NUCLEAR SPECTROSCOPIC STUDIES WITH LITHIUM~DRIFTED

GERMANIUM DETECTORS

A Thesis
Submittaed to
the Faculty of Graduate Studies

University of Manitoba

In Partial Fulfillment
of the Requirements for the Degree

DOCTOR OF PHILOSOPHY

by

\‘:‘ \'«:\‘
£

sty

Robert Allan Brown

April 1968




ABSTRACT
The gamma-ray spectrum of 134Cs has been studied with a
3.5 mm deep by 18 um diameter Ge(lLi) gamma-ray spectrometer.
The conversion line spectrum has also been studied with the high
resolution IIV2 B-ray spectrometer at C.R.M.L. and the K-conver-
sion coefficients of the transitions measured using a mixed source

134 137
of Cs and Cs., HNine transitions were seen in the decay of

134Cs. The present data are consistent with levels in 134Ba
at 0(0+), 604.6(2+), 1167.7(2+), 1400.4(4+), 1643.0(3+) and

1962.6 keV (4+). No evidence has been found for previously

reported levels at 1570 and 1773 keV.

High resolution Ge(Li) detectors have been used to study
the gamma-ray spectrum of 18,0 hr lngd. Eighteen transitions
were observed, two of which are reported here for the first
time. The previously reported complex nature of the 617 keV
transition has been examined and high resolution studies
revealed a doublet structure with energies 616.5%£0.3 and
617.720.2 keV and intensities of 2.3:0.6 x 10 % and
15,0%2.3 x 10—3% per disintegration respectively. Gamma-
gamma coincideﬁce experiments were performed with large volume
coaxial and thin window planar Ge(Li) detectors, using the
related address technique and on-line computers. These experi-
ments have established levels in 159Tb at 58.0, 137.5, 348.1,
363.3, 580.8, 617.7, 674.3 and 854.9 keV. All of the transi-
tions observed in the direct spectrum have been fitted into the
level scheme.

1

The gamma-ray spectrum of 77Yb has also been studied

with Ge(Li) detectors. Twenty~two transitions were identified




with the decay of 177Yb, seven of which have not been previously
reported. Gamma-gamma coincidence experiments were performed with
large volume coaxial detectors using the related address technique.
The present data have established levels in 177Lu with energies
121.60, 150,35, 268.73, 238,92, 451.6, 1049.5, 1149.7, 1230.7,

1241.4 and 1336.4 keV. Weak evidence has been presented for a

level at 458.1 keV,
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CHAPTER I

Semiconductor Detectors

1.1 Introduction:

Over the past few years the field of nuclear physics
has witnessed the introduction of many new instrumentzl and
experimental techniques. From the point of view of the nuclear
spectroscopist the most important of these has been the development
of the semiconductor dectector and the subsequent improvements in
the associated electronic instrumentation., These detectors have
high resolution, a linear response over large energy range, a fast
rising pulse from most of them, are quite small and can readily
be manufactured for highly specialized geometries. They can be used
for studying electrons, protons, alpha-particles, heavy charged
particles and gamma-rays,

For several years the only semiconductor detectors availe
able were p-n junction or surface barrier types and these were
used mainly for the study of alpha-particles and heavy charged ions.
The resolution of these detectors was typically about 15 keV for
5.5 HeV alpha~particles (®Yenzie and Ewan 1961). Since the max-
imum depletion laver in a simple p-n junction type of diode is about
1 mm, they c;n be used to study protons up to about 12 MeV, deuterons
up to about 16 eV, 2ipha-particles up to about 48 MeV and oxygen
ions up to about 200 MeV. The introduction of the lithium~drifring
process in silicon by Pell (Pell 1960) made it possible to producé
larger volume detectors, thereby extending the range of energies
covered in heavy particle studies and also permitting their use in

electron spectroscopy.
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These larger volume silicon lithium-drifted deteeters,
$i(Li), were used to look at gamma-rays as long ago as 1962 by
Mann et al (Menn 1962) who reported a resolution of 9.05 keV
F.W.H.M. at 662 keV., Their big disadvantage however was the fact
that the full-energy peak height was only about 2% that of the
Compton edge. The first published results using the lithium
drift process in germanium for gamma-~ray spectroscopy are those
of Freck and Wakefield (Freck 1962) who reported a resolution of
about 21 keV at 662 keV, most of this width coming however from
amplifier noise., The photoelectric cross section per atom
exhibits 2 25 dependence which makes germanium much more suitable
for gamma-ray spectroscopy than silicon. Developments in this
field progressed rapidly with reports by Webb and Williams (Webb
1963) and several pepers by Tavendale and Ewan (Tavendale and Ewan
1963, Tavendale 1%64a, b Ewan 1964a,b).

The development of Ge(Ldi) detecfors to their present
sophisticated state has been brought about by the work of many
groups, primarily those at the Chalk River Nuclear Laboratories,
the Argonne National Laboratory and the Lawrence Radiation
Laboratories. The literature contains many review articles about
semiconductor detectors and the reader is referred to these
articles for details of both operation and fabrication techniques.
Since there have been so many articles written about detectors
both for gamma-ray and charged particle work, it is not possible
to list all of them here. The following list in intended merely
as a gulde and is by no means complete: Bromley 1961,1962;
Dearnaley 1963, 1966, 1967; Ewan 1964a, b, c, 1966a,b, 1968;

Fowler 1966, Gibson et al 1965; Goulding 1966; Graham 1965, 1966G;
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Jungclassen 1965; Heath 1966; Hollander 1966; Malm 1965, 1966;
Pehl 1967; Tavendale 1963, 1964 a,b, 1965a,b, 1966, No details
of the construction techniques and only a few of the relevant
detector characteristics will be given in this thesis.

The purpose of this thesis is to report the results
of three different types of gamma~ray experiments using different
kinds of Ge(Li) detectors. The experiments involve the direct
measurement of gamma-ray spectra with energy and intensity
determination, the determination of internal conversion
coefficients using a mixed source technique and gamma-gamma
coincidence studies. The remainder of this chapter is devoted
to a brief description of several types of Ge(Li) detectors,

their associated cryostat assembly and electronics.

1.2 Ge(Li) Spectrometers

The lithium drift process was first introduced by
Pell (Pell 1960) in order to produce large sensitive volume
silicon detectors and was first applied to germanium by
Freck and Wakefield (Freck 1962). The process consists of
evaporating a layer of lithium onto a p~doped germanium
crystal and then diffusing it into the crystal to produce an
ot layer from 100 to 200 u deep. An electric field is then
applied across the p-n junction such that it is reverse biased.
The L1t ions, which are donors and migrate easily in germanium,
are drifted under the influence of this field so that they
almost perfectly compensate the acceptors in the p~type material,
Thus "intrinsic" layers are produced by compensation and depths

of up to 16 mm have been obtained. Fig.1l-1 shows a schematic

diagram of a planar detector.




Figa 1‘“’1

Schematic diagram of a planar

lithiuvm-drifted Ge{Li) detector
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At room temperature the leakage current due to thermal
agitation of caxriers across the band gap (0.67 ev in germanium)
prohibits the use of these drifted crystals as spectrometers.
Also, at room temperature, the mobility of Lit ions is extremely
high and unless crystals are cooled, a loss of compensation is
observed. Tor these reasons, and the fact that liquid nitrogen
is readily obtainable, the detectors are operated at liquid
nitrogen temperatures (77°K) where leakage currents of 10-10
and 10-11 amperes are not uncommon.

A gamma-ray can interact with the detector in three
ways.

1) Photoelectric Interaction

The gamma~-ray interacts with a K—electrﬁn ejecting it
from the K shell with energy EY“EK’ where Er is the binding energy
of the K~electron. This electron subsequently loses energy by the
production of carriers, The x~rays produced by the re-arrangement
of the orbital electrons filling the K shell vacancy are also
absorbed by the detector, giving a total pulse corresponding to
the full energy EY'

2) Compton Interaction

The incoming gamma-ray undergoes a Compton collision
losing only part of its energy. The scattered gamma-ray may sub-
sequently escape from the crystal or it may interact with it.

The Compton scattered electron again loses its energy by carrier
production.

3) Pair Production

In the vicinity of a2 nucleus, a gamma-ray with energy
greater than 1022 keV may annihilate to produce an electron-posi=-

tron pair. The electron loses energy by creation of more electron
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hole pairs. The positron also produces electron-hole pairs until
it comes to rest, after which it annihilates with another electron
producing two 511 keV gamma-rays. If both quanta escape a '"double
escape" peak is observed with energy (EY - 1022)keV while if one
escapes a ''single escape'" peak with energy (EY - 511)keV is ob-
served

| The relative probabilities of these processes are shown
in Fig. 1-2 which shows the variation of photoelectric, Compton
and pair production cross sections with energy. The values of the
cross sections shown are from the tables by Storm et al (Storm
1958). The solid lines represent the values for germanium while
the dashed lines avre the corresponding curves for silicon. The
photoelectric cross section varies roughly as 7° and for germanium
is about 40 times that of silicon at 500 keV. The Compton scat-
tering cross section, as given by Klein and Hishina, varies directly
as Z so that the ratio of Ophotoelectric/ “Compton varics as 24
again making germanium preferable to silicon; the fraction being
(32/14)4 = 27, This factor however is derived from comsideration
of single-absorption processes only. The probability of multi-
ple processes (reabcorption of Compton scattered gamma-rays)

makes this factor evemn larger, TFor a 30em3 coaxial detector,
approximately 807 of the full energy pulses for a 1 MeV gamma-

ray come from multiple processes (Malm 1966). Above 1.5 MeV

the pair production cross section is greater. than the photo-
electric cross section and increases with increasing energy.

The pair production cross section varies as Z2 again indicating
the preference for germanium over silicon for gamma-ray spec-
LrosSCcopy.

