.0/1205:20.31.8:2201417,3),0/2201128.3)
«9/2216130,35.9/1251126,3117220003,311/2280¢32,30471405043,30074256126.3018.8770¢
BU05014,200/ .28 8,05, 2/2206131,21.2/2246133,2.2/12054 18,11.2/1256125,21.3/125,
(23,04.8/2204127,20.6/0206119,22.7/1258121,11.0/2266.36,2..6/2200¢28,40.9/22.1:3
0,3).9/0585015,00. 9701000 1,11.9/110812,1),3/2200:7,1).%9/220019,1).9/1155116.3:.9
s2266135,301/1258122 . 31175286120,3)1722030147,3)4.472201¢260,311.472218138,311.2/3
25:124,300,2/02093,311,2/2200032,711.2/3385:13,31.2/ 12564 26,3 3.2/

1206020,27.6/2246136,2).871201¢17,3).871256126,37.5/0100¢1,11.5/
Veed 1o/ 32,20.5/029003,3,,671185¢13,3,.6/1288115,3,.7/2811029.31.7/22.1

(30,25.7,2201028.3 7/1205006.31.740252120,3:.7/2268135,22.8,2218123,3,.6/2288.3
§.3).9/1258:25.3,.92205434,3,3/228917,305/22005,311732081 8, 314/2281127.3147425
0122.37074405010,35021280124,3)1,172355008,304.470250083.310.4/0455018.30.02722
3250022,090/2268135.200/1201117,318/3208020,32,472210038,1.472205128,31.17224540
28,3707 0055006,00.2/2248036,3).2/110004.13. 2511081 2,10.2/22801 7,1 1.2/22 9.1 1.
2/1185145,5,.2/3251024,5,.2/120003.3,,2/R265136,3/.2/42591 2,5 2.2/22861 32,3 2.3+,
105413.3:.3/1256426,3,.3/1206115%.53).3/0204%06,3).8/22011027,35.8/2246033,31.74425
323307742008, 31,§:22061 31,37, 8/1105¢18,35.971286¢25,3:. 8¢

e No data available

2216433,35.6/1201010,21.6/2288131,52.5/1209:8.3).7,11051 14,315
71258+23,31172284:27,3 u.A/usuu.!u.blZlﬁu!.su.zlﬁii\S-.}u.2/12An2!.1 "
W202240439,3020.3/2266035,320.87000941,304.8/1180802,311.5/4258:24,311.8-2282: 7.3
1.7/220805,315.771155¢15,301.0,1258422.311. 0702850 06.320.8/5206120,315.8/12011,37
+312.47220:420,.312.5/2216134,3:2.5/0251426,352.77420013,3.2.6¢7/92201127.219/425
2423.30.474201040,21,2/22160 33,3 ».zlé%i__‘ln_.;u!.h 13,21 802280: 34,30, 77 10850,
4,5).871386125.37.071258021,370.3522601 300&14.37220002%,222.72204138,5 1.6/ 4158
CAB 1 B ka8 L1 R s 852 022000730 92220000, 000.95085145,302/2286:3
$.3:12.2/1268122,312.2/1206120,312.471201417,3:12.7¢

g?%m 1200057,35.9/2216:34,3)0.27: 2061 20.311.2/2231429,3:3.2/2250439,
.3 Logied 4010004 801 6110012,301,6/5251120.3011.7/128012,311.7/ 2832
W310.0/3108003,304.8/2268135,318.05220007,312.0/220008,312.17025922,3:2.2/125%:
26.312.2/1206119,302.3/0288424,542.6,22661536,312.7, 74712061 20,21.4/2216: 34,310, 2¢
2204¢29.31.2/0204007,21,241251128,31. 8/ 120013,3).7/2206: 32,3 1471250032, 4 1072185
13,3)8.4/3286126,313,1/2266¢35,211,3/22: 058,111, 8:2200029,312.4/ 41850 06,0 2.2/
i“' S0 02 67 a10002,112,8/220007,52.872200\8,1:2.8/1185118.3:2.5/22861 36,300,641
£ 24,312.9/
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$201010,27.8/2216033,3.6/2206(32, 51442061 18,3 14,2+ 12561 28,5 11
«8/020918,510.3/2266036,374.470495414,31.5/2266135.320.8/2200030,301.6/018913,3
b6 s10802,370.602210129,210.8/2204127,510.8/1206020,3)2/1281123,312.2/ 1001013«
12.4,2209:7,3:2.5/2200:08,3:2.571280125,3:2.6/1250:122,315.7/1185015,312.9/115811
6.:302.9/7772203027,1 1. 070284123,37.0/420008.31.2/1291018,21.8/2216133,31.8/2206¢
31,3..5/0405144,3).673286128,35.2/1206418,20.2/)25821,211,.5/2266136,211.7222141
29,002.472240030,312.2/1185¢18.102.3/1100¢ 151 32.87310012,112.4:220017,112.4:22090
0,102.6/1485016,302,0/2266136,3:2.6/1258132,312.672206128,3 2.0/
XA SR )5 ) M.-quu.l 1.0/2206131,20.5/1256125,21.8/2246133,1 1.5
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127.301.8,2200:7,302/220016,3:2/1259422.3:2.172251023,3)2.443259121,312.2/117425
21, 110r2266038,20,07328:009,35.171206419,35.2/2211129,179.3/2214438.31.3/228112
70304/ 1485008,5 1.8/ 00000 1,07.8/100012,11,6/220007,11,6/220016.,3 2.4/11551 18,31,
72266¢35,8:.8/1250122,3,.5/2215138,3:,6/ 12061 20,32.7/1251123,30, 712010117, 3. 84
200:4,3:.9/2205128.511/2206134,324/70105014,30.1,2246134,311.1/1256125,314.1/425
1024,325.27120003,5)1.3/2206132,301.3/1105413.311.4/1256026.3 0.8/ .
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Fo 106, s TP N 1206019,2).2/000005,10.3/010002,40.3/4281 18,2 3/2246.33,3).4/
4206129,5).5/2266135,2).5/2241130,3).5/2266136,3,.8/2211129,3,.5/1256126,3:.6/22

06131,30.5/1281¢17.3,.5/120014,3,.672216(30,3,.7/1105118,37.7/2204127,3;:.0/220:1¢
28,3).0/2206132,37.0/1200:3,3..0/2200:7,3:.9/2200:8,31.9/1281123,37.9/1105: 13,3
9/1251126,3).9/1266126,3).9/1250122,3).9/1250121,3).9/ 14851 26,3 2741850 45,347¢
£02200127,3M0712060 18,20.172246¢33,30.87 20000030 1/ 1250421,1).2,1251423,37.2/,2
26081036,2).27120004,3).372241(28,1).6/2241138,31.4/§185115,23.4/220613i ,3/.4/1.108
(4 12.57210002,1).5/220007,1:.5/220018,12.5/1155116,37.671105.14,3/.5/1256:125,3/
8r2265435,3).8/1250122,3:.5/1206428,3).6/1201¢17,3/.7/2291126,3).8/2216138,3).9
21251126,30.8/220003,310/2206132,304711058113,32071256¢268,3 145 .

- 1250024,21.771250(25,31.7/2204127,25, 7/ 1155018,3 .7/ 24581 16,3 1.
7C0uD 104 o 07220000, 0 0. 8,2203028,0 1. 8/3258022.3).9/1208:0,314/i185016,3:1i/221i0¢
30,164.,0/2206030,321.472236135.300.400201428.311.2/1296125,300.3/70206419,3)5.4/2
zmn.:u.uum..3-..-,.nmz.m.uizsi‘fg.!u.mzlim.su.s/azonn.su.s
L2201:28,311.7/1251024,324.0/2246158,3,1.9/1200¢3,352/2206132,312.171105013,3,2.
3e1256126.302,207775201119,3:.2/2201127,30.2/1259125.41.372286119.21.3/2260136,2

(23 S4423,3+.7/2230030,3+.871155115,19.87520801,17.5
F010912,10.9/220017,17.9/220010,1).911155016,3).9/1200:4,3:.9/2266138,3.4712582
2.35172206431,351.471105016,3)04.2/5208:20,3120.2/1256125,324.3/220:117,311.5/22
€20,512.7/2216494,310.871251€24,324.9/3120013,3)2/2206432,312.271195113,3,2.2/125
$126.3:12.2

'H'E‘: x!Ex.A ZZ!g 12830 47,100, 872200034,204.771206120,210.,0/2205132,214.9/1280 3,
244.972195033,202/1250128,3:2.171251420,212.3/2291128,212.821171256126.2 1871280
B3040, 072206132,25. 570105013, 01.5/2218136. 204,47 02000 87,0 00.0740251028,121.872205¢
28,1)2.2/1296120,112.8/2286435,1 2.5/

420808.21.3/125423,20.3/ 11050 14,21.4/2281127,2),5/ 2206131 .3 1.5
71256125,51.6/2216133.3 /. 771258120,31.0/2244029,43.8/1283¢ 18,21.871155415,3,.671
1550 a6.30.002200: 7,3+ /22091 8,35.8,1250022,539. 82254439, 1 1. 8712864 15.3 55/ 150811
«300.07000002,351,072266136,302.142266135,312.2/i206128,30.2/i201117,314,2/2204
120.314.2/1251128,312.372246438,3)3.3/3200:3,371.472206032.311.4/1485113,341.4/
256126,394.5/7202206033,20/22000 08,00, 0/32001 8,05 475254123,42.3/1505¢48,22.4¢3
256425.37.4/2206:31,3). 52200027, 0 0. 7/02061 48,21, 9702590 21 L 1 072268 38,201,212
210122,002.3/2203130,313.4/1185135,4 11.67010001,115.873300812,111.4/2208:17, 11,0/
220006,102.8/3155008,320.472266135,311.5/1250:22,314.8/120624,344.671201047,311
L2:22001208,303.0,2216038,301.870125i424,300. . 91208:3,3:0.9/2206: 32,312/ 1185043.3
2/1256126,302/

1201017,35.3/2206034,37.4/2206132,31.6/1208120,3,,6/1289:3,3 1.8
I

i i 83, 87.5/4485113,3).9/2201128,3:.9/2256126,32.8/019915,315/ 32894 2,3 12712511
24, 301.472205030,208.0/0206449,3:1.87,282000,312.8/2289817,371.6/220016,3:4.0/22%
6135,305.975288:22,314.9/2216¢33.312/2204127,312.2/2266136,3:2.2/1200:4,32.8/12
§1123,3:2.6//771250022,4 1/1201817,35,0/2266135,21.071206128,3). 0722011 6. 3).4/2
2400300 0.572210029,3 0.6 31580 18,30.872206¢34,30. 68800 5,00 V701001 2,100,722
0.43.77220018,1).7/115518,30.807 12500 20,31.0/120013,3/,9/2266435,3171258: 21,311
J2206432,310.074006003.304.4/1256126,3,3.171206119,311.371201438,311.7,2201127.3
02.3,2216¢33,332.7/1254123,3)3/

1200017,21.771206120,215/2216130,321/22060 32,311 6722803, 3114
1 g it 8 a0 2,205.0/3286126.,3:2/5005413,3:2/2254029.3,2.2/23291125,312.8712
284124.312,572211:38,212.677752216130,3 1871201117, 210/220502§,2),2/12541 28,3 1. Y
1206 .9,2:.3/1200:3,3:.672206(32,31.9/1105113,3)171296126,31173250122,111.3/° .66
(3F.202.602200038,192.872200029,312.6/2088006,202.7/ 00881 1,4 02. %0180 2,1 07 Wi
O017,112.972200:0,3)2.0:1185185,3:3/
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' 4405 10,2080 L2001 8uiuld 1264232 14522064312 11201286426, 2 1.

' 1087,215.672216¢33,200.4752050 18,004, 071280021,1014.8/3186418,301.7/1588016,
BN V2T00(T,00.7/2200(8,108.7/2215(29,1)01.7/1288122,3)1.0/2266435,34.9/224413
0,3)01.9/1206¢19,3)1.8/2266(38,3)1.83/1100:1,3)2/0000:2,3)2/1206i20,3:2.1/12084037,
312.2/2201120,312.3/2216136,3)2.8/1261128,5:2.4/1200:3,53)2.5/2206132.312.5/ 1,85+
13.302.671266026,302.6/7//1106414,2)8/1208:4,20.3/2216133,2).85/120:410,1:.6:2206
€31,20.8/0281025,1).0/1286128,22.9/2200127,0 14 3712060 10,2 14 .6/ 1258024,0 3. 81226
6136.212/2211429,402.4/22110¢38,3)2.2/1186018,4)2.2/110011,132.2/110012,112.2/228
017,422,2/220019,112.2/4186118,312.3/2208435,3:2.3,1280022,312.3/1206120,3:2.073
201017,3)2.8+2201128,3:2.7/2216( 34,322, llllinll.!'l.lnzud,::l.llZl“llZ 3.3,
1405:13,3:3/12864 26, 313/

S200000, 00,7/ 2000 8,20, 7/ L I0BC 48,20 1422181 33,21.7/2206130.21.7
NZSGIZS 21371254023,2)072266¢36,313.2/2200027,201.2/1206:59,2)3.2/2266:%5,5)4.3
72210029,001.470250123,3)01.8/20088115,38.4/2210038,371.4/1456148,371.4/2208(7,3)
1.5/220000,%1: 571260122 30087000004 311, 5/5008:2,314.8/1206120,301.7/5201117.3
2.0/2201020,301.9,2216034,312/1251124,32/220013.3,2.4/2206132,312.2/1i06133,3,
2.2/1256126,3)2.5//7/2246033,2 7 1200 018,0 ). 0/ 289 8. 221732511 23,1).3/11061 8,2
$.5,1256125,3+.5/2206131.3).6/2200027,1 4. 0012081 19.214.2/1288¢21,410.4/2286138.2
1.5/2200029,008.8/2208030,3)0. 770455018, 0 M. T/010001,450.87 11001 2,1 . 8/2200: 7,
A00.9:22000%,40.08/1185146,3)1.0/2266¢35,3)1.8/1250022,371.0/1208120,312/1281117
W32.472201128.3+2.2/2216134,312.374264124,302.4/020013,3:2.4/2206132,322.8/1105
€15,3:2.5/1266128,312.5/

/6 tdp1.t 335.3 2796430.20.0/020008, 00,8/ 4108014,2).8/3204030,41.0/22i5433,2:.0
(1850125.<1.9/2260¢35,20.971254123.1.9/,206119.25. 91250025 .4 11722811274 314226
§135,35220155045,424710555016,301,2230129,192/220007,120/220018,11072251438.300.1
SR L1 a2 0002, 000 00250022,300.078206120,31i.0/5204007,321.2/2204120.3 11
2/22468¢34,311.2/1251126,301.2/1200:3,53)1.3/2206132,314.3/2005:13,351.3/1256+26,
I0.3/0/7120008,25. 170105:14,2).4/2218:33,21.0/1201118,11.4/1251123,11.3/2205\3
v21.3/1256125,3,.3/2200127,4).5/120611%,21.6/1250021,42.7/2266136.2:.7/22114253.s
1.002205¢30,3).0/2185015,11. 0720001 :,30.8,318002,1).0/220017,35.8:220008,1).0/11
65116.,37.0/2266135,3).9/1250122,3:.9712068020,3/.971201417,32172281428.511/22161 3
0,3)1.0713255026,300.520200¢3.5314.2/2206132,314.470405+43,301.4/1256¢26,301.4s

7S 198..1 370. 4 - 3155¢48,31.0/0158v58,5).8/1258:024,47.9:220807,07.9/220818,11.9/
259422.37.9,2210029,42002256438,311/222400 30,4 11/72266¢36,301/2201427,3:2.2/2206¢

19,310.2/010001,313.20410002,3)3.2/2201¢18,334.2/1206120,311.2/4284123,311.2/428
1017,315.3/2216133,3,3.3/2201128.311.3/, { 314.471251124,30; .8/
2206:31,301.570005¢16,3)0.57020003,304.5/2206432.324.8/01050:3,324.6/12586125,3 11
B 1256026.3110.6/7/21250022,2)002240030,10,470206120,31.1/2266135,39.1/2211128.3
J.A/31550 16,4 0.27000008,4).2/010002,4).2/2200¢7,41.2/220018.11.2/1185015,31.2/12
$1057,3,.3/2266036.34.6/4260121,31.6/2201128,3).57120611%,31.6/2216134,31.6¢225:
128,3,.77:1200: 3,3,.8/ 12041 18,31.8/220632,31.8/1195¢13,3).9,1256126,3:.9,2201127
2501.2/2206133,304.4/2250028,300. 0742008, 314 §/2206:34,371.900405:0,3:2/1256.2
$.3.2.4r