The energy resolution of a Ge(Li) detector system

Aot Lo mde numm bl ememt drananmbant af rthish avre
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Photoelectric,Conpton and palr production
absorption cross sections for germanium

and silicon.
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preamplifier and amplifier noise (which will be discussed in
section 1.5), detector leakage current noise, collection effi-
ciency and statistical fluctuations in the production and col-
lection of electron~hole pairs. The last of these provides the
fundamental limitation to the detector resolution.

If all of the energy lost by the gamma-ray went into
the production of electron-hole pairs therevwould be no fluctuwation
at all in the number produced. However if the probability of
producing electron~hole pairs was small in comparison to the other
methods of energy loss eg. thermal heating of the lattice, optical
phonon collisions etec. then a Poisson distribution would be expected.

The R.M.8. fluctuation would then be

<n>=m= ﬁ
£
where E = energy deposited in the detector,
£ = average energy required to produce an electron-hole pair,

and the F.W.,H.M. = 2,35<n>, In the case of semiconductors the
observed fluctuations lie between these extremes. The observed
root-mean-square deviation is expressed as VF % Il where F is
known as the Fano factor. Recent measurements by Mann (Mann
1966) and Heath (Heath 1966) have shown that the Fano factor
for germanium is about 0.16. This Fano factor implies that the
optimum resolution to be expected at 1MeV is about 1.6 keV,

Apart from the electronic factors which affect the
resolution, there are properties of the detectors themselves such
as leakage currents, trapping effects and charge collection effi-
ciency. These effects are more apparent for high energy gamma-
rays where the fractional energy resolution is better than at

low energies. Trapping effects show up as a tail on the low energy
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side of the full-energy peak. Charge collection efficiency depends
upon the reverse bias across the detector and trapping is reduced by
increasing the bias (Tavendale 19652). However, if the bias is
increased too far, the leaksge current can become too high and
the line width 1s deminated by that contribution.

The preceding is a very brief review of some of the
characteristics common to all types of Ge(Li) detectors. TFor more

details the reader is referred to the references listed in sec. 1.1.

1.3 Types of Ge(Li) Detectors

Planar Detectors

The first typc of Ge(Li) detector produced was the planar
detector which has been described briefly in sec. 1.2. These detec-
tors originally had depletion depths of typically 2 or 3 mm, low
photopeak efficiency and large Compton distributions. Since the
Compton distribution serves no useful purpose in gamma-ray spectro=-
scopic measurements, it is desirable to reduce it as much as possi=-
ble relative to the photopeak height. This can be done by increasing
the size of the depletion region and hence the active volume.,

The photoelectric absorption is incrcased because of the increased
depth, and the probability of multiple interactions is also increased
thereby reducing the size of the Compton distribution., Fig, 1-3
compares the intrinsic full energy peak efficiency of scveral Ge(Li)
detectors and also shows the corresponding curve for a 3" x 3"
NaI(T1) detector. Some of the curves shown are for the coaxial

type of detectors discussed in the next section.

The planar detectors mentioned sofar have an n' layer
whose thickness can be anything from about 100 yu upwards. This

dead layer presents serious attentuation problems when dealing with




Pig, 1~3

Comparison of efficliency curves for

different sizes of Ge(Li) detectors.
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low energy gamma-rays. In order to remove this dead layer, the
lithium can be drifted right through the p~type material and a sur-
face barrier or diffused pt layer can be formed at the back surface.
Window thicknesses of about 0.5 u have been reported by Pehl et
al (Pehl 1966).

The available germanium crystals suitable for making
gamma-ray detectors vary in quality. Some of the better crystals
have been drifted at C.R.N.L. up to depths of 1lmm. This means
that the finished detectors have active volumes of up to 9 cm3
(Malm 1965) when prepared from slices cut from the ingot perpen-
dicular to the direction of growth and drifted from one of these
cut faces towards the other. It was because of this restriction
in the volume that the "coaxial" detector was developed.

Coaxial Detectors

The first stage in the development of large volume Ge(Li)
detectors was the so-called "single open—ended coaxial" detector
(Tavendale 1965b). This detector was made by evaporating lithium
onto all but one side of the germanium ingot and diffusing the
lithium in to form en n¥ region on all five sides. The p contact
was then made to the centre of the uncoated side and the drifting
was performed in a similar menner to that used for planar detectors.

A detailed study of the shape of the depletion region
in these detectors has been made by Malm and Fowler (Malm 1965).
Several diodes of this kind were fabricated at C.R.N.L. the lar-
gest having an active volume of 54 cm3. Malm (Malm 1966) has
studied the shape of the depletion region of this detector by
collimated gamma-ray beam scans and Fig. 1-4 shows the results of
this study. The core tapering is due to the significant IR

voltage drop along the length of the undrifted p~-type core during
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Curves resulting from scanning a large
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diode derived from the scans is shown,
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the high power drift. As the drift proceeds reducing the area of
the core, the effect becomes more and more pronounced. This non=-
uniform shape of the core presents no great problem when only
direct gamma-ray spectra are to be investigated but it does give
rise to serious timing problems when coincidence experiments are
performad. 'The timing characteristics of Ge(Li) detectors will
be discussed in Chap IV.

The next stage in the fabrication of large volume detec~
tors was the "double open-ended coaxial and the cylindrical "true
coaxial" detector. These detectors are produced by evaporating
1ithium onto the outside surface of the ingot and diffusing as
before. The p contacts are then made to the centre of both ends and
the lithium is drifted in radially. Detectors produced in this
manner have only a slight variation in width of the inactive core
(Malm 1966), probably due to small differences in the p-type
impurity concentration through the crystal or to small tempera-
ture differences during the drift. The timing characteristics

of these detectors are again discussed in Chap. IV.

1.4 Detector Cryostat

Each company which manufacturesGe(Li) detectors has its
own design of cryostat and its own type of pumping system. Since
the detectors used for the experiments at C.R.N.L. were manufac-
tured there it is worthwhile describing a typical detector mount-
ing arrangement used for these experiments. There are slight varia-
tions with each detector but the following description might be
described as the basic arrangement. All but ome of the detectors
used a "chicken feeder" assembly, the exception being GLC6X which

used a "dip-stick' arrangement (Chasman 1965). All the detectors
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used at C.R.N.L. were unencapsulated. The vacuum in each cryostat
was maintained with a 1 ¢/sec vac~ion pump. ' The power supply for
these pumps consisted of series of batteries, giving the necessary
3 kV, which facilitated movement of the entire cryostat assembly.

Fig. 1.5 shows a photograph of the detector mount on the
"chicken-feeder" assembly. The long pipe in the upper right hand
corner encloses the vacuum which in turn surrounds a hollow cold
finger containing liquid nitrogen. The length of this cold finger
is dictated by the geometry necessary for the experiment being
performed. The assembly shown here was designed to fit into an
anti-Compton shield and was approximately 18" long. The copper
box which sits vertically above the cold finger in the center of
the photograph contains the main section of the preamplifier. The
high voltage filter box is an RC integrating circuit, with a 10 sec
time cohstant, which provides a slow build-up of the biag in order
to safeguard the field effect transistors (henceforth abbreviated
to F.E.T.'s).

The germanium diode sits in the open space in the lower.
left hand corner of the photograph, The front and sides of the
detector are shielded with aluminum foil (not shown on the sides in
the photograph) in order to prevent condensation on the detector
surface of any oil which might enter during the initial pumping down
of the system, Thedetector is D.C. coupled to the input of the pre-
amplifier and the signal is taken from the detector through a contact
in the lucite disc. Since the aluminum mount, holding the detector,
is floated at high voltage, it is insulated from the cold finger by
a boron nitride disc. This acts as a good thermal conductor and a

good electrical insulator.
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Photograph of the eryostat assembly used

with the CGe(Lli) detectors at C.,R.N.L.
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The F.E.T.'s are mounted on a copper block which is

attached to the cold finger by a teflon disc. The optimum oper-
ating temperature for the F.E.T.'s is about 120° to 130°K. This
temperature is maintained by connecting the copper block to the
cold finger by a thin piece of copper wire, so chosen that the
power dissipated by the F.E.T.'s and the heat conduction along
the wire give the correct operating temperature, The board moun-
ted above the cold finger has on it the feedback resistor and
capacitor, electrical conmections from the main preamplifier sec-
tion to the F.E.T.'s and a reed relay. This rced relay can be
closed by a magnet held outside the outer aluminum cap. It is
used to ground the inputs of the F.E.T.'s in order to prevent

damage while the detector is being "cleaned up" (Tavendale 1964a).

1.5 Low Noise Preamplifier

The statistical factors discussed in sec 1.2 represent
the fundamental limit of the resolution obtainable with Ge(Li)
detectors, There are however several . sources of nolse pre=
sent which prevent the reaching of this resolution. Some of these
are described below.

1) Detector leakage current noise is assumed to be pure
shot noise which arises from the thermal generation of
electron-hole pairs in the depletion layer.

2) Detector series resistance noise is due to resistance in the
connections to the sensitive volume of the detector.

3) The input current noise isdue to fluctuations in the input
current to the first amplifying device in the system.

4) The parallel resistance noise arises from any resistors
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shunting the input circuit eg. detector load, input

biasing resistor in the first stage and any resistor

across the feed back capacitor in the charge sensi-

tive preamplifier. |
5) The noise developed in the first amplifying device produces

a voltage noise source which can be represented by

Johnson noise in a resistor.

6) Surface leakage currents at the periphery of the junction pro-
duce severe low frequency noise in many detectors.

7) "Flicker noise" caused by fluctuations in the plate current of
a vacuum tube or other amplifying device, This type of
noise is dominantly in the low frequency part of the
spectrum.

A study of these noise sources and the various types of
pulse shaping networks necessary to give a good signal to noise
ratio has been made by Goulding (Goulding 1965). Recently Heath
et al (Heath 1966) have published a paper on the instrumental
requirements for gamma-ray spectroscopy, and Blankenship and Nowlin
(Blankenship 1966) have produced some new concepts in nuclear
pulse amplifier design.