2204127,2).4/4254¢23,3). 8711060 18,30. 620910 3§/ 12561 25,316/
0017,31.6/220018.31.8/1280024,3).6/1268122,31.770188046,3:.7/145611§,3).7/2286
(34,30.7/2200029,00,7/2204430,45.7/2201(28,3).771281128,3).8/1201118,3:.8/2244+ 3
3,3).0/120013,3:.9/12014 17,3 A05113,3).8/2216134,3).9/2206:32,3).8/110014,3)
L/1000(2,804s1256126.3140/1206(20,310/3208¢13,31072266+36.314.3/2260 8. 30130/ 0/
2206431 ,3:0/1.06018,3)0/1256(25,5/1284123,27.42120018.3).1/220:1127,11.2/12810 1
$,2).3/2216433,3).3/1206110,2).871260121,4).6/2266136,2).7:2251028,11.8/22.11130,
31.0/0155¢18, 10870110001 A MW LL0012,10.9/220007,14.9/220048,1).9/4158116.3:.%:2
266135,3/.9/1250122,3).9/1206020,3)1/1201017,371.5/2201128,311.2/2216134,3)4.3/4
294128,3)4.3/020013,301.3/2208132,5)1.4/3106013,314.64/1286126,3 1.0/

NN
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m: 2204029,201.4/2201030,204.6/12000 18,3 11.6/)2000 17,3 11871 108¢
B2 071i00:2,371.6/1256125,3)1.7/1206124,311.8/2216034,3)).8/2216133,3:1.9/220:
un.smuu\u.:)z,;;uu,;%.mzm3;.:n.zmm:,:_:_z.z:1ziuza.m.smw1
8, 302.85/0770200010,31.2¢2258121,12,8/2201037,3).6/1206119,21.5:2268136,2:.6/2216
133.3).9/2214129,434.073280323,304.2/2211030,554.3/51886058,135.37 110013 ,111.5/43
02,414, 85/220007,141.5:22000 8,1 21, 570485046,3+1.85/3208 0,3+ . §/2266138.311.7/12
$0:22,3:1.7/2206131,312/1206120,3:2.4711061148,3)2.47)256125,312.274201137,3:2.4¢
220:28,322.%

- zzw:s.:».i/zmm.s'.mzmu.sn.uém-n,:n.;mwz.xu..
28831v39,311.473201¢18,3)4.2/22114129,2)1.2/1206120,3)1.5/22:8133,311.7/321147,3
.8/2.0007,312.3:220006,5:2.3/2200127,53:2.4/2246134,3)2.4,12881(22,3:2.5/1258.21
«302.674251123.3:3/77/2201030.218/2185048,1.4/2266136,37:.2/4250121,3).2/1108.
2. 2:1180:12.4).2/220017,13.2/220008,11.2/221112%,341.2/31155:16,3,.2/2266:35,3,.5/
1258:22,3+.5/1206019.3,.6/1206120,37.9/1201010,3:0.3/1284017,311.6/2201128,311.8
72203127,312.472216136,312.2/1254124,312.4/1320013,372.6/2216133,3:2.6/2206132,3
2.8/1405013,3)2.9,1256126,3)2.9/

T T2 * *

% Refers to the cases displayed in (a), plus all the other tran-
sitions in prompt coincidence with the thee gates, not shown in
(a).

% % Due to the impossibility of placing the 416.0, 1021.5 and 1241.5
keV transitions on the level scheme(see section 4.1), it was not
deemed necessary to obtain any multipolarity values for them.

Absence of underlinings indicates deviations in excess of
1'f 3.5 experimental errors for multipolarities implied by the
other two gates. In these cases, see (c) starting on the
next page, where the myltipolarities chosen are listed for
all the three gates with their correspondina{even if in
excess of 3.5 experimental errors) relative deviations.

(M1 angles) refers to (0°, 90°), (0, 07) and (90°,90°) formats.
(0°& 90%) refers to (0°,90°) and (90°, 0°) .

In each of the cases above(i.e. for a given gate and transition),
the comparisons to theory from the (all angles} formats are sepa-
rated from the (0° 90°) batch by //// .("all angles" coming first)
Absence of entries Lefore or after [f// indicates deviations from
theory were larger than 3.5 experimental errors for all possible
multipolarity combinations in the respective angular correlation
formats, or no data were available.
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(c)Summary table of the transition multipolarities chosen in (b).
Each entry contains the multipolarities and their degree of stretched-
ness{see Table 5.1.5 for the meaning of “stretchedness® codes) of the
corresponding gate and transition(in this particular order), as well
as the F.0.M.'s obtained for each of the four HWHM's(in parantheses)
used in calculations(HWHM = 0, 4, 6 and infinite, respectively). In
each entry, the first row corresponds to all three cells, while the
second to the first cell only(i.e. 0° - 90°), See captions of Table

5.1.4(a) and (b) and of Table 5.1.5 .

satefkay)  1061.1 763.4 333.1
c
5, (kev)
114.2 1100(9.8,9.8,9.8,2.3) 1100(9.8,2.0,1.9,9.8) 1100(0.6,0.3,0.4,0.9)
1100(1.0,1.0,1.0,1.0) 1100(1.2,1.2,1.2,1.2) 1100(0.5,0.5,0.5,0.5)

279.0 1100(9.8,9.8,9.8,9.8) 1100(1.2,1.3,1.7,9.8) 1100(2.1,2.5,9.8,9.8)
1100(4.0,4.0,4.0,4.0) 1100(2.0,2.0,2.0,2.0) 1100(2.8,2.8,2.8,2.8)

*+%+ 1105(9.8,9.8,9.8,9.8) 1105(9.8,9.8,9.8,2.4) 1105(9.8,9.8,9.8,9.8)
*+* 1]05(9.8,9.8,9.8,4.0) 1105(9.8,9.8,7.8,2.0) 1105(9.8,9.8,9.1,2.8)

327.2 1206(1.9,1.9,9.8,9.8) * *
1206(1.4,3.2,4.3,5.1) * *
333,1 1100(2.2,1.3,0.6,6.8) 1100(1.9,1.1,1.,0,1.9) hoied

1100(0.6,0.6,0.6,0.6) 1100(1.5,1.5,1.5,1.5) **



352.5' 1100(0.9,1.0,1.3,1.9)

*hk

ka2

398.0

407.3

462.7

kk

*ark

477.3

1100¢0.8,0.8,0.8,0.8)

*k

1201(9.8,1,7,1.0,0.2)
1201(4.7,2.1,1.0,0.1)

1200(9.8,1.4,1.0,0.9)
1200(4.0,2.4,1.3,1.0)

1200(9.8,9.8,9.8,0.8)
1200(9.9,7.1,3.8,0.0)

1201(9.8,2.0,1.0,0.5)
1201(6.4,7 ~ 1.5,0.0)

1200(9.8,1.6,1.3,2.0)
1200(3.7,1.3,0.3,2.2!

*k

1100(9.8,9.8,9.8,9.8)
1100(3.9,3.9,3.9,3.9)

1100(0.9,0.9,0.9,1.1)
1106(0.8,0.8,0.8,0.8)

1200(2.3,1.4,1.0,1.2)
1200(3.5,1.7,0.5,0.8)

1201(1.9,1.5,1.4,1.3)
1201(0.6,0.6,1.1,1.6)

1200{9.8,9.8,9.8,2.0)
1200(7.4,4.9,3.2,1.0)

1200(9.8,2.3,0.9,1.8)
1200(7.0,3.4,1.0,1.9)

1201(2.0,0.5,0.7,1.5)
1201(2.9,0.3,0.8,1.9)

1200(9.8,9.8,9.8,9.8)
1200(5.4,2.9,1.3,0.7)

1200(0.9,0.6,0.9,1.5)
1200(1.5,0.3,0.6,1.5)

1100(0.5,1.1,1.56,2.4)
1100(0.3,0.3,0.3,0.3)

1100(1.7,1.7,1.9,9.8)
1100(1.1,1.1,1.1,1.1)

1200(9.8,9.8,9.8,2.0)
1200(8.3,5.3,3.4,1.1)

1201(1.4,0.5,0.4,0.9)
1201(1.7,0.0,0.6,1.3)

1200(1.8,1.0,0.6,0.6)
1200(3.0,1.6,0.7,0.3)

1200(2.0,0.8,1.3,2.6)
1200(3.0,0.5,1.1,3.0)

1201(0.6,1.3,1.8,2.3)
1201(0.2,1.6,2.3,3.0)

1200(1.0,0.7,0.8,1.2}
1200(0.0,0.4,0.3,1.2)

1200(1.2,0.4,0.7,1.6)
1200(2.0,0.5,0.6,1.8)
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,0.8,0.6) 1100(1.5,0.9,0.6,1.2) 1100(1.0,1.0,1.2,2.1)
,0.6,0.6) 1100(0.1,0.1,0.1,0.1) 1100(0.9,0.9,0.9,0.9)

,9.8,1.1)
,5.5,0.6)

,0.7,0.9)
,0.6,0.6)

,1.1,1.3)
,0.1,0.4)

0.3,0.6)
.0.1,0.5)

1.2,1.2)
.0.2,0.9)

8.8,9.8)
4.8,4.8)

1105(9.8,9.8,9.8,1.6)
1105(9.8,8.3,4.3,0.1)

1201(0.8,1.7,2.0,2.5)
1201(0.9,2.2,2.7,3.2)

1201(1.0,1.2,1.3,1.4)
1201(1.2,1.5,1.6,1.8)

1200{0.8,1.0,1.2,1.5)
1200(0.7,1.1,1.4,1.8)

1201(9.8,9.8,2.0,1.5)
1201(6.5,4.1,3.2,2.2)

1201(1.1,0.8,0.8,0.9)}
1201(0.2,0.5,0.7,1.0)

1201(0.2,0.7,1.0,1.4)
1201(0.2,0.9,1.2,1.8)

1100(0.6,0.2,0.2,0.7)
1100(0.2,012,0.2,0.2)

1105(9.8,9.8,9.8,2.1)
1105(9.8,6.5,3.0,0.9)

1201(1.4,0.7,0.8,1.1)
1201(2.3,0.5,0.2,0.9)

1201(G.6,0.6,0.7,0.9)
1201(0.9,0.1,0.2,0.6)

1200(1.4,0.8,0.7,1.0)
1200(2.3,1.1,0.3,0.6)

1201(1.6,1.1,1.0,1.1}
1201(2.1,1.1,0.7,0.2)

=i

*k

1z01(z2.0,1.9,1.9,2.0)
1201(0.8,2.1,2.6,3.1)

1100(0.9,0.6,0.3,0.2)
1100(0.2,0.2,0.2,0.2)
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763.4

822.3

970.7

1014.9

1200(0.8,0.3,0.5,1.0)
1200(1.1,0.1,0.6,1.4)

1200(9.8,9.8,2.4,0.7)
1200(8.8,5.5,3.3,0.7)

1100(2.3,1.8,1.9,9.8)
1100(2.9,2.9,2.9,2.9)

[820.5+]1200(0.9,1.0,1.4,2.1)
11200(1.0,0.3,1.2,2.2}

1200(1.0,0.7,1.1,1.7)
1200(1.5,0.1,0.7,1.8)

1200(0.8,0.9,1.0,1.1)
1209(0.5,0.1,0.4,0.8)

1200(9.8,1.9,1.4,1.3)
1200(5.0,3.1,1.8,0.2)

1200(1.4,0.9,0.6,0.6)
1200(1.5,0.5,0.1,0.9)

1200(9.8,9.8,2.1,0.9)}
1200(8.2,4.2,1.6,1.5)

1200(1.5,0.9,0.7,0.9)
1200(2.6,1.4,0.6,0.4)

1200(9.8,9.8,2.1,1.2)
1200(5.8,3.3,1.6,0.4)

1200(1.0,0.8,1.1,1.6)
1200(0.8,0.3,1.0,1.9)

1200(0.6,1.1,1.5,2.0)
1200(0.7,1.5,2.0,2.6)

1200(9.8,9.8,1.6,0.4)
1200(6.2,3.6,1.9,0.0)

12¢0(0.7,0.8,0.9,1.1)
1200(0.2,0.3,0.6,1.0)

1200(0.4,0.4,0.5,0.6)
1200(0.0,0.2,0.4,0.5)

1200(9.8,1.7,1.1,2.3)
1200(5.9,2.6,0.4,2.2)

1200(1.2,0.6,0.5,0.6)
1200(2.0,1.0,0.4,0.3)

1200(9.8,9.8,9.8,9.8)
1200(8.5,5.1,2.9,0.3)

1100(1.6,1.4,1.4,0.7)
1100(1.1,1.1,1.1,1.1)

1200(0.9,0.4,0.4,1.0)
1200(1.0,0.0,1.7,1.5)

1200(0.9,0.4,0.5,1.1)
1200(1.8,0.2,0.9,1.7)

1200(0.4,0.3,0.5,0.8)
1200(0.4,0.2,0.5,0.9)

1200(1.8,1.3,1.0,0.6)
1200(2.2,1.4,0.8,0.2)

no values due to

poor statistics

1200(9.8,1.5,0.7,1.9)
1200(5.4,2.4,0.4,1.9)
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**+  1201(9.8,2.2,1.4,1.2) 1201(1.4,0.9,1.4,2.0) 1201(1.4,0.6,1.0,1.6)
*++  1201(3.7,0.9,0.2,1.5) 1201(2.1,0.2,1.2,2.2) 1201(1.9,0.2,1.0,1.9)}

1061.1

hkk

ki

1172.7
P

1932.1

ik

ik

[1170.5':] 1100(1.5,1.2,1.1,1.4)

1100(0.2,0.2,0.2,0.2)

o

*k

1100(1.7,1.6,1.8,2.3) 1100(2.8,2.0,1.6,1.4)
1100(2.5,2.5,2.5,2.5) 1100(2.4,2.4,2.4,2.4)

1105(9.8,9.8,9.8,2.4) 1105(9.8,9.8,9.5,1.6)
1105(7.5,3.1,0.5,2.5) 1105(9.8,9.8,8.1,2.4)

1100(1.3,0.6,0.4,1.4) 1100(2.0,1.7,1.6,1.9)
1100(0.1,0.1,0.1,0.1) 1100(2.4,2.4,2.4,2.4)

1300(2.2,1.2,0.6,0.6) 1300(0.4,0.4,0.5,0.6)
1300(3.1,1.6,0.5,0.6) 1300(0.1,0.2,0.4,0.6)

1200(1.1,0.6,0.3,0.6) 1200(0.4,0.5,0.6,0.6)
1200(1.6,0.7,0.1,0.6) 1200(0.2,0.4,0.5,0.6)

* Not in coincidence with the respective gate(see Fig. 4.1.1). Since

only the information from one gate was available, which in turn has

rather high F.0.M.'s, it was decided not to assign any multipolarity

to the 327.2 keV transition, hence no spin to the lavel from which

it de-excites{see fig. 4.1.1).
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Not in coincidence with the respective gate(see Fig. ¢.1.1).

Other possible choices for the 1061.1,495.8, 1045.5, 462.7, 2798.0,
361.6, 559.4 and 1932.1 keV transitions with closest F.0.M.'s to

the ones corresponding to the actual choices. See text for dis~

cussion.

Represents both 352.5 keV transitions{see Fig. 4.1.1).



Table 5.1.5

{2) Angular correlation calculations{Draper, 1984, private com-
munication;see text) for the (90°, 0°), (0°, 90°), (0°, 0°),
(90°, 90°, 90°) and (90", 90°, 0°) formats{the 1ast two formats
refering to the (90°, 90°) format for ¢ = 90° and 0°,
respectively). The actual angular correlations(the

W's) are equal to the entries below. The first two digits in

the first column(a1 and a,) refer to the multipolarities car-
ried by the first and second y-rays involved(see text), respec-
tively. The last two digits in the first co1umn(1? and A"

refer to the non-stretchedness of ll and Aoy respectively, as
follows: values of 0, 1, or 2 refer to A - al (thus 0 indicates
stretched) while values of 5 and 6 refer to al =« 0 for A = 1
(dipoles) and x» « 2(quadrupoles), respectively. Values of 3 and 4
are not used, while calculations for al = 0 for Ao = 3{octupoles)
were not performed due to unlikeliness of this occurence. Cal-
culations described above were performed for the m-states distri-

butions HWHM = 0, 4, 6 and infinity.

HWHM = 0 HWHM = 4

4,09 (£:46) @10) Wiaisbfshe) )I tad) (0'09(%'%)(%'%0)[

ilil .812
1288 1.418 522 .ll2 Q‘! G!l 1. 355 575 973 l IlS I.S
100 L522 1.416  .882 .93 691 675 1.3%6 .978 1.815 .08

1% 985 .E687
196,985 507
.519 .8587 .972
7% 403 7S

1302 1.455 .49 1L.210 972 833 1677 817
Ji08 490 1.955 1.210 972 B33 617 1.7
2200 L9805 .95 1.536 .303 .60 1.024 1.024
2388 1,230 067 2,118 (198 794 1,252 .32
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1200

1108
1150
1155
120
2118

2
2210
21
2
2260
2216
2261
2268
1302
3iie
1358
3185
135
3115
2301
Rie
2110
2
2311
nun
2350
3208
236t
218
3301
LIS
it

1
1280
2100
1308
siee
2200

26
N
3 3
use
ilss
1201
2110
1208
2150
1256
2188
1281
s

67 1,230
1.193 1.193
1.7 539

538 L.
1.31§ 1138
1.862 .07

L9180 1.853 L1.436 1.260 1.580 g7

32 1.109
1.669 .942
1.0650 1.046
1.020 1.097

{ ]

1.352 .03
1.013 1.58%
1.561 1.064
1,877 1.174

125 1.189

1.274 1.653 2.548 170 083 .21
1.030 1.383 2.514 .260 .H2 1.009
1.862 1.13% 2,125 .32 .19 923
1.018 1,133 2.203 .505 .662 1.190
1.941 912 1.833 . 337 .,024 .Y

L8922 1.09% 1.340 .55F .74 L.180
2,118 1.015 2,464 1,282 .591 L.6M1

1.282
1.139

JEke
1.40%
1.040

068
1213

1,433
.929
L

1.07%
2.348
1,061
5,059
1.044

1.004 2.863 2.429 1.864 7M1 .94 1.721 .93 .7
1.676 1.083 2.0%4 1.116 .59 1.277 1.267 1.833 .81B
L8943 1.016 2.120 .705  .&14 382 1.143 078 .91
1.861 012 .82% 568 .§72 1.516 570 906 .6S2
L4118 1.649 280 .GEF  .613  .4%8 L8897 B8 699
1.145  .013  .024 1.817 1.023 1.140 .527 1,889 1.069
.357 t.430 .19 %L L9180 .ST? .89 1,826 1.221
1.070 1.23 2.589 .22 732 .M 1.932 .51 834
1.201 1.043 2,543 .37 .567 1.4 1.693  .734  .623
.793 1.697 2.285 .GS@ .71 1.042 1,257  .Qa2 .47
Repeat of above for
HWHM = 6 HWHM = infinity

A7 l.llll [T;55 .975 1.858 .17S 1.055‘
1.250 071 1,035 1.6036 .929 1.836 .99
.009 871 1.036 1.636 .929 1.836 .99
1.438 L1587 1062 1.862 .07 .87
L7658 JIST 1063 1.083 .07 075
1,029 982  .9%2 %52 1.1 .51
1.143 LIS .9 .99 1.7 1.174
348 5 N 98 1. 1.174
1.044 1.867 .4 044 NI 1.316
1.312 IS8 1,02 1,842 815 1.842 .915
83 .815 1,057 1.857 .88S 1.857 .85
1.026 1.622 .99 W1 1.199  .%er 1.19%
1.099 1,139 .893 997 .01¢ .39 1.M4
1,192 .97 .970 1.B60 .970 1.860

1,68 .970  .¥1 1.85%  .97L 1.859

1.169 %60 %0 [.000 .%6 L.002

1.8 .29 .9k 1054 N1 1064

.55 1.119

N 953

706 039
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(b)

236
887

2213 1.105 1.068 1.0802 1,130 1,299

Ratfos of the numbers in (a) to the (90°, 0%) and (0°, 90°)
formats, as explained below, for each row of the follewing
table. The four digits in the first column have the same
meaning as in (a) .

THEQRY RATIOS ANC1:3),A1001:3),89¢1:3),818¢1:3) PRINTED NEXT. AL-09 ARE NOAM°D
TO (90,0); AIE-010 TO (9,90). (1:3)=(3002),(0,8),190,90,( . 00905 .2¢8)°

A,0,6.,0 ARE rumined 4 0, INFINITY,

1100 1.00 83 167 1.0 .67 1.57 L.0F .74 1.42 1.00 .78 1.42
1200 37 .62 .63 2,71 1.69 1,43 .SP .2 .83 2,81 1.45 1.27
2008 2,71 1.8 1,43 .37 .62 .53 201 145 127 .50 .72 .¢)
1300 .25 82 3 3.93 2.43 L&) 3?7 .TL .48 2.T2 1.9 (.28

3188 2.43 121 28 .82 - L Y 45
2268 1.7 .70 1.00 1.70 1.00 1.40 .79
2300 1.7 58 1.47 2.44 1.34 2.2 .ms
208 2.4 .78 .78 1. .MM 1.82¢ .62
33 246 .61 1.00 2.45 .61 1.00 2,86 .71 1.06 2.4 .7
18 M2 48 317 1% LS 4S5 .72 .S? 2.2t 189 1.7
1158 2.08 t.41 .32 .63 .44 2.20 1.3% 1.21 .48 .71 .55
1186 2.08 56 .98 1.98 .45 1.81 1.70 .77 .%% 1.8 .7%
1281 00 .09 1.91 148 L. 71 T2 1.0 1.4 1.81 1.42
200 1.14 1.67 .68 .63 .W2 1.39 1.03 j.40 .72 .74 1.0%
120 1.0 20.31 .00 .11 L.B% 1,38 .77 (.09 .74 .57 .40
2188 S92 1.8 34.70 60 B2.74 .87 .E0 1.3 1.49 .89 2.8
1288 2.0 .78 B4 L5 .85 1000 185 03 M 1.5 .
s 1.1 85 $.13 L.9e T4 .92 149 .72 188 152 .79
118 2.08 .78 .87 1.4 A3 1.70 3.73 .93 .58 1.07 .S%
2118 1.17 44 187 1.9 .73 .63 .98 G4 1.6¢ (.50 .07
1368 282 11,3 .08 .09 B8 2.IE 1.30 1.6 .30 .89 .59
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1.92 56.86 .39 .47 .62 2.62 1.22 1.82
.17 .48 1.45 1.4% .39 .69 .83 .62
1.6% .66 .69 189 .56 (.44 1.4 . 8¢
1.18 1.02 .97 .30 1.14 1.0 1.01 Q.18

«13 .56 .60

1.82 64 1.22 .77
.11 L7 1,85 1.2 .58 .06

1.04 34,81 .42 .48 .03 1.6
.06 85,31 .87 .87 1.08 2.32

.97 L. 57 7 1.27 1.1

.48 1.68 1.32 1 L

.0 83 L. 2.¢7 .13

54 1.26 2.00 1.62 .83

.63 1,30 .68 1.29 .78

S8 .84 121 1.44 M

08 1.12 1.49 1.32 .75

65 .91 1.2s 1.3 .7

L2 W80 .18 1.92 .84

37 1.95 7.4 1.05 .47

45 .19 .19 1.26 .86

35 1.20 1.16 % L |

2,42 47.53 .22 s 1.37 1.43
JA7 L3 324 2 56 .46

1.85 78.8¢ .51 .46 .91 1.86
43 66 2.12 1.55 73 .83

2.9 .51 1.47 2,83 1.38 .58

1.15 2,44 .51 5% 1.0 .49 1,46 1.2 .71

ane
72 2.0 T 1.03 121 41 .97 t.17 .79

L1253

THEDAY RATIOS £901:3),01641:33,0801:3),010(1:3) PRINTED NEXT. A9-DY ARE NORM'D
o (92,8 ALE-DIC TO (0,80, (1:3)me98ee),(0,8), (32,98, . Seged. 200

A,8,2,0 ARE HUHM3®,4,.6,IMFINITY,

gL 8 T 1

e
218

.27 1.00 1.03 .88 1.82 .22 .=t
1,12 182 . .22 .88 8¢ W
R L N .92 182 W .8
1.05 1.80 .52 .86 1.88 .22 .88
56 t.8¢ .32 . (.08 B2 .85
A5 1,88 1,17 1,13 (.00 1,17 1.2

95 .00 1.22 222 1.2% 1.2
.79 1.8 1.29 1.2} 1.28 1.23
.48 t.82 1.56 1.4§ 1.55 1.45
1.1 1.08 .93 .98 .88 .%e
.65 1.08 .0s @7 .54 .87
<90 t.e0 1.33 1.26 1.37 1.8
1.28 1.00 1.02 .82 1.32 1.2
1.09 t.82 1.09 1.07 1.89 1.97

1.26 1.08 1.09 1.97
1.47 1.8 1.13 1.10
4% t.0¢ 1.27 1.21
.89 1.2 1.19 1.1S§
.07 1.99¢ 9% %
9 1.0 8

1.19 1. .06

1.67 1.9 1.32 1.32 1.2§
1.18 1. .85 95 %

92 1.0 1.07 187 1.6
1.00 1.08 1.50 1.50 1.s8
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+ Weighted average of & = 90° and 0°, in the (90°, 90°)
format(see text).
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be a stretched E2; making it a stretched E3 would be impossible(it
would give it a lifetime of the order of 1073 secl; see Fig.
5.2.15) in the 1ight of the results found in section 5.2 .

Thus, it appears one cannot but marginally make the 1932.1 keV
transition a stretched E3(considering the F.0.M.'s in Table
5.1.8(c)). One can decrease the multipolarity of any of the five
transitions at the bottom of the main cascade by one unit, or
increase the multipolarity of either the 361.6 or 559.4 keV
transitions by one unit, thus, making the 1932.1 keV transition a
stretched E2{see Fig. 4.1.1), with almost as good{in some case equal-
1y good}F.0.M.'s as for the case actually chosen,

Table 4.1.2 shows tentative assignments(indicated by

parantheses) of all transition multipolarities(and parities based on

the 1ifetime information given in section 5.2) above the isomer.

5.2 Life~Time Information from the RF - Ge and Ge - Ge TAC's

The data was also sorted such that points of caordinates(EY,
RF - Ge TAC(y)) were incremented in a two dimensional spectrum, where
ET refers to the energy of coincident y-rays, and RF - Ge TAC{y) re-
fers to the time distribution of the y-ray in guestion, with respect
to the arrival of the cyclotron RF pulse. The beam tuning(at the 88-
inch cylcotron at L.B.L.)is usually such that the time difference

between the RF and the beam pulse is stable within a few nsec, i.e.



the RF comes ~ 3 nsec before or after the arrival of the beam pulse.
(see section 3.2). The arrival time of the RF pulse is thus about # 3
nsec within the time of the formation of the compound nucleus, which
is also(within about 10'15 sec)the time when y-ray de-excitation
process starts). This RF — beam time spread will introduce uncertain-
ties in the transition lifetimes, as discussed below.

Fig. 5.2.1 shows a "bird's-eye view" of such the two-dimensional
spectrum RF - Ge TAC(y) X Ev' while Fig., 5.2.2 shows the collapse
of this two-dimensional spectrum on the RF - Ge TAC axis. The gates
1,2 and 3 were used in the sorting of zoincident data in establishing
the sequence of the transitions in the level scheme(all detectors
being used) as well as for the angular correlation measurements
(selected detectors being vsed; see section 5.1). Gate 1 is the
prompt gate, where all transitions which are prompt with respect to
each other are distributed within a FWHM of about 9 nsec. This is the
gate used in all analysis of coincidences above the 480 nsec isomer.
Gate 3( which starts about 13 nsec away from where gate 1 terminates;
time increases from right to left in all TAC spectra), was used in
sorting coincidences below the 480 nsec isomer. One can see the
symmetry of gate 1, with respect to the axis passing through its
middle(not drawn) from the very close similarity of the regions
marked L and R.

Fig. 5.2.3 shows the RF - Ge TAC spectrum(background-subtracted)
for the 1061.1 keV transition(see Fig. 4.1.1). It shows a quite
narrow time distribution(FWHM = 7.5 nsec) with respect to the start

of the y-ray cascade, very little tail, and thus, just about the most
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Fig. 5.2.1
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"prompt* RF - Ge TAC spectrum of all transitions above the isomer,
and all the RF Ge TAC spectra for all transitions above the isomer
were compared to the one for the 1061.1 keV y-ray. Figs. 5.2.4-6 show
the RF - Ge TAC spectra for the 763.4, 477.3 and 882.5 keV{thus
spanning most of the level scheme) transitions plotted on the same
logyq plot with the RF -Ge TAC spectrum for the 1061.1 keV
transition. Very little difference starts to develop as the
transition energy to which the 1061.1 keV is compared, decreases.
However, Fig. 5.2.7, shows quite a perfect meanlife tail for the
327.2 keV transition, from which one can infer a value of about 10
nsec for its meanlife. Since the 327.2 keV transition feeds into
the I = 177 level (see Fig. 4.1.1), the RF - Ge TAC spectra of all
transitions de-exciting from that level and the ones below it should
show a delayed component. However, according to Table 4.1.2, since
the 763.4 keV transition is about 5 times more intense than the 327.2
ke¥ transition, it is about 5 times more likely that 1480y would de-
excite down the prompt main band(i.e. through the I = 18%, 197,
etc, levels) than via the 327.2 keV transition. Thus, the RF - Ge TAC
spectra for all the transitions below the 763.4 keV transition should
show a delayers component, with about 20 percent the number of counts
under the prompt peak. This was indeed found for all those spectra(of
which only the one for the 1061.1 keV transition is shown, in Fig. 5.
2.3) ' '

A problem is the jitter of the crossing of the discriminator
threshold level by Tow energy transitions, but the 327.2 keV

transition RF - Ge TAC seems to have a real exponentially falling
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tail, indicative of a meanlife. If timing electronics and triggering
conditions are nearly identical in both branches of the TAC, then all
time jitter and walk would be symmetric, as is the prompt coincidence
peak of the TAC. Its FWHM is indicative of the contributions of all
sources of time uncertainty. Uncertainty in the zero-crossing for
electronics pulses associated with low-energy transitions(because of
noise riding on the puise) produces broadening of the prompt peak of
the corresponding RF - GE TAC . In order to investigate this in the
case of our transitions, if one plots the ratio of the FWHM of the
prompt part of the RF — Ge TAC to the same FWHM for the 1061.1 keV
transition(R;R) vs the transition energy for all the

experimentaliy cobserved transitions above the 480 nsec isomer, one
obtains the plot in Fig. 5.2.8. A similar plot was done for the
“prompt half®(i.e. the right “and half), R;?Z’ of the prompt

peak of the RF — Ge TAC in question. This is perhaps a more accurate
measure of the promptress of the transitions with respect to the
1061.1 keV y-ray. Fig. 5.2.9 shows such a plot. In both Fig. 5.2.8
and Fig. 5.2.9 there plotted four similar points for four known
prompt transitions(EY- 151, 424, 670 and 1074 kev; Deleplanque

1984, private communication) in 15°Dy(for which the data was taken
with exactly the same equipment and under exactly the same experi-
mental conditions the 1480y run was done). As one can see, those
four points fall right in the middle of the pattern for 1“8D_y
points, covering a sizeable transition energy range. From the
analysis of those two plots, it was deduced that the "tail" effect

shown by the RF - Ge TAC of most Jow energy transitions (with the
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possible exception of the 327.2 keV transition)is most 1ikely due to
electronics and not to any nuclear lifetime effect. This

was also confirmed by similar plots involving the FW(1/5}M(full-width
at-1/5-maximum}{not shown here)} which show the 327.2 keV point well
above the other points, thus strengthening the belief of a true nuc-
lear lifetime associated with the 327.2 keV transition. Fig. 5.2.6
shows that the 882.5 keV transition has quite a tail, thus seemingly
giving it a lifetime of more than 10 nsec. However, there is a 883.5
keV transition in 148Gd de-exciting from a level with a half-life

of about 17.5 nsec, and thus, since the two transitions are close
enough in energy such that gating on one will include a sizeable
chunk of the other, it is interpreted that the 882.5 keV transition
in 148Dy(Fig. 4.1.1)does not have any delay. Indeed, gating on the
BB82.5 keV transition for the RF - Ge TAC gate 3, one only sees the
three transitions in ldaﬁd(and the 511 keV annihilation peak) which
together with the B883.5 keY y-ray, come from the 17.5 nsec level(see
Fig. 5.2.10). It is possible that using gate 2 might have shown some
transitions in ldaoy.