The charge pulse produced in the detector is amplified
and fed into a pulse shaper which rejects as much noise while
retaining as much signal as possible. A charge sensitive configur-
ation of the preamplifier is used since to first approximation it
gives an output signal size which is independent of the detector
and stray capacities which appear from its input to ground., The
early preamplifiers used fof this type of work (Ewan 19649 used

two 7788 tubes in cascode followed by a 7308 tube as a long-tailed
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pair. This preamplifier gave a ncise contribution of 1.7 keV with
a slope~input capacitance curve of about 0.04 keV/pf.

The recent improvements in field effect transistors have
allowed these devices to replace vacuum tubes. A low noise charge
sensitive preamplifier using paralleled F.E.T.'s has been desigﬁnd

by Smith and Cline (Smith 1966). Their investigations showed that

“
the noise-~capacity slope was proportional to ,??;%T??- where
m

£O==ag§%éuggng%gg%r% uggﬁa? ?n%%%?%@iﬁg ggga%%%%%%egt§é¥i;§’néfwork and
8y = transconductance of each F,E.T., Thus by using four paralleled
F.E.T.'s and by cooling to 140°K (this was found to be the opti-
mum operating temperature) they were able to produce a slope of
0.017 keV/pf compared with 0.030 keV/pf for a single F.E.T. The
noise with zero detector capacitance however was, found to vary as

{n so that the initial noise increases as the number of F.E.T.'s
increases. The number of F.E.T.'s used in the input stage of the
preamplifier is therefore governed by the capacitance of the
detector being used. With the F.E.T.'s cooled to 140°K Smith and
Cline were able to get 0,36 keV(Ge) + 0.030 keV/pf with a single
F.E.T. and 0.62 keV(Ge) + 0.017 keV/pf with four paralleled F.E.T.'s.

If the detector is DC coupled to the preamplifier an
improvement in resolution results. This is due to the removal
of stray capacitance caused by the distributed capacitance of
the load resistor and coupling capacitor to ground, and the
division of the input signal between the coupling capacitor and
the input capacitance of the F.E.T.'s.
The preamplifier circuit used with the detectors at

C.R.N.L. for the experiments reported in this thesis is shoum in

Fig. 1-5. The number of F.E.T.'s in the input stage depends
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Circuit dliagram for the low noise preamplifier,



1000ph
ot +24

N LAk ‘
2 ﬂ: L Jloegfgdgp———»-}-‘z

DETECTOR 22

22 ~
22

v——M&wvé ) 1
>1“_‘T

P22 L

St AN o l-.._.a

100 uf

» GND,

0-5uf

—i
500M
b P ANA——

0-5 pt

L

SILECT 2N3BI9 FET.
(SELECTED)

2N2219

— )
) ¢ OUTPUT

% > -24

2 PULSER

INPUT




-20-

upon the capacitance of the detector being used. Both of the large
volume coaxial detectors had a capacitance of about 40 to 50 pf and
so four paralleled F.E.T.'s were used, wherecas the high resolution
detector GAG used only one ¥.E.T. The circuit is based on that of
Smith and Cline (Smith 1966), having a grounded source F.E.T. ampli-
fier and source follower as the first stage folldﬁed by a grounded
base amplifier and emitter follower. The soﬁfce follower (F.E.T.
equivalent of emitter follower) allows the front end of the pre-
amplifier to be separated from the main section by several feet
without deterioration of resolution. The last two transistors
constitute a driver stage which is capable of transmitting the

preamplifier signal over large distances to the main amplifier.
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CHAPTER. II

Direct Gamma-Ray Spectra

2.1 Gamma-Ray Peak Shape

In the formulation of an emergy level scheme two of the
most important gamma-ray properties which can be measured with
germanium detectors are the energies and relative intensities of
the transitions. Both of these quantities are directly comparable
with nuclear theory and for this reason their precise determination
is extremely important. However in order to measure the relative
intensities to any degreee of accuracy, it is necessary to establish
some consistent criteria for the measurement of the photopeak area.

The shape of the photoelectric peak in a Ge(Li) detector
is roughly Gaussian with a low energy exponential tail due to
incomplete charge collection within the detector. The charge
collection efficiency can be improved by increasing the detector
bias. This however can cnly be done within limits since it causes
a rise in detector leakage current which in turn produces a deteriora-
tion of the resolution. Another factor which affects the peak shape
is the counting rate. This however is due to the electronics and
can be reduced by careful design of the preamplifier and amplifier
system (Goulding 1967, Blankenship 1966).

In order to calculate the intensity of a gamma-ray, the
area of the photopeak must be determined. An absolute area need not
be defined as long as some consistent set of rules is used to define
the area., If the photopeak was sitting on a level background, there
would be no difficulty in defining a uniform peak area. However this

is not the situation with the photopeaks in Ge(lLi) spectra. The
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region between the Compton edge and the photopeak tends to be filled
in by partial re-abscrption of Compton scattered gamma-rays so that
the background on the low energy side of the photopeak may be an
order of magnitude higher than on the high energy side. The problem
then arises as to what background should be used.

In a typical gamma-ray spectrum a variety of intensities
appears ranging from very weak to extremely strong. TFor a peak
sitting on a large Compton distribution, the commonly accepted back-
ground level is a smooth line joining the Compton distribution on
the low energy side of the photopeak with that on the high energy
side. Clearly, if one then wishes to measure the intensity of this
transition relative to that of a much stronger transition which is
not sitting on a large Compton distribution, some criterion must
be adopted for drawing a tackground under this peak which will
reproduce the same area had this second peak been superimposed
upon a large Compton distribution.

This problem has been studied in detail by Haverfield
(Baverfield 1966). He tried several different shapes for the back-
ground and concluded that for best reproducibility, the following
criterion should be used. If the photopeak region is drawn up
on linear graph paper, then the background line is obtained by join-
ing the point of maximum radius of curvature on the low energy
side to the base on the high energy side of the peak. By then inclu~-
ding only thosec points greater than 17 of the peak height, Haverfield
was able to reproduce to within 1 to 1%% the area of this same peak
when it was superimposed on a large Compton distribution.

For the garma-ray intensities calculated in this thesis,
the above criterion was used. Since only relative intensities

were of interest, it makes little difference whether the 1%, 2% or
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5% level is cheosen as long as that same value is used for deter-
nining the area cf all the peaks in the given spectrun.
Fig. 2-1 illustrates another effect which can change
the shape of the photopeak, this cne however being observed only

with "double open-ended coaxial” detcctors. The lower portion

of Fig. 2~1 shows the gamma-ray spectrum of an 241

Am source, posi~
tioned at the gide of the detector as illustrated in the lower

ingert. In this spectrum the usual Zaussian shape with low energy

9]

tail is scen aleng with a flat plateau arising from 0° to 180°
Compton scattered gamma~rays. WYhen the source is placed directly
in front of the detcctor, as shown in the insert in the upper half
of the figure, & distinct shoulder appears on the low energy side
of the peak. This can be explained by Compton scattering of gamna-
rays from the inactive core intc the active volume of the detector.
For an initial photon energy of 60 keV, the energy of a ganma-ray
Compton scattered at S0° to the incident directiecn is 53 keV.

Since the "half-distance" (the amount of material necessary to
reduce the incident flux by one half) in germanium for 60 keV
samma-rays is about 650u, the predominant angles of scattering
from the inactive core are in the forward direction. Scatter—
ing in this region would therefore produce a shoulder on the low
cnergy side of the pheotoreak of up to 7 or 8 keV. This is consis-—
tent with the data shown in Fig., 2-1. When the source was moved
further back from the detector, the size of the shoulder decreascd
in accordance with the decrease in solid angle subtended by the

inactive core.
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Spectra showing scattering of low energy
gamma-rays from the inactive core in a

double open-ended coaxial detectorx,
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2.2 Effjciency Calibration

In order to calculate the relative intensities of gamma-~
rays a relative photopeak efficiency curve must be obtained for the
detector assembly used. The intrinsic efficiency of a detector is
defined as that fraction of gamma-rays striking the detector which
are detected in the pulse height spectrum. To calculate the intrin-
sic photopeak efficiency the ratio of the number of events under the
photopeak to the total area of the pulse height spectrum must also be
determined., The intrinsic photopeak efficiency is then the prod-
duct of this photofraction and the intrinsic efficiency,

Theoretical calculations of these two functions have
been made for germanium, (Wanio 1965, Castro Faria 1966) but only
for a few specialized detector shapes. The germanium ingots used
for detector manufacturing come from several sources and the
shape of the ingots varies greatly from one manufacturer to the
next. In most cases it is therefore necessary to use some other
and better method to determine the efficiency curve.

The method used in these experiments involved the use of
sources with more than one gamma~ray, the relative intensities of
which were accurately known. The sources used for this depended
upon the energy region of interest. From about 100 to 2000 keV
these were 226Ra and 207Bi since the intensities of the strong
transitions in these isotopes are known to about 10%. 1In order to
get more points on the curve a set of eight commercially available
Zélﬁm, 57Co, S9Mn

(I.A.E.A.) standard sources was used., These were 3

203Hg, 22Na, 13705, 6000, and 88Y, the absolute source strengths of
which were kanown to within 1 or 2%. This also permitted the absolute

efficiency curve to be calculated for the particular detector assembly
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and source position used.

The physical construction of the IAEA® standards con-
sisted of radiocactive material sandwiched between two thin poly-
ethylene discs. In some cases the position of the active material
could not been seen, so an autoradiograph was made. This enabled
accurate positioming of the scurces in front of the detector for the
efficiency calibration.

TFigs. 2-2, 2-3, 2-4, and 2-5 show the photopeak efficiency
curves for two of the detectors used in this work (GS9C2 and GAS).
Fig. 2-2 shows the curve for the 5.0 mm planar detector GAS6.

The ordinate of the graph is the relative efficiency multiplied
by the square of the gamma-ray energy. Theoretical calculations
for small volume detectors {Wanioc 1965) indicate that the effici-
eney curve should follow roughly an E;2-5 dependency between
about 100 and 500 keV and roughly E;I‘S between 500 keV and 3
eV, Multiplication by an E$ factor provides a convenient

scale and permits greater accuracy in curve reading than the
log~lop plot used by some groups.

For larger volume detectors, multiple processes increase
the photopeak efficiency giving a different energy dependence to
the efficiency curve. Fig. 2-3 shows the efficiency curve for
G9C2 (44 em> coaxial detector) and as can be seen the region from
500 to 1800 keV follows roughly a linear energy relationship.

With the exception of the special thin-~window detectors
(sec., 1.3), the efficicncy of a planar detector drops off sharply for
gamma-ray cnergies less than 100 keV due to absorption in the n" dead
layer. Fig. 2-4 shows the efficiency curve obtained for GA6 in this

region using 203Hg, 188&6, 57¢o and 160Tb sources.

% International Atomic Energy Agency Kartner Ring II

A-1010 Vienna
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Relative photopeak efflciency curvefor
planar detector GAG covering the range

from 200keV to 1800keVY,
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Figo 2"’3

Relative photopeak efficlency curve for
coaxial detector G9C2 coverling the energy

range from 200keV to 1800keV.
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TABLE 2 - 1

Relative Intemsity Standards used for region below 300 keV.

Isotope Photon Energy (keV) Relative Intensity
241y 59.543 100
26.35 7.0
37¢co 136.3 13
122.0 100
14,4 11
1885, 155.0 100
1, X .6
71.4 Os 8 6
63.0 0s K_ 24,2
203y, 279.2 100
82.6 T1 Kg 3.44
72.9 T1 K, 11.9
160y, 86.8 100
51.1 Dy ¥, 28,8
46,0 Dy K 116
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Table 2-I lists the relative intensities of the x-rays and gamma-
rays as given by Haverfield (Baverfield 1966) that were used in

this region. Also shown in Fig. 2-4 are the photoelectric cross
section for germanium, the total absorption cross section 7 ¢ 0.1

cm Al and 10 mg/cm2 Au and for a 0.7 mm layer of germanium. Detector
No. GA6 was originally an encapsulated R.C.A. detector, the :mecapsula-
tion of which was subsequently vemoved. When this detector was
manufactured, it was common practise to evaporate a thin layer of gold
onto the surface to provide good electrical contact. For this

reason a correction has been applied for the absorption in the

gold layer. The Al absorption occurs in the front face of the
cryostat., The solid line drawn through the points in Fig. 2-4

is a suitably normalized combination of the photoelectric cross
section, Au and Al absorption curves along with the -abscorption -
curve for a 0.7 mm layer of germanium. Several different thick-
‘nesses were tried for this last curve with 0.7 mm giving the best
fit,.

Fig. 2~5.shows the efficiency curve obtained for detec~
‘.tor'No.G902 for the region below 300 keV, . Since this.is a double
open-ended coaxial detector, the dramatic drop off with efficiency.
below about 90 keV is surprising. The steepness of the initial
drop off indicates that there is a dead layer cf germanium about
0.7 or 0.8 mm deep. If this were the case however, the x-rays

of 160Tb and the 26,35 keV gamma~-ray in 241

Am would not be. seen
with the experimentally observed intensity. The cause of this peculiar
. curve below 90 keV is not understood at the present time., It could

be due to a very uneven core or a mesa effect on the front surface

(from the many etchings the detector has had) giving rise to a poor
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Relative photpeak effliclency curve for
deteetor GA6 below 300keV., Also shown

are the photoelectriec cross section for
germanium and absorption cross sections

for O.lem., AL &mdlﬁmg/@mz Au,
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electric field distribution at the front end of the diode. Col-
limated gamma-ray scans are underway at the present time in order

to determine the cause of this effect.

2.3 Pulse Height Analysis

Before discussing the energy measurement of gamma-rays,
a brief description of the pulse height analyser system should be
given, Pulses from the Ge(Li) detector were fed, by means of the
preamplifier described in section 1.5, to a Tennelec TC200 linear
amplifier. The unit, in addition to amplifying the sirnal, shaped
the pulse in order to give an optimum signal to noise ratio. These
shaped pulses were then fed to a pulse height analyser.

Two types of analysers were used for the experiments on

159 177Yb

Gd and . One of thece, a Nuclear Data 3300 system, was
a conventional type of analyser with a 4096 channel A.D.C. and a
4096 channel memory. Because of this large memory, no biased
amplifiers were used with this system.

The other data collection system employed a PDP-8 digital
computer. The linear amplifier pulses were further shaped by a
Tennelec TC250 biascd amplifier to give unipolar rectangular
pulses required by the A.D.C.'s in the PDP-8 computer. The
biased amplifier was also necessary since the size of the PDP-8
memory limited the data region to 1024 channels. The encoded
prlscs were then stored in the computer memory by means of a
programme. The PDP-8 system allowed more manipulation of the

collected data while in the memory (eg. integration, background

subtraction) than the Nuclear Data 3300 system.
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2.4 Energy Measurement

The positioning of gamma-rays in a complex decay scheme
is greatly facilitated if the energies of these transitions are
accurately known. There are often cases where the energy separation
between two pairs of levels is very nearly the same and only a precise
determination of the gamma~ray energy can indicate between which pair
the transition fits.

The accuracy with which a gamma-ray can be measured
depends upon several things —- the ability to define the peak
position, the availability of standard sources relative to which the
transition energy can be measured and the non linearity of the ietector
system used. With the multi-channel analysers in common use today
(1000 to 4300 channels), it is possible to spread the photopeak
over several chanuels, and with good statistics, it is possible to
define the peak "positicen" to within about 1/10 of a channel.

There are two methods which are commonly used to define
the position of a peak -- the center point of the line drawn at the
half maximum height or the "top peak center' method. The latter method
is an extension of the former whereby horizontal lines are drawn
at several heights and the center points of these lines are joined
by a straight line. This line is thenm extended until it cuts the
top of the peak and this point is used to define the peak
position. Either method may be used although the "top peak center"
method is usually used when the peak je not symmetric, as is the
case with Ge(Li) vhotopeaks. Whichever method is used muét be
followed consistently throughout the experiment.

There are many gamma-rays with accurately known energies

which may be used as standards and an extensive compilation of these
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has been made recently by Marion (Marion 1968). In general,
the accuracy with which an unknown gamna-ray can be measured depends
upon how far it is from the standard line. This is a direct con-
sequence of the system non-linearity and means that several stan-—
dards must be used for cach spectrum taken.

The non-linearity of the detection system may arise
from the preamplifier, the amplifier, biased amplificr if one
is used, or from the A.D.C. of the multi-channel analyser being
used to collect the data. The system non~linearity may also be a
function of the counting rate. The linearity of biased amplifi~
ers is known to be dependent upon the counting rate and in some
cascs A.D.C.'s may also exhibit this effect. Large amounte of
money and effort may be invested in attempts to improve this
situation but ultimately the non-linearity of the system must
still be measured. The following method was used for the experi-
ments on 177Yb and 159Gd reported in this thesis.

Pulses from a precision pulse generator were fed into
the preamplifier input so that they were shaped and amplified by
the same electronic gystem as the pulses from the Ge(Li) detector.
The setting of the potentiometer on the pulse generator was
incremented in equal steps to cover the entire memory of the multi-
channel analyser, When the positions of these peaks had been
determined, the equation of a straight line was fitted to the ampli-
tude of twe of them. The deviation from linearity of the other peak
positions was then plotted against channel number, the result of which
were curves similar to those shown in Fig. 2-6. Large deviations
occur at the ends of both 4.D.C.°s and the system used with the PDP-2

exhibited a much larger deviation over the whole range than did the
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Nuclear Data 3300 system. The A.D.C.'s used with the PDP-8
system preferred unipolar rectangular pulses and these were pro-
duced from the Tennelec TC250 biased amplifier. UWhile it was
unnecessary to use the biased amplifier with the H.D. 3300 system,
it was used for the comparison with the PLP-8 system showvn in
Fig. 2-6.

The usual procedure followed in these experiments was
to record the unknown spectrum simultaneously with several stan-—
dard sources as well as sign~ls from the pulse generator. The
combination of standard sources and pulse generator provided the
nen—-linearity cu.ve and energy calibration from which the unknovm
energies were calculated. The energies of wealk gamma~rays which
were masked by either the standards or by the pulser can then be
calculated on subsequent runs using the other gamma-ravs as interna
standards.,

The importance of simultaneous energy calibration cannot

LA~

be over emphasized if accurate energy measurements are desired,

1ede

If the deviation from linearity is =z smoothly varying function,

it is possible, under certain circumstances and with care, to

measure energles to bettex than 100 eV,

4
L
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CHAPTER III

Decay Scheme Studies of 134Cs

3.1 Introduction:

The de-excitation of a nucleus from low lying states takes
place dominantly by means of electromagnetic transitions. These
transitions are of two main types:

(a) Emission of a gamma~-ray

(b) Emission of an electromn following internal conversion
of a gamma-ray.

These processes of de-excitation are competitive and for given ini-
tial and final states the ratio of process b to a is defined as

the "internal conversion coefficient." The proéess of internal con=-
version is the conversion of nuclear excitation energy into ki-
netic energy through the direcct electromagnetic interaction between
the electrons and the nucleons. Since there are several elec~

tron orbitals, the internal conversion coefficient (I.C.C.) for a
particular shell or subshell i is defined by

o = Ne(i)

1 )
¥

where Ne(i) is the number of electrons ejected from the ith ghell

and NY is the number of unconverted gamma-rays.