Table 5.2.1 shows the difference between the centroid of the
background-subtracied RF - Ge TAC of all transitions above the isomer
and the centroid of the background-subtracted RF - Ge TAC of the
1061.1 keV transition. The background subtraction was done by running
a horizontal line through the average background fluctuations{in the
tail part)of the RF - Ge TAC spectrum for each transition. The
centroid difference thus obtained represents the meanlife of the

exponential decay of the level in question.
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(18"
(197
(207
(197)
(217)
(207)
(227)
(217)
(237)
(237)
(247)
(267)
(21"
(29"
(30™)

(207}
(227"*
(227)
(24m)
10*

(3,
(14-)Hs

(157)

3980.2
4476.0
5521.5
5984.2
6263.2
7026.6
8197.1
8530.2
9167.8
9167.8
9702.9
9702.9
10055.4
10100.9
10453.4
10453.4
10930.7
11813.2
12533.2
13100.9
13215.1

9287.9
10110.2
10110.2
10930.7

4857.2

5410.6

5772.2

6263.2

TABIE 5.2.1
LIFE~TIME INFORMATION FROM RF-Ge TAC for Transitions

Above the 4B0 nsec Isomer

lf‘ Eever(keV) Ev(kev)

1061.1
495.8
1045.5
462.7
279.0
763.4
1170.5
333.1
637.6
970.7
535.1
1172.7
352.5
933.1
352.5"
398.0
477.3
882.5
720.0
567.7
114.2

757.7
822.3
407.3
820.5
1932.1
559.4
361.6
491.0

263.042.
263.042.
263.0+2.
263.0+2,
263.0+2,
263.02.
263.042,
263.0+2,
263.042.
263.0+2,
263.0+2,
263.0+2,
263.0=2,
263.022,
263.042.
263,042,
263.0+2,
263.042,
263.042,
263.042,

263.042,
263.042,
263.042,
263.042.
263.042,
263.042,
263.042,
263.042,

CENTROID
(BKGD SUB)

CHAN.NO.

263.042
259.442
262.142
258,5%2
259,643
262.042
265.243
261.042
262,042
264.6%4
261.043
266.044
260.9%2
261.7+4
260.9+2
261.243
260.543
263.443
263.323
260.243
258.644

263.043
263.044
254,843
263.043
270.543
256,743
258.523
260,643

A?HSEC!
0.0
0.64+.5
0.164.5
0.804.5
0.60%.7
0.184.5
0.39%,5
0.35%.5
0.18+,5
0.28%,7
0.35%.6
0.53+.7
0.37%.5
0.23%.8
0.37+.8°
0.324.6
0.44+,6
0.074.6¢
0.05+.6
0.50%.6
0.784,7

0.0 +.6
0.0 #.8%
1.45%.6
0.0 =.6°
1.334.6
1.114.6
0.80+.6
0.434,6
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TABLE 5.2.1 (Continued)
LIFE-TIME INFORMATION FROM RF-Ge TAC for Transitions
Above the 480 nsec Isomer

Prompt °
LT ' ¢ (ke¥) Ex( ) ( ) (CENTROXD) b
< » I e y({keV BKGD SUB BKGD SUB Agnsecz
=i = Slevel = (CHAN.NO. }| |(CHAN.NO. )
INDIVIDUAL SIDE TRANSITIONS
(*} > 17 659Q.4 327.2 263.0+2. 256. %4 1.24%.7
(207) > 197 8783.3 586.8 263.0+2, 259,524 0.62+%.7

(257) » (237) 11070.3 1014.9 263.0+2, 260.6%4 0.424.7

a The 1061.1 keV y-ray was chosen as the most “prompt® transition (see
section 3.2), and so, its RF - Ge TAC as the reference to which
mean-1ives were measured (see below}.

b & = CENTROID (TAC of 1061.1 keV y) - CENTROID (TAC of y) (also the
mean-iike, see text) (in nsec),

c Error based on statistics relative to first 352.5 keV transition
Contains the 14864 transitions 882.2 kev and 883.5 keV (below the
17.5 nec isomer; see lundardi et.al.).

e The have same RF - Ge TAC spectrum,

Poor statistics prvented obtaining a value for a for the 750 keY
transition.

* A multipolarity value could not be gbtained from angular correla-
tion measurements{see section 5.1).

US and 175 refer to tevels belonging to the upper side-band and
left lower side-band, respectively(see Fig. 4.1.1).



In addition to the RF - Ge TAC, the data were also sorted in the
(Ey, Ge - Ge TAC(y)) format, where Ge - Ge TVAC(y) represents the
time distribution of the transition in question with respect to the
coincident transition, in coincidence with which the above two-dimen-
sional spectrum was obtained. The Ge - Ge TAC gave information about
the time elapsed between the detection of any two given coincident
y-rays. Fig. 5.2.11 shows the collapse of such a two-dimensional
spectrum on the Ge - Ge TAC axis{the nature of the left shoulder in
the main peak is rot understood). Figs. §.2.12-14 show the 1inear
plots of the Ge - Ge TAC's for the 763.4, 477.3 and 882.5 keV y-rays,
ohtained from the two-dimensional spectrum EY- Ge - Ge TAC in
coincidence with the 1061.1 keV y-ray, an the same plot with the Ge -
Ge TAC spectrum of the 462.7 keV y-ray. In other words, the three
figures compare the time distributions of the 763.4, 477.3 and 882.5
keV y-rays relative to the 1061.1 keV y-ray to the similar time
distribution of the 462.7 keV, which is immediately above the 1061.1
keV transition. No differences in the Ge - Ge TAC centroids or shapes
are observed. Table 5.2.2 depicts centroid shifts and meanlives for
transitions above and below the 480 nsec isomer. For the transitions
above the isomer, as it can be seen from Table 5.2.1, meanlives of
0.0-2.0 nsec, with about as large experimental errors, are obtained.
The treatment above, however, does not account all possible sources
of experimental uncertainty{such as the RF - beam time spread, for
example), Considering all such possible error sources, it was deemed
necessary to relax the above values for the meanlives to values

& 5 nsec . Thus, no precise lifetime information could be derived
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Table 5.2.2

Shifts of Ge - Ge TAC spectra centroids of transitions above the 480
nsec isomer, a(nsec), from the centroid of the 6z - Ge TAC spectrum

of the 462.7 keV transition for prompt(RF ~ Ge TAC gate 1) coinciden-
ces with the 1061.1 and 1170.5 keV transitions. Similar centroid shifts
with respect to the 1687.5 keV transition, measured for the transitions
below the 480 nsec isomer for delayed(RF - Ge TAC gate 3) coinciden-
ces with the 660.8 keV transition. The mean-life time measurements

are explained in the text.

Prompt coincidences with the 1061.1 keV transition

Transition Iy Mean-Life?
MRS H E (kev) (nsec) (nsec)

127 > 11° 95.8 0.13 # 0.66 1.52 * 0.60
14" > 127 1045.5 0.35 + 0.66 1.23 = 0.60
167 > 14~ 462.7 0.0 1.54 + 0.60
17" > 16~ 279.0 0.09 # 0.66 1.56 # 0.60
(18")> 177 763.4 0.42 + 0.66 1.23 + 0.60
(199)»(18")  1170.5 -0.09 # 0.66 1.74 + 0.60
(207)»(197)  333.1 0.35 + 0.66 1.23 # 0.60
(217)»(207)  637.6 0.46 + 0.66 1.19 + 0.60

(217)»(197) 970.7 0.33 + 0.66 1.32 * 0.60
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(227)5(217)
(227)>(207)
(237)»(227)
(247)»(237)
(237)5(217)
(247)»(237)
(267)>(247)
(287)>(26™
(29%)»(287)
(30%)(29")
(317)5(30™)

us
(227)>(207)

us us
(287)>(227)
(24-§5(227)
(267)> (287§

( **)}> 177
(207)»(197}
(257)»(237)

117 > 10

535.1

1172.7

352.5
352.5°
933.1
398.0
477.3
882.5
720.0
567.7
114.2

757.7
822.3
407.3
820.5

377.2
586.8

1014.2

Prompt coincidences with the 1170.5 keV transition

0.66 + 0.66

-0.11 + 0.88

0.51 + 0.66
0.55 + 0.88
0.44 + 0.88
0.35 * 0.66
0.24 + 0.66
0.70 + 0.66
0.48 + 0.66
0.55 + 0.66
3.85 + 0.88

0.88 + 0.66
0.77 + 0.66
0.66 + 0.66
1,10 + 0.88

0.99 + 0.60
1.76 £ 0,70
1.15 + 0.60
1,10 +£ 0.70
1.21 £ 0,70
1.23 + 0.60
1.41 +0.60
0.95 * 0.70
1.17 +# 0.60
1.10 + 0.60
5.50 #0.71

0.77 = 0.60
0.88 = 0.60
0.99 + 0.50
0.55 £ 0.70

Individual Side Transitions

0.68 # 0.66

-0.11 + 0,66

0.33 + Q.66

0.97 + 0.60
1,76 + 0.60
1.32 = 0.60

1061.1

0.44 + 0.66

1.21 + 0.60
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2.7

2.1
9.4
1.6
2.0
(.0

0.24 + 0,66

<0.51 + 0.66
0.24 + 0.66
0.26 + 0,66
0.49 + 0.88
0.26 + 0.66

1.41 + 0,60

2.16 & 0.60
1.41 + 0,60
1.39 + 0.60
2.11 £ 0,75
1.39 = 0.60

e ~ Ge TAC spectrum from the “prompt" peak for

ansition(average values from prompt coincidences

he 1061.1 and 1170.5 keV transitions)

~
.
~

Coincidences with the delayed 660.8 keV transitionb

7.0 £ 2.5

1.53 + 0.50

{below the 480 nsec isomer)

0.0

3.0 #1.6
2.3+1.4
0.2 = 1.6

9.5 # 1.6

12.0 £ 1.3
9.2 + 1.3
9.7 £ 1.3

12.3 + 1.4

x
L

x

15.9 +£ 1.8
21.5 # 1.3
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10" » 8* 86.9 * *

3 The difference(in nsec) between the centroid of the 462.7 keV
Ge - Ge TAC “prompt™ peak and the centroid of the whole Ge - Ge

TAC spectrum of the respective transition.

b Same as (2) above, only the 462.7 keV transition is replaced

by the 1687.5 keV transition, below the 480 nsec isomer.

*  Poor statistics prevented obtaining a value.

** A multipolarity value -oulr not be obtained from angular cor-

relation measurements(see section 5.1).

US and Ns refer to upper side-band and left lower side-band,

respectivel y(see Fig. 4.1.1).
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from the present work, which indicates that there probably are no
delays associated with any of the transitions above the 480 nsec
{somer.

With this in mind, when using the single-particle half-life
{proportional to the meanlife) vs. EY curves displayed in Figs.
5.2.15-16(see Blatt, 1979), one should pick half-lives ¢ Snsec. This
criterion was followed in trying to choose parities for all the tran-
sitions above the isomer(with the exception of the 327.2 keV transi-
tion, for which, since no multipolarity assignment was made in
section 5.1, it was not deemed necessary to be assigned a parity).
This was the manner in which the tentative parity assignments of the

experimenta) levels in Table 4.1.2(and also see Fig. 4.1.1) were made.
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Chapter 6

Two-Particle-0Octupole Exchange Coupling and the Deformed

Independent Particle Model as Applied to the
£ 1480y

Discrate levels o

High-spin particle-hole excitations studied in 146Gd(N =
82)(Kleinheinz et al, 1979) have indicated the presence of a large gap
in the single-particle spectrum, at Z = 64, and an even larger gap at
N = B2(Fig. 6.0.0). Several investigations{Broda et al, 1979 and
Kleinheinz (Argonne), 1979) have shown that tiie yrast spectra of some
few-valence-particle nuclei in the vicinity of 1466d can be well
described by the spherical shell mode) with empirical one- and
two-nucleon interaction energies. High-spin states in nuclei close to
the doubly magic 208Pb have been studied successfully with similar
technigues(Bergstrdm, Bormin Meeting, 1978), which seems to indicate
that the fully(or nearly fully) aligned few-nucleon yrast

1466d and 208Pb regions.

configurations are rather similar in the
The one-particle nuclet 147Gd and 1471b have been found(Klein-

heinz et al, 1979, Broda et al, 1979) to have yrast states up to about

4 MeV excitation energy which resulr from coupling the valence nucleons

to the 196y core siates. Earlier studies of the three-valence

nucleus 149y(Stefanini et al, 1976) identified a 277/? isomeric

state of configuration '“?1/2“7/2- and gave partial
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configurations of the states populated in the decay to the
vf7lzground state.

From Fig. 6.0.0 one can predict that the yrast states in 148Dy
would involve hlllZ protons, since the hllIZ proton orbitals are
the immediate ones after the Z = 64 gap. Similar promotion of neutrons
would involve elevating them across the N = 82 gap, at a considerably
higher energy expense. One would thus hope to observe a complete
'h%IIZ spectrum, which, in fact, was identified by Daly et al
(1978 and 1980). The coupling of the two hllIZ protons to 10‘. thus
generating ten units of angular momentum at low excitation energy cost
(sce Fig. 6.0.0) plays an important role in the yrast spectroscopy of
148°y_

At 1 = 10, 1480y exhausts that valence spin and, above the
(-hf”z)lo+ state, the presenc work indicates the presence of
two states of the type 'hfllz X 37, obtained by exciting the
low~-lying 3~ octupole state of the 18669 core. Te rest of the
states above the isomeric lc+ state are interpreted as components of
"maximal weight” configurations as obtained within the Deformed
Independent Particle Model (DIPM). For this model, use is made of
empirically based spherical singi2 particle energies, a pairing force
in the BCS approximation with gap parameturs vo-ying with the particle
number projection, as well as the Strutinsky renormalization{Dpssing

et al, 1980 and Neergard, 18982).
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6.1 The 'h§112 Spectrum and the Negative Parity

States Below the 480 nsec Isomer

The 10* fsomeric state at 2919.1 keV in 138Dy is the fully
aligned 'h§112 state, while the 8+(a 65 nsec isomer; see Daly
et al, 1980, and Haas et al, 1981, Julin et al, 1982 and Ward et al,
1983), 6*. 4; 2% and the ground state 0* are the rest of the
members of the '“%1/2 multiplet. The members of such a multiplet
have even-valued spins because of the following: in the m-scheme, the
wave function for the two nucleons in the same level (i.e. “equivalent®

to each other), is:

2, m') = ¢(nljm,n1jm*) = = $(nljm',nljm) = (6.1.1)

- - #(3% a'm)

¢(J

where m,m' = ~j,=j*l, 0000 lyennesd o
In the J-scheme, the wave function of the configuration of total
spin J and z-component M, constructed from two nucleons with equa!l

spins j, and different z-components, m and m', is:

$(3%; m) - Z C;,1, ,',’,.;,J #(5% m'), (6.1.2)
m,m'
where the Clebsch-Gorden coefficient above has the property
¢l 3. (-1)%379cd 3 d(see desnalit and Feshbach, 1974), which
together with {£.1.1) makes the right-hand side of (6.1.2) zero
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if j is half-integer, unless J is even.(Essentially, this is the Pauli
principle.) .

The '“§1/z multiplet 1evels with I > 6, particularly the
8+ and 10% states, probably have very pure ’“51/2
configurations because the only other available proton orbitals are
the 51/2 and the d3/2 above the Z = 64 gap, and the d5/2 and the
97/2 below it, and one cannot obtain spins of 8 or higher from such
configurations. In general, energy spectra of two-valence-particle
nuclei give information about two-nucleon residual interactions(e.g.
Schiffer and True, 1976). Daly et al{1980) provided first information
about two-hll,z—proton residual interactions.

In 1456d. the lowest 5~ and 7~ states have a predominant
“d§}2“11/2 configuration{Kleinheinz et al, 1979). The 5~ and
7” states in 1'480_)' lie(see chapter 4 for their level energies)
about 300 keV lower than the 5~ and 7~ states in 1%0gd. A
plausible explanation is their being components of a “maximal weight"
state of the fully aligned configuration (.dg}zhn /218" with
the valence ““§1/2 coupled to spin zero and so, unexcitaed), as
predicted by DIPM(section 6.3). Due to their 1ying about 300 keV lower

146

in 1480y than in Gd(particle-hole excitations are expected at

higher energies in 1480y than in 146Gd), one might interpret the
2348.3 and 2738.1 keV levels in 1480y as being the two lowest lying
members of the two multiplets (-h11/251/2)5 and

(-h11/2d3/2)7'. respectively., The above configurations are of

the two-particle type, and should occur at low excitaiion energies in

148Dy, therefore being predominantly responsible fo~ the configura-

183



184

tions of the two levels in question.
The 3™ level in 1480y has been found most 1ikely to be the

result of the "h%IIZ)O % 3~ coupling{see next saction).

6.2 Two~Particle~Octupole Excitations

At T = 10, the two-particle valence spin is exhausted and
higher-spin two-particle states must involve the excitation of the
lassd core. The lowest excited state of the core is most 1ikely the
collective 3~, because the hn,2 and the d5,2 proton orbitals
are the closest to the Z = 64 gap(see Fig. 6.0.0) and the 3~ state
is the lowest odd-parity one can get. Therefore, it is most likely
that some of the states above I = 10 are of the type
(andy )10t 7

The experimental work indicates the presence of a strong 1061.1
keV stretched €1 transition de-exciting from the 3980.2 kev 11~
level to the 10’ isomer. Its interpretation is(as given before by
Daly et a1(1980) and Kleinheinz(1980))as the lowest .ember of the
octupole multiplet built on the (,hfllz)lo’ state. In addition,
the previously reported 1932.1 keV stretched E2 transition (Haas et
al, 1981 and Julin et al, 1982(p.78)) could perhaps be changed into a
stretched €3 according to the present experimental work(see section
5.1). Tis 1932.1 keV E3 transition also populates the isomeric 10"

state, and could be irterpreted as the highest member of the octupole
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multiplet built on the (.hfuz)lo* state.

In order to understand the :hfllzx 3™ coupling in 148Dy,
it is better to consider first the case(Broda et al, 1979) of one
h11I2 proton coupled to the 3™ excitation of 146Gd, as in
M7Tb. In this case, one has one h11/2 proton in the ground state
of 147Tb, and the lowest octupole coupling state, the state with
I"= 15+12. decays to the ground state via al = 2 transitions. When
the h11I2 valence proton is added to the 3~ state of the 14654
core, the large 'd§}2“11/2 zomponent of the octupole state
wave function will be blocked by the Pauli principle, changing the
energies of some coupled states with respect to the unperturbed
1466d 3™ energy.(In contrast to zost. where many proton and
neutron particle-hole excitations contribute to the 2.6 Mev 3~
state(Hamamoto, 1974}, preliminary RPA(random phase approximation)
calculations(Dehesa, Speth and Kleinheinz, 1980, unpublished) seem ‘o
give a value of = 0.75 for the amplitude of the 'dg}zhlllz
component of the 1.6 Mev 3~ state in 16gd. From here on, it will
be approximated that the configuration 'd3}2"11/2 is the only
component of the 3~ state wave function for 146Gd.)

For the octupole excitations built on the 'h11/2 ground state of

147Tb. one considers the Hamiltonian:

H, + H (6.2.1)

He= Hon * s

where H' is the leading order particle-vibrational coupling term, which

for small vibrational amplitudes a can be written as H' = kaF(x)(Bohr
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and Mottelson, 1975). The one-particle operator F(x) describes the
dependence of the potential on the particle variables(position, spin,
isospin) and k is a coupling constant. The collective Hamiltonian
(the Hamiltonian of the 146Gd core), Hcoll' has eigenstates
Tco112s such that H.o1111co112=Eco1llcorp> #here the one—

phonon states have I:oll’ 2%, 37,... and E o1y =he =T, 7B, -

The single-particle Hamiltonian(the Hamiltonian, e.g., for the
"11/2 proton orbiting the 1466d core}, Hp, can be written in

the usual form HPJ<E+v(r). where KE is the kinetic energy of the
orbiting hu,2 proton and ¥(r) can be chosen as a sum of Coulomb,
Woods-5axon and spin-orbit terms{Hamamoto, 1974).

Following Eohr and Mottelson’s treatment(or Hamamoto's, 1974),
one can take the perturbing Hamiltonian as H's -k)‘(r)z;:u,‘n Y:u(e,é),
where, in our case » = 3 and (r,=,#) represent the position of the
hyy Proton outside the 1%%d core. e first two terms in
(6.2.1) represent the unperturbed Hamiltonian, Ho' and, in the
1imit when H' = 0, the wave functions of eigenstates of the
multiplet (jlx)l(i.e. states of total spin I, which is the result of
coupling the single-particle angular momentum 31 to the a of the
core vibration) are of the formlﬁr;>l- (|j1>|x >)l’ In the
case of 147Tb(the 1466d core vibration a=3), I can take all
half-integer values from 5/2 through 17/2(|j1- 1 <1« it
where jl' 11/2 and 2 = 3). The unperturbed excitation energies of

all members of the septuplet (11/2,3)1 will be given by:

I
B & YW W] Wy = Ex *Elanyy ) (6.2.2)
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where 53-15 the octupoie vibrational energy of the 1466d core and
E"“11/2) is the excitation energy of the hu’2 proton outside the
core. The octupole vibrational energy E3 above, is collective in
nature, and its main component could be obtained by promoting a
proton from the d5,2 orbital (thereby creating a hole there) across
the Z = 64 gap into the h11i2 orbital. Fig. 6.0.0 shows this
E(hlllz) - E(d5/2) to be the lowest possible core excitation able
to give 3. In principle, one could also obtain 3~ by promoting a
proton from the %2 orbital into the the h11/z orbital. However,
E(hlllz) - E(g7/2) is somewhat larger than the similar term above
and more importantly, it does not have a1 = 3 .

Turning H' on, the shifts cE; in the excited states of
147Tb will not vanish and the lowest-order non-zero contributions
to these shifts will come from the second-order in H'. There are four
terms represented by four Feynman diagrams(see Hamamoto(1974), p.75)
which all exhibit a one-particle 1ine with angular momentum j, which
is interpreted as an intermediate state(of spin j) of the single-~
particle potential. The first pair of diagrams involve vertices where
jl and A go to j{j representing a particle and a hole, respec-
tively). The second pair of diagrams involve vertices where jl goes
to 2 and J(J representing a particle and a hole, respectively). The
second-order contribution to the energy shifts of the septupiet (11/2,

3)I in 147Tb, derived from the first pair of Feynman diagrams, is



. Z\E(J.A)IIH'IJN 36,0 e
- EJ
whare the sum above is over all single-particie orbits(particles and
holes) with angular momentum j, as long as j = I(due to the presence
of the Kroenecker delta). In the case of 1471&, experiments to date
have only given I = 15/2 and 17/2 members(Broda et al, 1979). The
contribution of the second pair of Feynman diagrams to the shifts

above can be written

K(J;\)JJH U.)l J# e
E +ﬁw— e +) W()JlJ,LJI)( .2.4)

where the sum is over all single-particle orbits j{including par-
ticles and holes) and W is the Racah coefficient. The final
expression for GE; should be the combination of (6.2.3) and

(6.2.4). However, the presence of terms involving §j = 15/2 and 17/2
in {6.2.3) makes the denominators of those terms much larger than the
similar denominators in (6.2.4), where j encompasses levels near the
Z = 64 oap(see Fig. 6.0.0). The denominaturs in (6.2.3) involve terms
such as 51712' 51112' fiw, which can be several times larger than
terms such as ESIZ"“”‘ 511/2' due to high-energy lying orbitals

1ike k17,2, or J1g2s for example(see lederer et al1(1978}}. In

the 1ight of the above considerations, the dominant contribution to
the shift gy is the term in (6.2.4) with j = 5/2 .

The matri: element in (6.2.4) can be transformed according to
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the following(see Hamamoto(1974), p.72):

. . . 2
KGOLHIT = Belikdnimiol €2

= 22+ 17 iIH R
= 2L 1D
The shift SE;, thus becomes the following:

(- (23 DWB % Ya350) E(%ggﬁ '3E>‘<s "
3~

The treatment above thus gives the following expression for
E;, the energy of a level of total spin I, for the case of an
odd nucleon orbiting a nearly spherical core(1456d here), when the

perturbation above, H', is turned on:

E7 = Elhyy,,) * Eg= + TW(3 11/2 11/2 3;5/2 1)* (6.2.7)
* <ldghphyq )3 37> JTEChy ) 5)-E(dg p)~E -]

The left part of Fig. 6.2.1 i1lustrates the comparison of experi-
ment vs. the predictions from (6.2.7), which can give the excitations
of the Towest members of the coupling of the h11/2 proton to the 3~
phonon : 1 = 13/2, 15/2, 17/2(obtained from coupling 11/2 to hgl.
=1,2,3). Experimentally(Broda et al, 1979), two states, 15772 and
17*/2. with energies 1265.7 and 2037.7 keV, respectively, have been

jdentified. A 772.0 keV Ml transition was observed to de-excite the
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17*/2 state to the 15’/2 state, which, in turn, populates the
117/2 ground state via an Al = 2, 1265.7 keV transition.

Calculating W(3 11/2 11/2 3;5/2 1) for 1 = 15/2 and 17/2(see
Edmonds, 1974), gives ~1/22 and +1/12, respectively, which says that
for I = 15/2, the Pauli principle enhances(rather than reduces, as it
does for I = 17/2) the 'd§}2“1/2 component in 1464 3-
phonon, because the two hu,2 protons are in a more anti-symmetric
than symmetric arrangement. Thus, the state with I « 17/2 is pushed up
in energy because of more Pauli blocking(than for I = 15/2). The
coefficient 7W can be taken as a measure of Pauli blocking in this
case(7W = 1 meaning complete Pauli blocking).

From the one-particle-phonon coupling, in the case of 147Tb,
one can use the experimental 772.0 keV splitting between the 17’/2
and 15+/2 states in taking the difference of equations (5.2.7), to

calculate the second order matrix element in (6.2.6):

-1 i
(|<(d5,2hn,2)3lH 13517} _ (6.2.8)
Elhy1/2)-Eld5 2)-E3~ /oxp

= (€7~ E1g o) ([7H(1712) - TH(15/2)] =
- 856.3 keV .

From Fig. 6.0.0, E(hlllz) - E(d5,2) = 2.5 MeV, which then
gives(after obtaining E(HIIIZ) - E(d5,2) - E3- = 0.92 Mev)



|<(dg}2hmz)3|u'l 3>)= 0.86 Mev. (6.2.9)

The Feynman diagram in Fig. 6.2.1, for 1471b, illustrates the
particle-octupole vibration coupling{to second order): the incoming
37 vibration disintegrates into a particle-hole pair, the hole of
which recombines with the incoming particle making the outgoing
vibration.

In the case of 148Dy, one has two hlll? protons coupled to
spin I', which couples to A = 3 for a total spin I . The unperturbed
wave function is now Y} > =( |(h§1/2)1.> }a >);. Similar-
1y to the 147Tb case, the unperturbed excitation energies of the
members of the multiplet (I' 3)I are ¢iven by Eg = Ep- ¢ E[(hfllz)l.].

In a way similar to the 147Tb case discussed above, one can ocb-

tain the second order correction to the energy E* :

- 2 02 -
1085 h1q 202l <0y o) A BT ingy 1) 1o 3 >1l2
GE;'E BF (6.2.10)

L LRy )€l ) 2 vy )= (5 + 261 0)]

where BF is the geometrical factor for the case of three-angular

—momen tum coupling(-sblz + ﬁl? -'5' ﬁIZ +’ﬁ/2 - "I"' and ¥ +-I'i' --I.):

Wy Wy '
F = {l-_:/?. -3'*'/2 3 VZI +l )(V2*3+ ) (V-) (6.2.11)
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'VZ qu If
=18(21* +1){ g 52 3
I’ 3 1
The factor of17?comes from the normalization of the wave function for
the two hlll? outside protons; denote 9-j coefficients.

Using (6.2.12), one can simplify (6.2.11) to get(Kleinheinz,
1980):

2
Hp gy 17 | <(a5ia1 2030001 375
o « 18(21* + 18 W2 5p 3
!
1’31 [“"11/2)'5("5/2)‘53']

{6.2.12)

One can see that the expression above involves the same interaction
matrix element as in the 147Tb case. The factor in front of it,
BF(here also referred to as the "blocking factor®, just ike in the
147Tb case) requires computation of the 9-j coefficients for the ap-
propriate I', Table 6.2.1(a) Yists the 9-j coefficients(C), Be's

and the corresponding second order energy shifts 8E(kev), for the I'=
= 0,2,4,6,8 and 10 cases.

Fig. 6.2.1 illustrates the comparison between the two-particie-

octupole vibration coupling predictions and present experiment for
the octupole vibrations built on the maximally aligned

('h§1/2)10 state. The energy of the 13~ member of such

coupling would be, according to the treatment above,
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(a)Values of the 9-j coefficients C(11/2,11/2,1';11/2,5/2,3;1',3,1) for

Table 6.2.1

coupling the hill? protons with I', to the octupole vibration

37 of the 1456d core, for a resulting spin I. Also, values of the

blocking factor, B-(14(2I' + 1) X C) and the resulting level energy

shift, sE(kev).(See text for discussion.)

I'= 10

10
11
12
13

O W N O

([}

-5.119x10~7
+6.562x10~6
-4.244%107°
+1.772x1074
-4.842x1074
+5.411x107
+2.886%10™3

+1.892x107%
-2.163x107°
+1.023x10~%
-2.030x10~%
-2.600x107%
+2.269%10™3
+1.861%1073

B

-1.51x10~%
+1.93x1073
-1.25x1072
+5.21x1072
-1.42x1071
+1.59x10"1
+8.48x107!

+0.45x1073

-5.14x103
+24.40x10~3
-48.30x10~3
-61.80%10™3
+54.00X10~2
+44,29%1072

SE(kev)

+0.13
+1.65
-10.68
+44,60
-121.90
+136.20
+726.30

+0.39
-4.40
+20.80
-41.40
-52.90
+462.20
+379.10
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I's 2

I'- 0

=t
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o

-1.261X1073
+3.784x10~5
+8,577%1075
—7.114x10~
+1.072x1073
+2.988x10™3
+1.290x1073

-1.603x10~4
+4.810x10~%
-5.029%10~%
-8.964x107
+2.787x1073
+3.544x10~3
+1.085x10~3

+1.299%10~3
-3.896X1073
+4.636x1073
+5,574x10~3
+1.482x103

+1.190x10~2

&

-2.29x1073

+6.88x1073
+15.61x1073
-12.94x1072
+19.51x10~2
+54.38x10~2
+23.48%1072

-2.01x1072
+6.06X1072
-6.34%10~2
-11.29x1072
+35.12x1072
+44,65%10~2
+13.67x1072

+3.09x1072
-27.27x1072
+32.45x102
+39.02x1072
+10.37x1072

+1.67x10"}

SE(kev)

~1.96
45.89
+13.36
-110.76
+167.00
+165.49
+200.99

-17.21
451.87
+54.27
-96.64
+300.62
+382.20
+117.01

+77.81
~233.43
+277.77
+334.01
+88.77

+142.60



(b)values of the 9-; coefficients C(11/2,11/2,1';11/2,5/2,3;1%,3,1)
used in the diagonalization of the total Hamiltonian for the
('h¥112)l‘.l' x 37 system in the two-dimensional basis

of states with I',I"= 8 and 10, for the cases of total spin ] =«

= 10 and 11. Also, values of the correspending blocking factor,
Be(=14W2T7 + TJTZI" + I) # C) and resulting level energy shift,

sE{keV).(See text for discussion.)