For a detailed discussion of the theory of internal con-
version the reader is referred to the literature (Rose 1951, 1958;
Sliv and Band 1956,1965) or to a review article by Rose (1965),
It will suffice af this time to point out some of the relevant
features and to illustrate the importance of I.C.C. measurement

to gamma-ray spectroscopy.
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For transitions between two nuclear states with spins
and parities J;, Jg and My, Hf respectively the amount of angular
momentum which can be carried away by the gamma-~ray or internal

conversion electron is restricted to

(--l)L for EL radiation

]Ji - Jg| sLsg J; + J¢ with %

]

(—l)L"1 for ML radiation
From the theory of multipole radiatiens (Moszkowski, 1966) it can
be shown that the relative intensities of multipoles L and L + 2
is such that the L + 2 contribution can usually be neglected. The
parity selection rule prohibits the mixing of L and L + 1 multi-
polarities of the same character but does allow mixing of charac-
ters, for example magnetic ZL—pole with electric 2L+1pole.‘(Ml,E2
mixture)

Time dependent perturbation theory must be used to cal-
culate the rate of internal conversion. The result from such a

calculation gives

- 2
= 1 R | N AR

e 1
2Ji+_ WesTy

(See Preston Chap.ll) where ¥¢, ¥; and ¢, y, are respectively the
wave functions for the final and initial states of the nucleons

and electrons. §, represents summations and averages over final

e

and initial electron states. is the density of final states

PE

and H' is the Hamiltonian for the interaction of the electrons and

nucleons. Let us consider, for the moment, electric ﬁultipole tran-—

sitions. If one uses the approximate form of the diatceraction

Familtonian given by Preston (eq° 11-22 Preston), the above

expression for Ne is found to " depend upon the squares of two
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<f]0§,m|i> and <wf[re-(l+l)

Ylm(ee’¢e) H’i’

where el,m 1s the electric multipole operator. The first
matrix element contains thefependence of the internal conver-
sion process upon nuclear parameters. The gamma-ray transition
probability Ny for the emission of a photon of energy hw and

angular momentum A,u is given by

v anpmep

» 2
Ny, ¢(S:hm) = 8n () 12 *lycglef g5
Ay
A (2)+1) h

When the I.C.C. Ne/NY is calculated the matrix elements involving
the electric multipole operator cancel out,

In order to calculate the i.C.C. for magnetic multi-
pole transitions, the proper form of the interaction Hamiltonian
must be used (eg. 11-13 Preston). The result of the calculation
for Ne then involves matrix elements with the magnetic multdpole
operator which again cancel out when the ratio Ne/Ny is formed.

The second matrix element and the other factors involved
in Ne are dependent upon the electronic states only. It should be
noted that this latter matrix element is very dependent upon the
value of X and it is this feature which makes 1.C.C. measurements
so important in gamma-ray spectroscopy. This matrix element is
also a function of the Z of an atom. For transition enexrgies large
compared to the binding energy of the electrons the following trends
occur. The I.C.C. decreases as the shell gets further removed from
the nucleus, decreases as the transition energy increases, increases
as the Z and the L values increase.

The main purpose of this chapter is to report the results of

a study of the decay of 134

Cs and the measurements of K~I.C.C. using a
method involving the conversion electron to gamma-ray ratio. This
method involves mixing a standard source, in which the conversion coef-

ficient of a particular transition is accurately known, with the
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13403 and the conversion coefficient

work 137Cs was mixed with
of the 605 keV transition was measured from

o (605) = I1~ (605) x I (662) « (662)
~ . Y 1-:

I, (662) 'IY (605)
The conversion electron and gamma-ray spectra were then normalized

using this value and the other conversion coefficients calculated.

3.2 Decay of 13408

The decay of 2.1 yr, 1%Cs to 134Ba has been studied by
many workers ) but
there is lack of agreement on the level scheme of 13433. This is
principally due to the existence of a complex gamma-ray spectrum
with several closely~spaced gamma rays which could not be resolved
by Nal spectrometers. Much of the present information on the
semma~ray spectrum had been deduced from sum coincidence spectra,
but recently Schriber and Hogg (Schriber 1963) who made a detailed
study using this method, have shown that several of the transitions
previously reported are due to nisinterpretation of the sum
coincidence spectra., The development of the Ge(Li) gamma~ray
Spectrometer now makes it possible to study gamma-ray spectra at
rauch higher resolution than with Nal gpectrometers, and hence
enables the gamma-rays from 134Cs to be resolved directly.

In another recent paper on the beta decay of 134Cs,
Van Wijngaarden and Connor (Van Wijngaarden 1964) observed that the
K-conversion coefficients of two high energy E2 transitions were
about 307 lower than the theoretical values., As comparison of

experimental conversion coefficients with theoretical values is

often used to determine multipolarities of gamma transitions, it

is important to check this renorted discrenancw. Thadhieh. mmomn.
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lution of the Ge(Li) gamma-ray spectrometers (Tavendale 1963,
1964a, Ewan 1964a) is also useful in determining conversion coeffi-
cients as it now makes possible the use of the mixed source
technique in complex decay schemes.

This chapter reports the results of energy and relative
intensity measurements of the ganmza rays from 134Cs using a
Ge(Li) gamma-ray spectrometer. The K~conversion lines of these
transitions have been studied using the Chalk River high resolu-
tion AV?2 B-ray spectrometer. (Graham, 1960). The K-conversion co~
efficients of the gamma transitions have also been measured,
relative to the accurately known value of the K-conversion coeffi-
cient of the 662 keV transition observed in the decay of 137Cs

(Merritt 1965) using a mixed source of 13403 and 137Cs.

3.3 Experimental Apparatus and Procedure

134

The Cs source was supplied by the Commercial Products

Division of AECL. It had been produced by a four month radiation
of 13305 in a flux of 2 x 104 neutrons/cm?/sec in the NRU reactor
at Chalk River. TFor studies with the Ge(Li) detector =10uC
was deposited on a 2.5 cm diameter copper disc. TFor conversion
electron studies, sources were prepared by vacuum sublimation
onto an aluminum backing through a slot 1.25 em long and 3 mm
wide. The composite source was prepared by mixing 134Cs and
137Cs and subliming the mixture onto an aluminum backing.

The gamma~ray spectrum was studied with a Ge(Li) detec~
tor 3.5 mm deep and 18 mm in diameter prepared by Dr. A, J,

Tavendale at Chalk River. Details of the construction of the

detector (Tavendale 1964a), the experimental arrangement and the
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variation of the photopeak efficiency with energy have been given
elsewhere. (Ewan 1964a). In order to resolve the 796 and 802 keV
gamma~rays a smaller detector manufactured by RCA Victor Ltd. * was
used. It was possibie to obtain slightly better resolution with
this detector becausc of its lower capacitance,

The internal conversion spectrum was studied at about
0.15% resolution in the Chalk River high resolution NV2 B-ray
spectrometer. Only those regions were surveyed where the K-con-
version lines of the gamma rays seen with the Ge(Li) detector

occurred,

3.4 Camma-Ray Spectrum

The gamma-ray spectra observed in the Ge(Li) detectors
are shown in Figs. 3~1 and 3-2. These spectra were recorded on
a 400 chamnel pulse-height analyser preceded by a biased amplifier.
A description of the electronics has been given elsewhere (Ewan 1964),

The gamma-ray spectrum from 75 keV up to 375 keV is
shown in Fig. 3-la, Ko gamma~rays were observed in this region.
There are four gamma—~rays in the region from 375 to 625 keV, as
shown in Fig, 3-1b, with energies 475, 563, 569 and 695 keV respec-
tively. No distinct peak had previously been recorded at 475 keV
with sodium iodide crystals, and the other three peaks had appeared
as a broad peak at 600 keV. |

Fig. 3-2a shows the region from 550 to 850 keV. The
improvement in resolution of the 563-56% keV doublet over that
shown in Fig. 3-1b was achieved by using a lower counting rate

and automatic gain stabilization with the pulse~height analysis

* RCA Victor Ltd., 1001 Lenoir St., Montreal, P.Q., Canada.
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?igo 3"”1

Low energy reglon of 13&@@ CARNA-~Yay

spectrum observed with 3,.%5nm % 18mm
diameter Ge(Ll) detector.
134

Cs gamma-ray speetrum from

375ke¥ to 625keV.
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(b)

Fﬁ-go 3"’2

&
13&6@ gamma-ray spectrum from 350keV

to 850keV. The improved resolutliom of
the 563-569 keV doublet from Fig, 3-1b
is due to lower counting rate and automatic
galn stabilization in the pulse-helght
syatem,

134
High energy region of s gamma-ray

spectrum with O0.64cm lead between the

gsource and deteetor.
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system(Patwardhan 1964), The inset shows the 796-802 keV doublet,
as recorded by the RCA detector with 2.0 mm depletion depth and
0.8 cm? cross—-sectional area,

The high energy portion of the spectrum is éhown in
Fig. 3-2b. Gamma-rays with energies 1038, 1168 and 1365 keV
respectively can be seen along with a peak at 1401 keV. This
spectrum was taken with % inch of lecad between the source and
detector. The attentuaticn of the 1401 keV peak relative to the
1365 keV peak, when lead absorber was added, indicated that it was
pile-up due to the 796 keV and 605 keV gamma rays which are in
coincidence, A limit on the possible intemsity of a gamma ray
of 1401 keV or higher erergy is <2 x 10"4 per disintegration.,

Table 3-I gives the values of the intensities obtained in
the present work. The calculations are based on the efficiency
curve given by Ewan and Tavendale (Fwan 1964a) for this detector
which has an estimated accuracy of *57,

In calculating the intensity of the 605 keV
Y-ray the subtraction of background is difficult, as the
Compton edges of the 796 and 802 keV y-rays fall directly
under the peak. The Compton distributions for these y~rays
vas estimated by measuring the shape of the spectrum obtained
from the 834 keV y~-ray from a SAMn source and allowing for
the difference in energy. The background subtracted from the
605 keV peak in Fig. 3-2a was similar to the one shown later
as a broken line in Fig. 3-4 .