L EF SE(keV)
I'= 10 ; 1"= 8
110 -4.333x10%  -1.146x1071 —0.098
I=11 +1.897x10°3  +5.018x107% +0.429

I'- 8 i 1% 10
=10 -4.333x10°%  -1.146x1071 —0.098

I=11 +1.897x10°3  +5,018x107! +0.429
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Ejg-(oct.) = EL(hE} 0)10%] + Eg- + (6.2.13)
Wy W, 10
+18(2x10 + 14 My §jp 3 +* 856.3 kev
10 3 1

where the value of 856.3 kev from the 147Tb case was used for the
term |<(dg}2h11/2)3|H'|3—>|:i[E(h11/2)-E(d5/2)-E3-],

and E[(h§1/2)10¢] is the energy of the 10" level (see Fig.

6.2.1).

As far as the 127 and 13~ members of the octupole coupling
are concerned, they can only come from the 3~ vibration built on
the 10+ state. However, the 11~ member can also be obtained from
building the 3~ vibration on the configuration (1h§1/2)8¢,
so, one must diagonalize the total Hamiltonian in the two-dimen-
sional basis formed by the perturbed wave functionsl"r(I')>I
and l“y(l')>l. where I' and I" represent the possible spin
couplings of the '“%1/2 pair such that a total spin of I(in this
case I = 11} s reached.

If H is the total Hamiltonian(including the perturbation H') then

one -has:
H g‘ﬂl'bl. Ez%"‘ﬂ"”r (6.2.14)

and similariy for 1", where F.1 is the excitation energy of the per-
turbed system in the state of total spin I. Multiplying both sides of

(6.2.15) by 1<"f11“)| and using the hermiticity of H, one finds ;
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by solving the following equation for the 1owest EI:

EYNRIT(I ) > B Y (I)IHIY()>,
det =0 (6.2.15)
1<"771')1Hl*r71')>1 1<”f(1")lH3"le“)>l— 3

The matrix elements on the diagonal represent the perturbed ener-
gies of the state of I = 11, when the two “11/2 protons are coupled
to I'a 10 and I"= B, respectively. Their actual expressions are E10+
+ E3- + 6510.10 and E8+ + 53- + 658'8, respectively, where
Ey- is the unperturbed 3" excitation and the two &E's refer to
the second order perturbation energy shifts when ['= 10 and 8, respec-
tively(see Table 6.2.1(a)). The off-diagonal elements reduce tJ only
6E10’8 and °E8,10' respectively, because the matrix element of H
between unperturbed states of different spin couplings of 'hfllz
configuration vanishes, so the zeroth and first order approxima-
tions to the off-diagonal elements vanish, leaving only the second or-
der approximation. These “off-diagonal® shifts have the same expres-
sion as (6.2.12), except for the blocking factor, BF, which has the
form

W, Wy I'
Bp = 14T  * 12"+ 1) < Wy 51 3 (6.2.16)
I}l E; :[

This can be obtained in the same manner as (6.2.11), to which the ex-

pression above reduces for I'= I". Table 6.2.1(b) shows the numerical

values for BF's and the corresponding §E's, ror the cases I'ax 10 and
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I"= 8(and when I' and I" are switched) for I = 11 and 10. Since the
9-j coefficients calculated in Table 6.2.1(b) are the same upon
switching I' and I"(Edmonds, 1974), the off-diagonal elements in
(6.2.16) are the same.

Using Table 6.2.1{a) and (b), one can actually insert the proper

numbers{in keV} in (6.2.16}, and thus one must solve the following:

4377 - EI 429.5
det (6.2.17)
429.5 4790 -E,

which gives as the lowest El' the value of about 4107 keV for the
"diagonalized" i1~ state in the two-dimensional basis discussed above.
The same treatment'for the member with I = 10, gives a lowest "diago-
nalized" excitation energy of about 4509 kev.

Since there were not any experimental counterparts observed for the
members with I = 7,8 and 9, and since their "diagonalization® would in-
volve solving determinant eguation of third degree(for 1 = 8 and 9,
since they can be formed from 1'= 10, I*= 8 and I'™= 6) and fourth de-
gree(for | = 7, since it can be formed from [*= 10, I"= 8, I'"= 6 and
I' = 4), it was deemed unnecessary to get involved im such complicated
algebra. Therefore, Fig. 6.2.1 depicts the *diagonalized” members with
1 = 10 and 11, as well as the I « 12 and 13 members, which needed no
diagonalization since they can only come from I'a 10. As an example,

for I = 9, one would have to diagonalize the following matrix:



/
" Ejg * B3 * 8E10,10 €10,8 %€10,6
55,10 Eg *E3 *8Eg g sEg g
$Eg 10 8Eg.8 Eg * B3 + ¢Eg g

where, as we saw in the cases before, the off-diagonal elements which
are symmetrical with respect to the diagonal are equal. In an analo-
gous way, the 4 X 4 matrix correspcnding to the I = 7 case can easily
be found. It can be seen that all products involving off-diagonal ele-
ments from a matrix such as the one above, are considerably smaller
than the product of the diagonal elements. For example, for the cases
1 = 8 and 9, the smallest value for E; is, without making a large
error, E6 + E3 + ‘EG,S' where °E6.6 can be calculated from
Table 6.2.1(a), giving E]‘s of = 4782 and 4518 keV, respectively.
In the same manner, one gets EI = 4123 keV for the 7~ member.

In the present experiment, it was found(in agreement with Haas
et al, 1981 and Julin et al, 1982(p.78)) that there exist a 1061.1
keV stretched E1 transition de-exciting from the 3980.2 keV 117
level to the 2919.1 kev 10" level and a 495.8 keV stretched Ml
transition de-exciting from the 4476.0 keV 12~ level to the 3980.2
kev 117 level. In addition, it was tentatively found that a 193Z.1
keV stretched E3 transition(E2 is equally plausible; see section 5.1)
de-excites from th. 4851.2 keV 13 level, also to the same 10*
level. It seems that these three transitions may be members{so far,
the only ones) of such a "“51/2)10 X 3~ coupling. The

arguments in their favor are their all de-exciting to the 2919.1 keV
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10* 1evel (on which the considered A = 3 vibrations are buflt) and
the marginal agreement for their erergy splitting between theory and
experiment: 590 and 528 vs. 375 and 496 keV, respectively.

The different shifting of the ('hgllz)l' X 37 mulitiplet
states in energy, is entirely an angular momentum recoupling problem
in the present case, where the Pauli interference between the h11I2
nature of the collective 3~ vibration and the h11/2 proton out-
side the core, is strongly manifested. A1l energy shifts involve the
same matrix element (6.2.10), differing only in the 9-j coefficients,
i.e. in the way T‘(- TTIZ + TilZ).f? and T couple for a total T .
The 137 component is pushed up rather high above the unperturbed
37 state built or the 10" level, because of the Pauli blocking,
which is stronger in 1480], with two hlll? protons(maximally
aligned) outside the 145&d core, than in the case of 147Tb. which
only has one such h11I2 proton. This is shown by the blocking
factor, Bp= 0.85{see Table 6.2.1 for I' = 10 and I = 13), consi~
derably higher than the corresponding highest BF' 0.58 for 147Tb
(for I = 17/2).

In conclusion, it is possible that we have observed the three
highest-spin members of the ('“5112)10 X 37 coupling in
148Dy. Al three observed members above are yrast levels, and
comparison with theory is not unreasonable. The calculated energies
for the other members of this coupling(the I = 7, 8 and 9 not being
the diagonalized values, as discussed above)are also displayed in
Fig. 6.2.1, which also shows the corresponding Feynman diagram in the

case of 148Dy. The 3~ state below the 480 nsec 10+ isomer(see



Fig. 4.1.1) could be interpreted as the 3~ vibration built on the
('"fl/z)o’ . The excitation energy of 1687.5 keV of the 3~

level in 148Dy is higher than the 1579.3 keV value for the 3~
octupole excitation in 1466d. fact which could be interpreted as
due to the Pauli blocking. The BF factor for this case(see Table
6.2.1) is 2/12, (considerably smaller than for the I' = 10 case,
since the two hll/Z protons have their spins anti-parallel here),
which states that two of the twelve h11/2 protons are present in
the 0% ground state of 18Dy, The calculated shift, 6f = +142.6
keV compares with the experimental E3-(1480y) - E3-(146Gd) -

108.2 keV value. The experimental value above is smaller than the one

predicted, possibly because the valence proton pair in 1480y

partially occupies the S1r2 and the d3/2 orbitals too. This means

less involvement of the proton pair in the h11I2 orbital, resulting

in a less strong Pauli blocking, which means a smaller shift from the

unperturbed E3-(1466d) value.
Fig. 6.2.1 also shows, on the right side, the 10", 14~ and

16~ states of "maximal weight™ given by the deformed independent

particle model (DIPM)(Dgssing, private communication, 1984), of which

the experimental levels connected might be components. The single-
particle configurations are given on the right of the DIPM levels,
and one can see that the 16~ level has the same configuration as
the members of the (;h%llz)l.x 3" coupling. However, the
latter(ranging in spin from 7 through 13) have a more collective
nature than the former, which is pure single-particle. This is so,

because the 1480y calculations use the experimental matrix element
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from 147Tb. which fairly probably involves an octupole vibration of
the 146Gd core. However, the existence of a predominant component
of the 3™ state might seem to make this state not highly collective.
In contrast, in 2°BPb, the 3~ state cai be expressed by a
combination of many particle-hole configurations, none of which is
predominant, which is to be expected for a highly collective state.
However, the 3™ collectivities in 14éGd and 208Pb are very
similar, the experimental B(E3)'s being about 37 and 32 W.u.,
respectively(lunardi et al, 1984 and Hamamoto, 1974, respectively).
According to the results in section 5.2, the 1932.1 keV E3 transition
has an upper limit on its mean)ife(like the other transitions above
the 10" level) of about 5 nsec, which translates into a half-life
of 3.5 nsec. Fig. 5.2.15 gives a half-life of 9 nsec for a 1932 keV E3
single-particle transition. Thus, not much collectivity is needed to
make the experimental information about the lifatime of the 1932.1 keVv
transition match with the possibility that this transition can be an
£3 .

Next section deals with the DIPM. The comparison to experiment

is extended beyond the 16~ level.

203



6.3 The Use of the Deformed Independent Particle Model

(DIPM) for the levels Not Explained in Previous

Section

This model attempts to describe "non-rotating” stationary states
(in the vicinity of 146Gd)of *maximal weight® in terms of some mean
static field. The corresponding single-particle density, as well as
an appropriate static mean field are symmetric with respect to that
quantization axis. Description in terms of a mean static field are
sometimes common for aligned shell model states. However, any
realistic description{Neergard, 1983) of a non-rotating nucleus(such
as 148Dy) must always consider strong two-body correlations induced
by nucleon interactions in mutually reversed time orbits.

The version of the DIPM used here replaces the self-consistent
determination of the mean field by a phenomenological single-particle
potential and a Strutinsky renormalization procedure(Dgssing et al,
1980 and Neergard, 1983). The theoretical formulation of the DIPM ver-
sion used here has been done in detail in literature(see references
above)} and only the very basic ideas will be presented here.

The DIPM states are defined to have maximal magnetic quantum

number along the symmetry axis, i.e.
1eMecTnala s, -Tn (6.3.1)
3 i%% %y s i

where m, is thé projection of the single-particle spin j; on the
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symmetry axis, az and a; are the single-particle creation and
annihilation operators, respectively, and S is the set of all
single-particle labels. Such states are called states of "maximal
weight”, While I increases, more and more pairs must be broken in
order to satisfy (6.3.1) with the available orbitals. This increases
the number of possibilities for the respective quasi-particles to
combine their spins into stretched configurations. Thus, in the high
spin regions of non-rotating nuclei especially, it

is expected that aligned(or nearly so) configurations will dominate
the yrast lines, because of the high angular momenta involved in
these configurations.

Configurations responsible for such maximal weight states are
obtained by successively promoting particles from the core(thereby
creating holes) such that the least amount of energy is expended for
the corresponding spin achieved. This is so since these states must
primarily explain yrast levels. For example, after the ('hillz)
excitations exhaust the available spin(0,2,4,6,8 and 10), the least
excitation able to increase the spin over 10# is the one obtained by
elevating a dSlZ proton into the hllIZ orbital across the Z = 64
gap. This configuration, 'dg}2h11!2' has a pure
single-particle nature, with a maximum total spin of 8 and a minimum
of 3. It is aiso{as we saw in section §.2)the most predominant
component of the collective 3~ octupole vibration of the 1466d
core.

The experimental levels 37,5 and 7~ could be interpreted as

component states of the maximally aligned ('d;}znlllz)a'



configuration. However, the previous section presented an interpre-
tation for the 3™ level, while the 57 and 7~ levels might have

the single-particle configurations ('"11/251/2)5- and
(wh11/2d3/2)7'. respectively, since, as discussed in the

previous section, the valance proton pair partially occupies the
$1/2 and d3/2 orbitals.

The maximum spin that each such DIPM single-particle
configuration has can be determined by the usual rule governing the
angular momentum addition for configurations jN, with N> 2 : The
number of permissible states of M(where M '2;: mi) in the m-scheme
is the number of all possible sets of N half-integers, m s
Myyeeeey Mys such that no two mi's are the same and provided
two sets obtainable from each other by permutations are identical.
For example, Fig.6.2.1 shows the configuration for the 16~ maximal
weight state to be 'dg}2h§1/2' The maximum M one can get
from (11/2)3 is u1/2 +9/2 +7/2 = 27/2, which added onto the
maximum 5/2 gives a maximum spin of 16 for that siate. The configu-
ration h§1/2 cannot have all half-integer spins allowed(see de-
Shalit(1974), chapter 1V). However, inclusion of d;}z can
easily be seen to make all integer-spin(0 through 16)states as
possible components of the 16~ maximal weight state with the

single-particle configuration above.

The energy of such a maximal weight configuration was taken to be:

E'<H>'Y'EStr.+ELD'

{6.3.2)
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which was minimized with respect to the matrix elements between
time-reversed states of the neutron and proton single-particle
Hamiltonian, and also with respect to 8, the shape parameter of the
single-particle potential. Thus, the DIPM states obtained in this

way have the lowest energy for the respective single-particle con-
figuration. This must be true, since the largest overlap among nucleon
wave functions occurs when the respective m’s are paraliel or anti-
parallel. The anti-parallel m-alignment, “owever, gives states of con-
siderably higher energy and lower spin, and, hence, not of interest
here.- H represents the single-particle plus pairing Hamiltonian,

while 'V’is the wave function of the stationary state of independent
quasi-particles in some single-particle and pair field. The other two
terms in (6.3.2) are the Strutinsky smooth sum of the energies of the
lowest N(this case 82) neutron and Z(this case 66) proton states and
the sum of the surface and Coulomb energies of a liquid drop with the
shape of the single-particle potential, respectively.

Fig. 6.3.1 shows the single-particle energies vs. g(for neutrons
only), and from such a plot one can find the energies of the single-
particle orbitals for the corresponding 8, responsible for the various
configurations. This energy term would be the first one in (6.3.3) be-
low, which gives the exact expression for the single-particle Hamilto-
nian, including pairing(for detailed treatment see Dassing et al,

(1980) and Neergard(1983)):

h = eggn (Ngp s32my) +] fu= & JEhb, + 1/2) (6.3.3)
koxy,2 t

207



208

4.

Q

Y]

-a2

Fig. 6.3.1



209
whare N 2:::pkbk' us oy qll3 m s w%Q 2/33
and & - (41MeV/A1I3)[1 (tmtIB)(N - 2}/A], where q is the
ratio of the distance between poles to the aguator diameter which
enters in 8(g = (16:/5)112(q -~ 1}/(q + 2)) and the isospin z-com~
ponent my = 1/2 for neutrons and -1/2 for protons. A particular

choice for e h would be the Nilsson Hamiltonian. The important or-

sph.
bitals taken ?nto the DIPM calculations are 19712, ZdSIZ’
1h11/2' 351,2 and 2d312 for the protons and 1h11/2' 351/2,
2d3/2, 2f7/2, 1"9/2 and 1i13’.2 for the neutrons{see Fig.
6.0.0}). I refer to the appropriate literature(Dsssing et al, 1980) as
to how the detailed calculations of the enrgies of such ortitals were
made, since this goes beyond the scope of the present work.

Fig. 6.3.2 depicts a plot of the experimental energies vs.
I1{I1 +1) for 1""BDy(ﬁ-om the present work), from which an averagz of
the (27{5"3 : 95.7 Mev~! was oLtained as the inverse of the average
of the three slopes indicated on the plot. Each one of these slopes
was oblained from a linear regression done for a group of level
energies vs, I{1 + 1), lying as close as possible to a straight line.
For each of the slopes ubta1ned only yrast levels were conSidered.
The average value of (2—11"’ over the whole range of exparimental
spins does reach the spherical rigid-body value (2557; ) = 107.5
Hev'l(obtained from the relations in chapter 1, p.9}, wut not the
1iquid drop value of 122-140 Mev‘l(see Dgssing et al(1980). Using
the expression for the moment of inertia for an oblate shape spinning

with respect to its symmetry axis(see (1.0.6), with j%réiven above,

one gets g8 = -0,18.
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Fig. 6.2.1 shows the 10", 14” and 16~ levels given from
DIPM plotted on the same diagram with the two-particle-octupole
coupling levels. This was done because the experimental levels
147(both), 15~ and 16~ are involved in the two-particle-
octupole coupling picture: the 5521 keV 14~ populates the octupole
coupling component 127, while the 5410 kev 147, 5772 keV 15~
and 5984 keV 16~ levels have been found to populate the highest
member (137) of the presumed octupole coupling(see Fig., 6.2.1), while
themselves being possible components of the DIPM 6333 keVv 16~
level. The 6263 keV 17 experimental level is probably a compo-
nent of the DIPM 17~ state, and they are both shown in Fig. 6.3.3
This figure also shows DIPM calculations through the 26" maximal
weight state(Dgssing, 1984, private communication). Connections are
made to various experimental levels, as close in energy as possible
to theoretical values, deemed as possible components of the indicated

DIPM configurations.
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Appendix

A schematic diagram of the electronics set-up used in the data
acquisition is shown in Fig. A.1 . The fast outputs from all 12 Ge's
were timed within about 1 nsec(with the help of a multichannel ana-
1yzer) in their arrival at the inputs of the constant-fraction
diseriminators(C.F.D.)(after being properly differentiated and inte-
grated by the time-to-filter amplifiers(T.F.A.)). The signals from the
six phototubes of a BGO element were "mixed" at the pre-amplifier(see
Fig. A.1) and run through C.F.D. before being sent to the anti-coinci~
dence units, where the overlapping of their pulse(about 150 nsec long)
with the fast Ge pulse prevented the anti-coincidence unit from pro-
viding an output. Thus, only Ge pulses not arriving at the same time
(within about 150 nsec) with BGO-element pulses went on through the
anti-coincidence unit(see Fig. A.1) to the "OR™ and the "Multiplicity
logic”™ units. The time-to-amplitude converters(T.A.C.) {ORTEC-made)
had their ranges set at 100 nsecs. The output of the *OR* box{a
FAN-IN/FAN-OUT, ORTEC-made) provided the stop of the Ge - Ge TAC.

Had the "OR" started the GE - Ge TAC, it would have introduced
considerable error in the start of the TAC, since it fired all the
time. The "Multiplicity logic Unit™, to which all the 12 non-coin-
cident with-the-BGO-element Ge's had their fast outputs inputted, was
set on > 1(f.e. it fired if at least two inputs were present) and
started both the Ge - Ge and the RF - Ge TAC's(the latter being

stopoed by the arrival of the RF).
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Fig. A.1

MITER GATE

v} pamaneTERS §-11

nuti-

™Aeng] PLEsER

EVENT(1y mmm! .!m' l

3

(T4t el 0 ven "

(51

(12l orrivs Wn)

& Mpr Sreen wcaven
W VRS 1§ ST

474



215

The output of the "Multiplicity logic Unit" was essentially the
Master Gate(MG), since no event was written on tape unless at least
at least two Ge's fired. Using a fast oscilloscope(capable of trig-
gering on signals at least as fast as 5 nsec) it was arranged that
the MG overlap the slow outputs of all the 12 Ge's as well as the
outputs out of the delay-mixer-gates (D.M.G.), out of which the two
TAC's were directed to the multiplexer, where all the parameters
making up a typical event were collected in order to be sent to the
ModComp computer to be written on tape.

The sorting of the data acquired as described above, was made
with the help of the “EVAS" programs(see Belshe, 1984), of which two
examples are shown on the last pages of the appendix. The first was
used to sort "all the Ge's"(in order to construct the level scheme)
whiie the second was used in the “angular correlation® sorting, where
only the Ge's in the backward direction and those at 90° with respect
to the beam axis were used. The variables "TAC1" and "TAC2" refer to
the Ge - Ge and RF - Ge TAC's, respectively, while the gates "SM1",
“SM2" and *SM3" refer to the gates 1, 2 and 3, respectively placed on
the RF - Ge TAC(see chapters 3 and 5).

The sorting lai.guage is simple enough that one can follow the
sorting algorithms without further explanation. The sorting programs
shown corrected the Ge calibration for the “zero-offset™ by adding or
subtracting from the channel number written on tape{which was a
number from zero to 4095) for each Ge, the ratfo of the zero-offset
to the gain of the respective Ge{represented by the “DATA OFFSET“'s

in the sorting programs(see the last pages of the Appendix). This
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point can be easily seen from Fig. A.2(a), which graphically shows
the relation between the energy of the y-ray detected by the detector
in question and the channel number where that pulse height was
storeu. In the example in Fig. A.2(a), one can easily see that the
ratio of the magnitude of the zero-offset to the gain needs to be
subtracted from each channel value in order to make the EY vS.
channel 1ine pass through the origin.

The average gain of all 12 Ge's was found to be Ev' 1.199*Chan-
nel + 0.0(for 2048-channel Ge spectra), from 152Eu calibration
performed at the end of the run. Fig. A2(b) illustrates the accuracy
of the calibration: The ordinate represents EY(run) - E:(kev).
while the abscissa represents EY(keV); EY(run) represents the cen-
troids(in keV) of the 152Eu points, obtained with the above calibra-
tion, whiie E: represents the 1525u y-ray energies according to
Lederer et al(1978).(The 1525u y-ray energies used are: 121.8,

244.7, 344.3, 411.1, 444.0, 488.5, 778.9, 867.4, 963.4, 1085.8,
1112.1, 1212.9, 1299.2 and 1408.0 keV.) The deviations of all EY's
> 121.8 keV from the accepted values are displayed.

In Fig. A.3 is shown an example of the use of the peak-curve-
fitting routine which can be used to find the net area(i.e. above the
background) under the y-ray peaks. This is achieved with the help of
the spectrum analysis *SUSIE"(Belshe, 1984). The cormand *7IT" fits
a curve of the shape A + Bx + Cexp[-(x - D)ZIE] + up to two more
such gaussians(A, B, C, D, E, etc. are constants) to the region which
the user marks with the help of screen cursors: two marks on the left

and right of the peak(s) to be fitted{for the linear background, A +
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+ Bx), plus one{or two, or three) mark(s) denoting the approximate

region where the centroid(s) of the peaks are located.
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EVAS Sortimg Program for A1l Detectors Coincidences -

EVA SE:

VDNNIAL WA -

e e T e e s e e e e T e e o e e e v G = . -~ ——— - - - oa ]

COMPILATION OF X19D83 14:55:59 ?/87/84

*90 NIODYS  evtecerde
eoe TWD DIMENSIONAL X=GE YeGE PROGRAM FOR CORRELATIONS e
& P9 JUL84 SORT FOR 3 TAC SLICES TAPE 3

sesene

FORMAT TAG 1 D 3

FORMAT ADC 1 4 12

GD

FORMAT GADC 1 4 14
SPEC SNG1(12) 2848 2
SPEC STACG 512 2

" SPEC STACR S12 2

DSPELC GEMI 2848 2848 !
DSPEC GEM2 2848 2049 |

DATA OFFSETI -4

DATA
DATA
pATA
DATA
DATA
DATA
DATA
DATA
pATA
DATA
DATA
GATE
GATE
GATE
GATE
RVAR
RVAR
IVAR
VAR
IVAR
AR
IVAR
VAR
1VAR
IVAR
IVAR
1VAR
VAR

OFFSET2
OFFSET3
OFFSETA4
OFFSETS
OFFSETE
OFFSET?
OFFSETE
OFFSETS

OFFSETI8 -45

+3

=24
-31
~11
-15
-16
-8

-16

OFFSET11 -8

OFFSET12 +79

SM1 166

300

St 58 120

SM2 398

459

WG 9 2047

RAN
REA

1

N

c
HNGEL
GEL1C12)
TARC1
TRC2
JGEL
LGEL
KGEL
EVSIZE

SET NGEL=B
SET N=!
GET C TRG(N)

ADD 1

STa C

1F

- ——

LE 12

® READ GE°S
4

" DSPEC GEM3 2848 2048 1
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-
~

o m

e = o = o e e v e PV P f = mm e em P ) e e e e e e PV

t
t LDN MGTL
f IF CE 12

- - . - = - . —
-

'GOTO FINI

FETCH GADC(N)
RALD OFFSETI(C)

1 IF NOT G

GOTG SKIP

STEP NGEL.1
STA GEL 1 (NGEL)
INC SNGIC(C)

STEP N. 1
GET C TRG(N)
ADD 1

STA C

IF LE 12

REPEAT

EAD TACS
1IF E0 13

FETCH TAC1 ADC(N)
INC STACG

STEP N.1

GET € TAG(N)

ADD 1

STA €

IF ED 14

FETCH TAC2 RDCI(N)
INC STACR
STEP N.1

CRERTE 2D SPECTRA
FOR JGEL 1 NGEL

f LDA GEL1{JGEL)

t CAX

t LDA JGEL

{ ADD 1

t STR LGEL

[ S

I | IF LGEL GT MGEL
I | GOTO FINI

!
!
!
|

1

FOR KGEL LGEL NGEL
L

I LDA GEL1(KGEL)

222



223

107
188
189
116
111
112

]
!
! 1F TAC2 SM1
t
!
i
13 |
|
!
]
]
!
!

INC GEM1
1X¢
INC GEM)

114
115
116
11?7
118
119
120 |
121 |
122 1
123 |
124 1
125 i
!
]
I
!
!
i

!
i
t
|
]
I
1
!
I
|
)
f
I

——— - — = = -

I
|
1
]
1
1
I

126

. 127
128
129
139
131
132 @
133 i
134 ]
135 t
136 |
I

|

}

!

F v = - - ——

d = e e e e - o . = —— - ———— —
-

1
I
!
]
|
FINI

! .

] IF TAG(H) EQ 1S

"SET EVSIZEeN

GOTO END °
ELSE . .
STEP N. 1
REPERT

!

|

137 )
138 i
139 I
148 !
N

]

[P R E— Y

141 tEND
142 !
e
COMPILATION COMPLETED 14:56:12

PROGRAM SI2E + 322 OF |, 10088
SYMBOLS USED 60 QF = - 5B

SPELC DESCRIPTORS PL? OF 209
EXTENDED MEMDRY 247936 OF 253952

2-D SPECTRA 12583049 LIORDS 3074 TRACKS
2-D GATES 8 OF 20



EVAS Sorting Program for Angular Correlations

EVA 5E:

WANOUVD WA -

COMPILATION OF H9DYB22L

358 H1SDYB22ARSrEtases

*4d TUO DIMENSIONAL X=GE YeGE PROGRAM FOR CORRELATIONS ewe
& 839 JULB4 SORT FOR 3 TRC SLICES TAPE 22R ANG CORREL
seveses

Lot GD
FORMAT TRG 1

FORMAT ADC 1 4 12
FORMAT GADC 1 4 14
SPEC SNG1(12) 2848 2

83

SPEC STACG 512 2

SPEL STACR 51

DSPEC GEAC1 2048 2048 1
DSPEC GERD 2048 2848 1
DSPEC GEA9D 2243 2048 1

DATA DFFSET1
DATA OFFSET2
DATA OFFSET3
DATA OFFSET4
DATA OFFSETS
DATA OFFSETE
DATA DFFSET?
DATA DFFSETB
DATA OFFSET9

DATA OFFSET18 ~45

DATA DFFSETI1H

DATA OFFSET1Z +31

22

-4
+3
~24
-3a
-13
-14
=15
-7
+}

GATE SM1 229 292
GATE KX1 1 7
GATE KY1 6 12
GRTE KY2 7 9
GRTE WG 8 2847
RVAR RAN

RVAR RER

IVAR 1

IVAR N

IVAR €

IVAR NGEL

IVAR GEL1C12)
IVAR JETIC12)
IVAR TPC1
IVAR TRC2
IVAR JGEL
IVAR LGEL
IVAR KGEL
IVAR EVSIZE
SET NGEL =B
SET N=1

GET C TRG(N)
ADD 1

STA C

4

| IF LE 12

23:89:4S

972884

224



K o e v o = . s o o s

225

READ GE’S

3

1 LDAR NGEL

{ IF GE 12

t  GODTO FINI
h]

FETCH GADC(N)
RDD OFFSETLI(C)
4

{ IF NOT G

| GOTO SKIP

h]

STEP NGEL.1
STA GEL 1(NGEL)
INC SHGI(C)
LDA C

STA JETI(HGEL)

e — — e g

STEF N. |

GET C TRG(N)

ADD 1

STA C

IF LE 12
REPEAT

go T

ERD TACS

IF EQ 13
FETCH TAC1 ADCIND
INC STACG
STEP N. 1
GET C TAG(N)
ADD 1
STR C

1F EQ 14
FETCH TRC2 ADCINY
ADD |
STA TAC2
INC STRCR
STEP N.1

CRERTE 2D SPECTRA

IF TAC2 SM1
FOR JGEL 1 NGEL
L

1 IF JETI(JGEL) KX1

! IF JETIC(JGEL) NE 2

{ IF JETICJGEL) NE S

! IF JET1(JGEL) NE 6
' LDAR GEL1(JGEL)

e e e e PV P e e PV g em e = o - P
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125
126

128
129
138
131
132
133
134
135
136
137
138
139
148
141
142
143
144
145
146
147
148
149
158
151
152
153
154
155
156
157
158
159
160

o e o o o e v v e e o n o o e v v v PV L am e e e e e e e e o e —— - - - - - — o =

| IF LGEL GT NGEL
! GOTO FINI

]

FOR KGEL LGEL NGEL

L
IF JETI(KGEL) KX1
IF JETI(KGEL) NE 2
IF JETI(KGEL) NE S
IF JETI(KGEL) NE 6
LDA GEL 1(KGEL)
CAY

|

!

{

{

{

|

1 L

1 | INC GER®

1 1 IxXy

! | INC GER®

! tIXY

t 3

1

1IF JET1(KGEL) KY1

IF JETI(KGEL) NOT KY2
LDA GEL1(KGEL)
CRY

4
I IF TAC2 SM1
| INC GEAC1
b

il = = = e o o e o o o v - i e o

NEXT KGEL

IF JET1(JGEL) KY1
IF JET1(JGEL) NOT KY2

LDA
CAX
LDA
ADD
STR
t

GEL 1¢JGEL)

JGEL
1
LGEL

| IF LGEL GT NGEL

!