The intensity measurements are estimated to be accurate
to ~ 10% with the exception of the 802 keV Y-ray. The higher esti-
mate of the error in this case is caused by the difficulty in resolv-

ing the 796-~802 doublet., Im Table 3-I the results are also compared




~ Table 3-1

~ 134
GAMMA-RAY SPECTRUM OF Cs

Enefgy _ Relative Intensities
(keV)
Present Work Ref.(a) Ref. (b) Ref, (c) Ref.(d)
475.3° 1.54 # 0.15 2.5 0.5 1.3 V 1.2 <1
563.1 8.52 + 0.8 100 +3 | 9 , )
_ . v v 27.4 . 3)
569.2 14,6 + 1.4 18 + 3 13 i )
604.6 ) 100 + 5 lpO 100 100 100 5
795.8 90 9 ) . ) ) )
101.4 = 3) 92) 92) ' 103 + 5)
801.8 9.0 * 1.5 ) ) ) | )
1038.4 1.06x 0.10 1.16%0,04 1.5 Al.l 1.3220.13
1167.7 1.99+ 0.17 2.26x0,08 ’ 2.2 2.7 2.34%0.23
1365.0 3.46+ 0.30 3.79x0.15 3.3 - 3.6 3,67+0.36

(a) B.S. DZHELEPOV et al., Izvest. Akad. Nauk. SSSR, Ser. Fiz. 23, 826 (1959).
(b) R.K. GIRGIS and R. VAN LIESHOUT, Nucl. Phys. 12, 672 (1959).

(c) P.N. TREHAN, Thesis, Louisiana State University (1960). Quoted in Nuclear Data Sheets.

(d) W. VAN WIJNGAARDEN and R.D. CONNOR, Can. J. Phys. 42, 504 (1964).>
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with those obtained by other workers. For the purpose of this
comparison the intensity of the 605 keV transition has been
arbitrarily set equal to 100 and the other intensities have been
normalized to this value.

There is no evidence for the y-rays at 9260, 1401
and 1570 keV repcrted by some previous workers. A limit on
the possible intensity per disintegration of a 1401 keV Y~ray
is < 0.02% and for a 1570 keV y-ray < 0.01%. The limit on the
possible intensity of a 960 keV y-ray iz somewhat higher as it
occurs near the Compton edge of the 1168 keV y-ray. It is esti~
mated to be < 0.1% per disintegration. This information Supports
the conclusion of Schriber and Hogg (Schriber 1963) and of Van
Wijngaarden and Conmor {(Van Wijngaarden 1964) that there is no

evidence for levels at 1570 and 1770 keV.

3.5 E-Conversion Coefficiente

Values obtained for conversion cocfficients in l34Ba
have shown large variations and in some cases have differed con-
siderably from the theoretical values calculated by Rose and by
Sliv and Band (Rose 1958, Sliv 1956). Van Wijngaarden and
Connor (Van Wijngaarden 1964) have reported departures ~ 30% from
theoretical values for the high encrgy E2 transition, their
values lying below the theoretical ones. Because of these discrep-
ancies, it was decided to investigate the conversion line spectra
as well as the y-ray spectra.

A study of the conversion lines was made using the high
resolution V2 Q—ray spectrometer (Graham 1960). Portions of the
spectra obtained are shown in Fig. 3-31 . The low energy region

was recorded with the baffles set at 0.15% resolution; for the high
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Conversion line spectra of EBQCs observed

with the Chalk River TJZ beta-ray spectrometer.
The upper half of the figure was recorded at a
resolution of 0.15%7 while the lower was
recorded at 0.20%. The high energy reglion

is the aggregate of three separate runs.
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energy reglon a stronger source and a baffle setting of 0,207
resolution were used. The high energy region is a composite of
three separate runs. It should be noted that we studied only
those regions of the con&ersion spectra where K-conversion lines
were indicated by the Y=ray spectra from the Ge(lLi) detector.
The relative intensities of the K-couversion lines are given
in column 3 of Table 3-II . The intensity of the K-605 line
is corrected for the small contribution from the ¥-569 conver—
sion line which lies beneath this pealk,

In order to normaiize the conversion line intensi-
ties tc the y-ray intensities the conversion coefficient for
the 635 keV transition from 13403 was measured using the mixed
source technique. This technique is particularly suited to the
high resolution of the Ge(Li) detectors since it can now be used

13463 and l37Cs

in complex decay schemes., A composite source of
was prepared. Te relative Y-ray intensities of the 605 keV and
€62 keV transitions were measured with the Ge(Li) spectrometer

and the relative K~conversior line intensities were measured

in the NV2 E~ray spectrometer., The spectra used for this purpose

s

are shown in Fig. 3-4 . The ntensity of the K-605 line was
corrected for contributions from the teil of L-569 and for the
1=562 lines which lav below the ¥-605 peak, These results give
the ratiocs IY—GOS/Iy—SGZ and IK—GCS/IK~562' Since the E-con-~
version coefficient of the 662 keV y~ray from 137Cs is known,

that of the 605 keV transition from 13403 can be deduced using

the relation;-

op(605) = Tk=605 . Ty-662 . oy (c62)

Ty 662 1605




Flg, 3-4

The upper half of the figure shows part of

the gamma-ray spectrum of the mized 13463
and 137Cs sourceobserved with the Ge{(Li)
detector.

The lower half of the figure shows part of
the conversion line spectrum of the same
source observed with the T{2 beta-ray

spectrometer,
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Table 3-II

PROPERTIES OF GAMMA TRANSITIONS IN 13438

Gamma-Ray K~Conversion Line(a) o aKTheoretical(b) Assigned
Gamma-Ray Intensity Intensity K . Multipo~
Energy (keV) 7% per Dis. per 10" Dis. Experimental E2 M1 larity
x 107° ‘ x 10~5
475.26%0.10 1.5%0.15 1.41 + 0.06 9.40 = 1.0 9.48 12.9 E2
563.11%0,12 8.3%0.8 4.65 + 0,2 | 5.60 £ 0.6 5.99 8.50 E2
569.24%0,12 14.2%1.4 11.62 = 0.5 8.18 £ 0.9 5.77 8.23 M1
604.64x0.12 97.5 47.3 + 1.0 | 4,85 % O.Z(C) 5.00 7.11 E2
795.80+0.16 87.8%9 . 21.6 =% 0.8 2.46 = 0.3 2.61 3.68 E2
801.80+0.16 8.8%1.5 2.26 £ 0,1 2,57 £ 0.4 2.56 3.60 E2
1038.46%0.20 1.03+0.1 0.167x0.009 1.62 + 0.18 1.44 1.92 M1+E2
1167.65x0.25 1.94%0.15 0.204+0.010 1.05 £ 0.10 1.12 1.52 E2
1364.9720.28 3.37£0.30 0.241+0.010 O.Zi + 0,07 0.82 1,07 E2

(a) Conversion line intensity scale normalized to gamma-ray scale using experimental

value of ¢

K

for y-604.64.

(b) Values interpolated from tables of Sliv and Band.

{(c) Direct measurement relative to o

of 661.6 y-ray from 13763.
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The value of aK(662) has recently been accurately measured by
Merritt and Taylor (Merritt 1965) to be 0.0894 = 0.0010. Using
this value our results give an experimental value for the
K-conversion coefficient of the 605 keV transition of (4.85 %
0.2) x 1073,

Table 3~IT summarizes the properties of the y-ray
transitions observed in the decay of 134Cs. The measured values
of the y-ray energies from the present work are listed in column
1. These were measured from the cenversion line spectra recorded
with a NV2 B-ray spectrometer using as a reference the value
obtained by Greham et al (Graham 1960) for the 662 keV y-ray
in 137Cs. We estimate that the accuracy of the energy measure-
ments is 1 part in 5000. Column 2 lists the values obtained for
the y-ray intensities normalized to a value of 97.5 for the 605

" keV y-ray. This normalization gives values in percent per dis-
integration by making the total intensity of transitions feeding
the ground state equal to 100, Previous experiments have shown
that there is no 8-~feed to the ground state (Van Wijngaarden 1964).
Column 3 lists the K-conversion line intensities. These have
been normalized to give the experimental K-conversion coefficients
for the 605 keV y-ray and sc are also per disintegration. The
experimental K~conversion coefficients are shown in column 5 and 6.
The multipolarity assigned to each of these transitions

is shown in the last column.

3.6 Results
In Fig. 3-5 the experimental measurements of the K-con~
version coefficients are compared with the theoretical values of Sliv

and Band., 1In order to obtain a convenient scale all values have been




Fige 3"‘5

Comparison of the experimental values of
i=conversion coefficlents with the theoretical
values of Sliv and Band for Ml and

E2 transitions.
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multiplied by Ei. The 569 keV transition is dominantly M1,
the 1038 keV transition probably an MI1+E2 admixture, and all
other transitions dominantly E2. For the E2 transitions there is
reasonable agreement, within the experimental accuracy, between
the experi:ental and the theoretical values, although in general
the experimental values tend to be slightly lower than the
theoretical values., The greatest discrepancy is (12 * 10)% fer
the 1365 keV y-transition. The oy for the 1168 keV transition,
vhile somewhat low, is in better agreement with theory than nre-
viously feported measurements (see Van Wijnpaarden 1964).

The most accurate measurement is the value of (4.85 %
0.2) x 10™3 for the 605 keV (2+ - 0+) transition which was deter-
mined by the mixed source technique, and so is relative to the
accurate value of the K-conversion coefficient of the 662 keV trans~

137Cs. This conversion coefficient has also recently

ition from
been measured by Hankla et al and Zganjar et al at Vanderbilt
University using the internal-external conversion method. Their

values (Hankla 1963, Zganjar 1962) of (4.65 % 0.3) x 10"3 and

(5.0 £ 0.2) x 10~3 are in good agreement with the present result.

3.7 Level Scheme

Fig. 3-6 shows the disintegration scheme of 134Cs

consistent with the results of the present experiments and the
B-spectra observed by Van Wijngaarden and Connor (Van Wijngaarden
1964). The 8~-feeds shown in Fig. 3-6 are calculated by intensity
balance of transitions feeding and de-exciting the levels. They
agree within the experimental errcr with those observed by Van

Wijngaarden and Connor. There is no evidence for the levels at




Figa 3“"@

Level scheme of 13@3& observed in

the beta-decay of 134@99
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1570 and 1770 keV suggested by some previous workers. This
agrees with the analysis of Schriber and Hogg. (Schriber 1963)
The level at 1643 keV had been giver a tentative spin assigmment
of 3+ based on the probable M1 + E£2 character of the 1038 keV
transition.
In the time since these results were nublished

January 1965) other groups have investigated this isotope
(Comite 1965, Bashandy 1966) and their results are not in
agreement with the present work. ifore recently however Abdul-
HMalek and FHaumann (Abdul-Malek 1968) have re~investigated the

13403 with a Ge(Li) detector and a six-gap crange

decay of
spectrometer. Table 3-III compares their results with those
obtained in the present work and shcws them to be in good
agrecement,

Angular correlation studies of the transitions de-
exciting the 1643 keV level have been reported by Hsu and Imery

(Hsu 1968). Their values for the A, and A, coefficients for the

two cascades are

it

Y475 - y1168 A ~-0.255 £ 0,075 A, = -0.15 * 0,11

2
v1038 - y605 A,

H|

4

0.101 £ 0.002 A, = 0.006 * 0,003

]

These values together with the multipolarity assignments reported
in the present work establish the spin of the 1643 keV level as
3+ in agreement with the previously postulated value.

Also shovm in Table 3-III are the results of a recent
investigation of this isotope by Raeside et al (Raeside 1967).
In addition to studying the gamma-ray spectrum with a Ge(Li) detec-
tor and performing Ge(Li) - NaI(T1l) coincidence experiments, this

group examined the low energy region with a 2m curved-crystal

spectrometer, The results of the curved-crystal studies revealed

twvo hitherto unseen gamma-rays with cnergies 242.694 * 0.041 and
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COMPARISON OF RELATIVE INTENSITIES OF GAMMA-RAY TRANSITIONS IN‘134Ba

GAMMA-RAY ENERGY *RELATIVE INTENSI&IES
(keV) % per disintegration
PRESENT WORK RAESIDE ___PRESENT WORK ABDUL-MALEK RAESIDE
242.694+0.041 . - 0.02x0.01%*
325.512+0.095 , | : 0.02+0.01%
475.26x0.10 475.355+0.038 1.5%0.15 1.420.2 1.51£0.16
563.1i+0.12 563.325%0.041 8.3x0.8 8.7%1.0 8.960.84
569.24%0.12 569.371%0.047 ©14.2%1.4 15.0£1.6 15.81#1.1
604.6420.12 604,774x0.027 97.5 | 98.0 98.04
795.80+0.16 795.806%0.050 87.8%9 - 88.4%9.1 87.7916.6
801.80x0.16 801.86+0.28 8.8t1.5 9.2£1.0 8.94x0.8
1038.4620.20 © 1038.6120.49 ' 1.03+0.1 1.1x0.6 1.020.08
1167.65x0.25 1167.99+0.39 1.94%0.15 1.920.2 1.96%0.22 J
1364.9720.28 ) 1365.08+0.32 ' 3.3720.30 | 3.3x0.3 3.250.32
* Obtained from curved-crystal studies.
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326.512 £ 0.095 keV. The intensity of each transition is given

4

as 0.02 = 0.01% per disintegration which explains why they were
not seen in the present work. Both gamma-rays have bern fitted into
the level scheme presented herein with the higher energy one fitting
between the 1970(4+) and 1643(3+) keV levels and the lower one

between the 1643(3+) and 1400(4+) keV levels.,

3.8 Discussion

In 1961 Sheline et al {Sheline 1961) proposed that in
addifion to the already well established rcgions of nuclear
deformation in the periodic table, there should exist a region
of deformed nuclei among the neutron deficient rare-earth
- elements. Marshalek et al (iMarshalek 1963) have performed
theoretical calculations over large regions of the nuclear
periodic table to determine the deformation of and the energy
difference between spherical and deformed nuclei as a function
of nucleon numbers., They concluded that a deformed region should
exist with N and Z between 50 and 82 and on the basis of the
experiments by Sheline et al (Sheline 1961) on lsza, 1283a and
13OBa, which were performed in conjunction with this theoretical work,
concluded that these Ba nuclei were deformed.

Preliminary results of Gerschel et al {Gerschel 1964)
confirmed Sheline's results on the first excited 2+ states and
in addition reported 4+ and 6+ states in 126Ba and 128p,4 which
were interpreted as rotational states. More recent experiments
by Clarkson et al (Clarkson 1967) on 12454 ana 1265 have con-
firmed the rotatirmnal nature of the levels in these isotopes.
Gerschel also points out that the region from 1303, up to

singly magic 138Ba should form a transition region from deformed
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to nearly spherical nuclei. The levels of these isotopes should
therefore be expected to exhibit vibrational characteristics.

The recent results of Gerschel et al (Gerschel 1965) on the
decay of 13OLa and 132La, into 130pa and 132Ba respectively, lend
support to this contention. Their results indicate that both
of these isotopes‘have second excited 2+ states at about 2.2
times the energy of the first 2+ state. 1In addition 3- states
are indicated in agreement with the systematics of octupole
vibrations in this region (Hans:n 1963). A comparison of the low
lying levels in the even-even Ba isctopes is given in Fig. 3~7.
The level schemes were taken from the references discussed in
this section.

134

The level scheme shown for ‘Ba is based upon the

134La studies of Julian and Jha (Julian

present work and the
1967). A 780 kev gamma-ray had been reported in the 134La
studies of Riceci et al (Ricci 1965) and in the preliminary
results of Julian and Jha (Julian 1964). This gamma—fay
was originally thought to de-excite a 0+ level at 1365 keV to
the 605 keV level but further studies by Lhe latter authors
showed that this transition belonged to the 135Ce contaminant
in their source (Julian 1968). Julian's results also show that
the log ft. values calculated for the transitions to the higher
excited states in 134Ba indicate zllowed transitioms. This would
exclude the interpretation of the 2335 keV level as the 3~ state
as proposed by Ricci et al (Riceci 1965),

The decay scheme shown for 136Ba is based upon the work

of Reiming and Pate (Reising 1965) and Julian (Julian 1968), Reising

interprets the first 2+ and 4+ states as arising from the one-phonon
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Comparison of the low lyﬁmg‘@margy levels

in the sven~even barium Llsotopes.
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and two~-phonon vibrational states respectively. The (2)+ level
at 1579 keV is seen in the decay of 13614 and it seems plausible
to interpret this as the 24+ state arising from the two-phonon
vibrations., The other levels appear to be of quasi-particle
nature and can be explained by shell model predictions (Reising

1965).

Since the low lying levels in the nuclei surrounding

13éBa can be interpreted as being of a vibrational nature

it seems natural to interpret the levels in 13433 similarly.

The first excited 2+ level is then identified with the one-phonon
vibration, the sccond 2+ and the 4+ levels with the two-phonon
vibration. As pointed out by Julian (Julian 1267), the first

2+ state cannot be described as a pure harmonic oscillator state since
two-phonen transitions are forbidden and the 1168 keV transition

is quite strong. Further investigation of the high energy region

is necessary before anything definite can be said about the nature

of the high lying states.

In the transition region Letween rotational and vibra-

tional nuclei it is also possible to interpret level schemes on

the basis of the Davydov and Fillipov (Davvdov 1958) asymmetric
rotamodel, In Table 3-IY the relative spacings of the levels in
l34Ba are compared with those predicted by the asymmetric rotor
model for a value of vy ~ 30°. The agreement is reasonably good

excent for the second 4+ state which occurs at too low an Cnergy.

he dominantly i1l character of the 570 keV transition from this

level to the first 4+ state at 1400 keV also indicates that it is

nrobably not a pure asymmetric rotor state.

The experimental ratios for both the 2+ and 3+ levels
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are slightly lower than the predicted value., Das Gupta and

Gunye (Das Gupta 1964) have considered the generalized Davvdov

122

theory (Davydov 1961) and applied their calculations to Ft.

This theory uses only collective co-ordinates and therecfore the

nredictions depend prrincipally upon the shape of the nuecleus and not

on the individual particle states. The shape of 134

192,

Ba might be

expected to Be similar to

134

t, as there are 78 neutrons in
. . 192 o
Ba and 78 protons in Pt and about 12% of the other par-
ticles (or holes) are outside the nearest closed shell., The
results of Das Gupta and Gunyve for y = 30° are compared with

134 . , )
the experimental data for Ba., This gives slightly bhetter
agrcement than the pure asymmotric rotor model. Io attempt has
been made to optimize the parameters in Das Gupta and Gunye's paper.

For 134Ba they would probably differ slightly from those applicable

82
to 19 Pt.




" Table 3-IV

134

COMPARISON OF LEVEL SCHEME OF Ba WITH THEORETICAL PREDICTIONS

"B(ﬁZ; 2+ > O4)

. : ot \
gt /Epy Bt/ By E3/Eos Eppr/Byy  B(EZ3 280 > 24)
Experimental . 1.95 2.32 2.72 3.25 <~ 0.006
Asymmetric Rotor 2.00 2.67 3.00 . 5.66 0

(v = 309

- Das Gupta and Gunye 2.04 2,48 ‘ 2.81 0
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CHAPTER IV

Gamma-Gamma Coincidence Experiments

.
DIk

la

4.1 Introcduct

Coincidence experiments have many applications (e.g.
measurements of lifetimes, angular correlations, etc.) but
only two of these applications will be made use of in this
thesis ~- the fitting of gamma-rays into a decay scheme and the
intensity measurement of weak transitions, With NaI(Tl) spectro-
meters the poor resolution not only masked weak gamma-rays but
also closely spaced doublets. Coincidence experiments were
needed to identify such transitions.

The dintroduction of the Ge(li) detector has illus-
trated the complexity of many decay schemes by revealing hitherto
unseen gamma-rays so the need for coincidence experiments is
greater than ever. Until recently the small volume and low effi-
ciency of planar detectors limited coincidence experiments to one

Ge(Li) detector and one NaI(Tl) detector. However the intro-

duction of large velume coaxial diodes now permits the use of Ge(Ldi)

detectors on both sides of the experiment. The decision as to
whether a Nal(T1)-Ge(Li) or Ge(Li)-Ge(Li) system should be uséd
depends upon the exveriment in question. There are undoubtedly
many cases wheve the former system is adequate and in some cases
even preferable., There are also however many cases in which the
spectrum is toc complex to allow HaI(T1l) detectors to bz used. It
is in these cases that the Ge(Li)-Ge(Li) system provides a power-
ful and indispensible tool.