1

FOR
L

GOTD FINI
KGEL LGEL MNGEL

IF JET1(KGEL) KY1
IF JET1(KGEL) NOT Kv2
LDA GEL ! (KGEL?
CRY
INC GERSB
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161
162
163
164
165
166
167
168
169
178
171
172
17
175
176 |

i

| | Ixy
I 1 INC GERSO®
! ! XY
! b
{ NEXT KGEL

]
NEXT JGEL

" - e i e e v -

!
!
!
1
i
i
]
|
1

FINI

t
I IF TAG(N) EQ 1S
| SET EVSIZE-N
1  GOTD END

! ELSE

! STEP N.}

| REPERT

END

3 -

1
!
!
]
]
!
!
]
!
1
!
1
d
]
!
!
1

O ILATION COMRLPTED. 23:10915%
OGRAM SIZE 522 OF ‘18009
OLS USED 73 OF Seo
EC DESCRIPTORS 17 OF 208
NDED MEMORY 247936 OF 253952
&D SPECTRA 125685088 WORDS 1537 TRACKS
2-D GATES 8 OF 20
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Figure Captions

Chapter 1:

Fig. 1.1{p.2): Angular momenta as a function of the mass number
A, where the fission barrier vanishes({according to the 1iquid-drop mo-
del) and where it is about B MeV, 2re shown by the solid and the
dashed 1ines, respectively. The dotted 1ine represents an estimate of
the boundary between paftic1e evaporation and y-ray emission{above and
below, repsectively). See text for explanation.

Fig. 1.2(p.5): The decay modes of excitation for the reaction
indicated. Neutron emissions are indicated by the long arrows, while
the short arrows represent the emitted y-rays.

Fig. 1.3(p.5): Typical y-ray de-excitation paths the nucleus
undertakes to the ground state. See text for explanation.

Fig. 1.4(p.5): The left side of the figure shows the lowest
order approximations to the rigid-body moments of inertia for
prolate(P) and oblate(0) shapes rotating parallel(}|) or
perpendicular(Ll ) to the symmetry axis. The right side displays the
corresponding energy trajectories for 8 = 0.3 and A = 160.

Fig. 1.5(p.11): Plots of twice the moment of inertia(top), total
spin(middle) and the aligned spin{bottom) vs. the rotational fre-
quency fiw = EYIZ. for the yrast states in 158Er(see Burde et al
(1982)for details). The left side of the figure shows the change in
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how 158 generates its angular momentum, from the collectively
rotating prolate shape spinning with respect to an axis perpendicular
to its symmetry axis(for states.z+ through 8+) to the situa-
tion where pairs of high-j nucleons break up and atign their
angular momenta along the rotationa) axis. In the latter case, if the
x-axis is the axis of rotation, then I.=R + j , not just R, as
in the former case.

Fig. 1.6(p.14): It })lustrates the other extreme way(from the
collective rotation) for the nucleus to generate angular momentum,

namely by single-particle angular momentum alignment.

Chapter 2:

Fig. 2.2.1(a)(p.19): A photograph of the 12 Compton-suppressed

Ge modules surrounding the target in the small chamber. One can see
the three rings(with 4 Ge's each), below, above and in the same
horizontal plane with the beam-1ine leading to the target chamber.
The beam-1ine can be seen passing through the two middle modules in
the horizontal plane. The Ge detectors themselves cannot be seen
because they are inside the BGQ shields, but one can see the
liquid-nitrogen dewars and BGO pre-amps.

Fig. 2.2.1(b){p.19): Diagram of a BGO Compton-suppression

shield, showing a.5 X 5 ¢m Ge detector inside(illustrating the
Compton-scattering of an incident y-ray) and two of the six
photo-mul tiplier tubes(which are meant to register the

Compton-scattered y'-ray which will be used in the anti-coincidence)
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on the back surface. Also shown, is a Nal “cap” on the front
taper. (See Diamond(1984)for details about the BGD shield design.)
Fig. 2.2.1(c)(p.20): The Ge detector angular positions: e is the

angle subtended by the Ge in the x-z plane and ranges between 0° and
360°; # is the angle subtended by the vector connecting the
origin(i.e. the target) to the Ge and the x-z plane(just 1ike
jndicated in the figure) and ranges between 0° and 360" ; % and

ip are the usual polar angles(measured as indicated in the figure)
and ranging from 0" to 180" and from 0° to 360", respectively. The
angles o and ¢ were measured from the experimental set-up(see Fig.

2.2.1(a)). e angles o_ and dp were calculated ta the following

easily deriveable expre:sions: ep- arccos (cose cosé), for all e's
between 0° and 360° and ép-{é: and i} 2 arcsin[sind/cos(ep_

90°)], for e ranging bétueen 0° and 180°, and for e ranging between
" 180" and 360°, respectiveiy. One can derive the above expressions
easily with the help of the cube (drawn in dashed 1ines) in the
figure.

Fig. 2.3.1(p.26}: In order to illustrate the considerable
improvement that Compton suppression brings to the peak-to-total
ratio(P/T), two 60Co spectra are shown: both taken by a 20 percent
Ge detector, only one with the bare Ge, while the other with the
Compton-suppresses Ge (normalized to the same full-energy peak
heights). In the former spectrum, one can see the Compton edges quite
pronouncedly, appearing just in the region where one wants to have a

low background. (See Diamond(1984)for details which go beyond the

scope of the present work.)
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Chapter 3:

Fig. 3.1.1(p.36): A "bird's eye” view of a parcel of a

two-dimensional coincidence matrix{the axes being in channels) as a
typical example of the data sorting. The coincidence matrix was
obtained in coincidence with the RF - Ge TAC gate 1(see Fig. 5.2.2).
The tall peaks in the lower left corner are due to the Pb X-rays(see
Fig. 3.3.2).

Fig. 3.3.1(p.44): A window in the full projection(a
one-dimensional spectrum) of the prompt two-dimensional coincidence
matrix. It is shown as an example as o how gates were on the
foreground plus background and on the background in the right(R) and
left(L) regions of the peak of interest.

Fig. 3.3.2(p.45): Full projection(i.e. the collapse of all the
rows on the x-axis, or equivalently, since the matrix has been
symmetrized, the collapse of all the columns on the y-axis) of the
two-dimensional coincidence matrix for the “prompt* RF - Ge TAC
gate(gate 1 in Fig. 5.2.2). Due to the matrix symmetrization, number
of counts in this spectrum is twice the number of counts taken during
the run(this 1s true for all gated spectra obtained from such
two-dimensional matrices, except for the spectra derived from the
(0°, 90°) matrix, where no symmetrization was made, naturally(see
chapter 5)}. The y-ray transition energies above the peaks refer to
laany which represents the 4n channel of the reaction 40Ar +

+112Cd > lszoy'. The three y-ray transition energies marked



with * refer to three more intense transitions below the 480 nsec
isomer in laany. A1 the other energies refer to transitions above
that isomer. The peaks marked "X-rays” refer to the = 75 keV K“l %=
ray and the = 85 and 87 keV x-rays(Ks'1 and Ka'z, respectively) in
2oan(backing the 112¢q target)(see lederer et al, 1978). The

Tower case letters indicate various impurities present, aSAfol1ows(the
reaction channel is indicated in parantheses): a : 149Dy(3n); b
145Gd(u3n); c: 146Gd(aZn); d: 148Gd(u); e: 147Tb(p4n) and

f: 148Tb(p3n). Level schemes for the impurities present can be
found in the literature, as follows: 14QDy(Ju'Iin et al, 1982),
14564 (Kownacki et al, 1974),1%6Gd(Broda et a1, 1982(p.389)),
1484 ( unardi et a1, 1984) and 14721481 (groda et al, 1982(p.397))

147Dy(Sn) were

It appears that none of the known transitions in
strongly enough populated to be observed. See Nolte et al({1982) and
Daly(1984) for the 147Dy level scheme and how it was constructed.

Fig. 3.3.3(p.47): Same full projection as in Fig. 3.3.2, only
for the “delayed™ RF - Ge TAC gate{gate 3 in Fig. 5.2.2). The first
four more intense transitions above the 4B0 nsec isomer are indicated
with *. The other indicated energies refer to the transitions below
that isomer, The small-case letters have the same meaning as in Fig.
3.3.2.

Fig. 3.4.1(p.50): Plots of the efficiency(for the four Ge's
indicated) vs. Ev as obtained from a 152y source(filled
circles). The point at 121.8 keV was not used in obtaining the
efficiency above 160 kev. The triangles were obtained with a 1338a

source, to get the efficiency below 160 keV.
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1'The 10910 of the number of counts in those plots is the came as
)ogloc, because the number oF counts were corrected for y-ray
branching(for 1525u they were normz2lized to the 121.8 keY
transition; for 1338a, see taxt). See lederer et al(1978) for the
y-ray energies and their hranching ratios for 152Eu and 133Ba.

Fig. 3.4.1(a){p.52): The 152, points, obtained under

identical experimental conditions as the 13385 points, but
different than for Fig. 3.4.1, are shown. The symbol 4 has the same
meaning as in Fig. 3.4.1 .;1,9¢5, etc refer to the Ge's involved.

Fig, 3.4.2(p.53): Plot of the Ge relative efficiency vs E,
used in obtaining relative transition intensities. The curve turns
downward below about 160 keV, because the Sn and Ag absorbers backed
by Cu in front of the Ge's absorbed most of the low-energy y-rays.(Sn
or Ag can absorbe most of of the y-rays below about 100 keV and Cu
can absorb the low-energy X-rays given off by Sn or Ag.(The X-rays
given off by Cu are tou Yow in energy to worry about(see lederer et
al, 1978).)

Fig. 3.5.1(p.56): A window of the spectrum in coincidence with
the 1061.1 keY transition(above the 480 nsec isomer), uncorrected for
efficiency or electron conversion, showing the 495.8 keV peak, as an
example of how the errors in the transition intensities were
calculated(see text).

Fig. 3.5.2(p.52}: Plot of the total conversion coefficient,
aT(being the sum of og» @y and oy, oObtained from Hager and
Seltzer(1968)) vs. the transition energy, 8E;¢, for 7 = 66, for the

multipolarities and electromagnetic character fndicated.



Chapter 4:

Fig. 4.1.1(p.64): The level scheme of 1480y from the present
work.

Fig. 4.1.2(p.66): The spectrum in coincidence with the 1061.1
kaV transition, after proper subtraction of spectra in coincidence
with appropriate backgrounds(see chapter 3), for the *prompt* RF - Ge
TAC gate(gate 1 in Fig. 5.2.2). The spectrum shown has not been
manipulated in any way(except for the background subtraction). The
absence of the 1061.1 keV transition(on which the gating is made) is
indicated.

Fig. 4.1.3(p.75): The spectrum in coincidence with the 1170.5 keVv
transition, obtained in the same way as Fig. 4.1.2 .

Fig. 4.1.4(p.76): The spectrum in coincidence with the 1172.7
keV transition, obtained in the same way as Fig. 4.1.2 . One can see
that the 535.1 and 637.6 keV transitions are considerably reduced in
intensity, compared to Fig. 4.1.3, thus supporting the claim that
they are both crossed by the 1172.7 keV transition.

Fig., 4.1.5(p.77): The spectrum in coincidence with the 720.0 keV
transition, obtained in the same way as Fig. 4.1.2 .

Fig. 4.1.6{p.79): The spectrum in coincidence with the 491.0 keV
transition, obtained in the same way as Fig. 4.1.2 . The lower—case
letters refer to the same impurities as in Fig, 3.3.2 .

Figs. 4.1,7-4.1.8(p.83-84): Bar plots which illustrate the

variation of transition intensities as one proceeds upwards in spin

238



239

(indicated at the bottom of the corresponding transition intensity
bar)for the gates indicated. The heights of the bars represent the
appropriate transition 1ntensit{es, normalized such that the height
of the bar corresponding for the 495.8 keV transition is equal to the
number of counts under the peak of that transition in the correspon-
ding un-manipulated gated spectrum. The errors in the transition
intensities are indicated to the right of the corresponding bar. In
both figures, one can see the smooth decrease of the bar heights
above the gate, and the approximate equality of the bar heights below
the gate.

Fig. 4.3.1(p.105): The spectrum in coincidence with the 660.8
keV transition, obtained in the same way as Fig. 4.1.2, except that
the "delayed" RF - Ge TAC gate(gate 3 in Fig. 5.2.2) was used here.
The y-ray energies marked with * represent transitions above the 480

nsec isomer(see text).

Chapter 5:

Fig. 5.0.0(p.108): Diagram of the simplest angular correlation

experiment.

Fig. 5.1.1(p.109): A cascade involving two y-rays in rapid

sequence. Coupling of the three level spins involved in the cascade
shown. Distributions of m-states for a given level of spin Ii' from
which a2 given y-ray transition de-excites, and for the level of spin

I, populated by such a transition.

Fig. 5.2.1(p.152): A "bird's eye" view of a parcel of the
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two-dimensional spectrum RF - Ge TAC vs. Ev(of coincident y-rays).
Fig. 5.2.2{9.2532: Full projection of the two-dimensional matrix
RF - Ge TAC X ET on the TAC axis. It indicates the gates used in
the sorting of the data. The widths of the gates 1, 2, and 3 are(ap-
prox.): 11, 13 and 20 nsec, respectively. The calibration is about
0.18 nsec per channel{as is for all the other RF - Ge TAC spectra).
Fig. 5.2.3(p.154): The RF - Ge TAC spectrum for the 1061.1 keV
transition.
Figs. 5.2.4-5.2.7(p.156-159): The RF - Ge TAC spectra for the

763.4, 477.3, 882.5 and 327.2 keV transitions(all above the 480 nsec
isomer) plotted on the same plot with the RF - Ge TAC sectrum for the
1061.1 kev transition, respectively. The TAC spectra for each of the
four transitions above was normalized to the peak of the 1061.1 kev
TAC curve.

Fig. 5.2.8(p.161): The ratios of the FWHM's of the RF - Ge TAC's

of the transitions above the 4B0 nsec isomer to the FWHM of the

1061.1 keV RF - Ge TAC, plotted vs. EY.

Fig. 5.2.9(p.162): Plot of the same nature as in Fig. 5.2.8,

only for the pre-prompt half of the corresponding RF — Ge TAC's(see

text).
Fig. 5.2.10(p.164): The spectrum in coincidence with the 882.5

keVv transition, obtained for RF ~ Ge TAC gate 3(delayed)(see text

for discussion),

Fig. 5.2.11(p.168): Full projection of the two-dimensional

matrix Ge - Ge TAC X EY(of coincident y-rays) on the TAC axis.{Ca-

libration is about 0.20 nsec per channel. as is for all the Ge - Ge
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TAC spectra.)
Figs. 5.2.12-5.2.14(p.169-171): Plots of the Ge - Ge TAC's for

the 763.4, 477.3 and 882.5 keV transitions on the same plot with the
Ge - Ge TAC spectrum for the 462.7 keV transition(al1l in coincidence
with the 1061.1 keV transition}, respectively.{See text for their
construction).

Figs. 5.2.15-5.2.16(p.177-178): Plots of the half-lives of sin-

gle-particle electric and magnetic transitions vs, Ev' respectively.

(See Blatt and Weisskopf, 1979.)

Chapter 6:

Fig. 6.0.0(p.180[£ Central part of the spherical single-particle
spectrum{c¢ being the relative single-particle energy) used in the
DIPM calculations{see Dgssing et al, 1980).

Fig. 6.2.1(p.190): Comparison of theoretical calculations
involving the two-particle~octupole coupling, vs. experimental
values, for levels above the 480 nsec isomer. Also shown are
comparisons to the DIPM calculations for other experimental levels
through 167,

Fig. 6.3.1(p.208): Plot of neutron single-particle enegies vs.
the deformation parameter B{see Dgssing et al(1980)).

Fig. 6.3.2(p.210): Plot of level energies vs. I(I + 1), derived
from experiment.

Fig. 6.3.3!2.212!: Comparison of experimental level energies{con

the left) to calculated level energies according to the DIPM(on the
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right) for the rest of the levels not covered in Fig. 6.2.1 .

fppendix_:

Fig. A.1{p.214): Diagram of the electronics set-up used in the
data acquisition.

Fig. A.2(a)(p.217): Typical energy calibration plot of Ev vs.

channel for a Ge detector, 1lustrating the zero-offset correction

that must be made in the sorting of the data.

Fig. A.2(b)(p.218): Accuracy of the Ev calibration in terms of
deviations of experimental 152g, y~ray centroids(obtained according
to the calibration displayed on the figure)from the accepted values
(see lederer et al(1978)), plotted vs. the 152Eu y-ray energies.

Fig. A.3(p.219): Example of a Gaussian fitting of a peak with
the help of the program *"SUSIE(see Belshe, 1984).
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