The following sections of this chapter describe some

of the timing characteristics of Ge(Li) detectors and the coin~

cidence technique used for the experiments discussed in Chapter V

and VI.
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4.2 Timing Characteristics of Ge(Li) Detectors

Pulses from WaI(Tl) spectrometers are particﬁ}éﬁﬁiy
suited for coincidence studies since the nulse shape is constént
and determined by the decay time of the crystal, This however
is not the case with Ge(Li) detectors since the rise time of
the pulse depends upon the time taken to collect the electrons
and holes. Several napers have been written on the subject
(Graham et al, 1965, Strauss er al, 1566, Ewan et al, 1966a)
sc only a brief review of the timing characteristics will be
given here. Tig. 4~1 to 4-5 are taken from the rapers by
Graham and Ewan,

The pulse shape from lithium~drifted detectors

depends upon several things including the depth of the detector,

=h

the electric field distribution, the mobilities of eclectron and
holes and the position at which the electrons and holes are
produced (Goulding, 19265)., Fig. 4-1 gives a very simnlified
representation of the situation. The upper left hand diagram
shows a schematic of a planar detector, with the + and ~ signs
indicating three different positions in which electrons and
holes can be produced. For simplicity the mobilities of both
carriers are taken to be the same. If the electrbn hole pairs
are produced at the center of the detector, then the time taken
to collect the charge will be approximately one half of that
taken when they arc produced close to either the p or n side

of the dicde. These two rise times correspond to the solid
lines shown in the diagram in the lower left of Fig. 4-1 (Bwan
et al 1966a) For eclectron-hole pairs produced elsewhere in

the detector, tﬁe rise of the pulse starts off rapidly, until

one carrier is collected, and then builds up with a rise time




Fi_go é@“"i

The left-hand side i1llustrates schematically
the pulse shape from evants occurring at
different positiens Iin a planar detector.
The right-hand side shows the timing
distribution observed with an RCA Sum
detector using leading edge timing. The
apparatus 18 shown schematically 1n the

upper right.
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equivalent to the transit time of the other carrier.

In actual fact the situation is considerably more
complicated since the carriers do nct have the same mobility.

The velccities of electrons and holes depends upon the electric
field strength until fields of > 2000 V/cm are reached, at which
stage they approach a saturation velocity of ~ 1.5 x 107 cn/see
(Prior 1960, Goulding 1966). The electric fields in detectors

are also not uniform and this together with trapping, recombination.
ond multiple interactions causesa spread in rise times.

It is quite commen in WaI(Tl) work to use a cross-—
over pick off (C.0.P.0) unit to derive the time pulse. This
timing signal corresponds to the time taken to reach one half
of full pulse height. The large spread in times required to
reach this level in Ge(Li) detectors makes this method unsuitable
so leading edge timing must be used. Even with the discriminator
set és low as possible there still arises the problem of "walk"
with pulse height. Some pulses trigger the discriminator later
than others and a tail appears on the time distribution. A
typical example of a prompt timing distribution from 6000 gamma-
rays is shown in the lower right h-nd corner of TFig. 4-1 (Swan
et a2l 19662 with a schematic diagram of the equipment used to
obtain it shown above. As can be seen from the diagram, the full
width at half‘maximum is 3.° nsec but there is also a tail with
a slope of ~ 3 mnsec. The tail limits the life-time that can
be measured from the slope of the time distribution.

As already mentioned, both the size of the detector
and the fiesld across it affect the pulse rise time and hence the

resolution curve. Full widths at half maximum from ~ 2 nsec for
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Measurement of charge collection times in

Ge(L1i) coaxial detectors at 77 K.

A schematlie dlagram ¢f the apparatus hsed

for the measurements is shown on the left

of the figure. Uscillosecope traces corresponding
to the fulle-energy 311 keV pesk are shown on

the right for two differvent source positiomns.
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a 2 mm detector (Pigneret et al 1966) to 6.0 nsec for a 10 mm
deep detector (Ewan et al 1966a) have been reported,

The small volume and low cfficiency of the planar
detector however limits its use in coincidence studies, As a
result larger volume coaxial detectors were developed as already
mentioned in Chap. I. The first of these detectors developed had
one closed end and ome open end. Detailed studies of the depleticn
depths of these detectors have been made by Malm (falm et al 1966).

The electric fields produced in these detectors are
very non uniform and as a result, the pulse rise time is very
dependent upen where the gamma~ray interacts with the detector.
This variation in pulse rise time with position is illustrated
in Fig. 4-2 (Graham et al 1966). A positon emitting source
22Na was placed between two lead blocks to produce a narrow
(1 mm wide) beam of 511 keV gamma~rays. An oscilloscope was
triggered by one of the annihilation quantabdetected in a NaI(T1)
detector and the output pulses from the Ge(Li) detector were dig-
played. The only pulses shown in the diagram are those correspon-
ding to the full-emnergy peak.

The pulse shapes were observed at several positicns
across the detector with the beam of gamma-rays aimed at the co-
axial region (upper right hand diagram), The rise time (10% to S0%
of maximum pulse size) can be seen to be ~ 50-80 ﬁsec. The
dashed line shows the rise time of a mercury pulser. When
the beam is shone into the closed end region, as shown in
the lower diagram, the pulse rise time is seen to be longer and
there is considerable variation in the pulse shape.

Fig. 4-3 (Graham et al 1966) shows the variation in




Fig, 4-3

Dependence of time spectra a8 & function of
axial position of the source in a coaxial
Ce(Li) detector having sharp edges and

e radial depletion depth of about 7Tmm,
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time spectra with position. The upper curve was taken using
cross-over pick off timing while the lower three used leading
edge timing with the discriminator set at different levels,

It is apparent Ffrum these figures that there is a large spread
in F.W.H.M. with position but that leading edge timing produces
a much smaller variation than cross-over pick off, These
detectors are therefore only useful for coincidence experiments
where resolving times of 2T ~ 50 nsec are acceptable,

The next step in the development of large volume
detectors was the cylindrical coaxial detector with both ends
open. An example of the time spectra cbtained from such a
detector is shown in Fig, 4~4, The curve on the left shows a
full width at half maximum of 9 nsec and a full width at one
tenth maximum of 19 nsec. This should be compared to the curve
on the right obtained with cross—over pick off timing which
shows a full width at one tenth maximum of 39 msec. (Malm 196¢)

The timing experiments discussed so far have involved
one Ge(Li) detector and one ¥al(Tl). The large volume coaxial
diodes make it feasible to use Ge{Li) detectors on both sides
of the coincidence arrangenont, Time spectra with two Ge(Li)
detectors have been reported by Ewan (Ewan 1966a) and an
example is shown in Fig, 4-5. This curve was obtained using
two cylindrical double open-~ended coaxial detectors which were
both gated on the 511 keV full-energy peaks. One of the detectors
had a depletion depth of 9.5 mm while the other was only 7.5 mm
deep. Sec. 4.5 of this thesis illustrates one of the timing
problems which can arise when two of these detectors with unequal

depletion depths are used in a coincidence experiment,
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A comparison of time distvibutions using

leading-edge and cross-over plckoff triggering.
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Time resolutieon curve observed with two
3

coaxial Ge(lLi) detectors., A 2“Na source

was used and the side channels selected

the 511 keV full-snergy peaks,
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From this brief review of timing characteristics it

is evident that the best timing resolution comes from planar

The tvpe of Ge(Li) detector used in a particular
experiment is governed to a largz =xtent by the nucleus under
investigation. If the decay scheme is such that low energy
gamma rays are in coincidence with high energy ones, then it
would be very advantageous to use a thin window planar detector
~ 1 cm deep on one side of the cqincidence experiment and a large
volume coaxial diode on the other side. However if the coin-
cident gamma rays are all of high energy then large volume
coaxial detectors should be used on both sides of the experiment.
If long resolving times can be tolerated (50-100 ns=zc) then
single open cnded detectors are adequate. However if faster

resolving times are needed, then double open-ended diodes must

be used.

4,3 Coincidence Apparatus

A block schematic of the apparatus used for the gamma-
gamma coincidence experiments reported in this thesis is shown
in Fig. 4~-6. With the exception of the linear amplifier and
biased amplifier, which were manufactured by Tennelec and the
preamplifier which was built at C.R.M.L., the equipment was all
supplied by Qrtec.

The detectors used in these experiments were produced
at C.R.N.L. by the counter development section. Two of them

were double open cnded coaxially drifted Ge(li) detectors, one

having an active volume of 44 cc and the other an active volume




ig. 4-6

Block schematic of the electronic eguipment
used for the gamma-gamma colneidence

experinents,
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of 30 cc., The 44 cc diode (code number G9C2) was 63 mm long with
an external diameter of 31.5 mm and a dead core 7 mm in diameter.
The resolution of this detector has been measured to be 2.75

keV on the 1173 keV photopeak in 6000, using low counting rates,
and has a photopeak to Compton ratic of approximately 20:1 at
this energy. An example of its performance is shown in Fig. 4-7.
The 30 éc detector (code no. GLCHX) had a resolution of 5 keV

at the same energy. All of the diodes were operated at liquid
nitrogen temperature in essentially the same kind of cryostat

as described in Chap. I. The preamplifier has already been
described in that section so nothing further will be said about
it here.

As can be seen from Fig. 4-6, the system used was
essentially a fast-slow typ2 of coincidence arrangement. Pulses
from each preamplifier were split two ways, one to produce a
linear signal for energy analysis and the othor to produce a
timing pulse for the fast coincidence unit. The "linear output"
was fed to a2 linear amplifier (Tennelec TC200) where amplification
and pulse shaping were performed. Two outputs were then taken from
this amplifier. Omne of these was delayed and sent into 2 biased
amplifier and stretchexr (Tennelec TC250). This unit was used to
produce unipolar rectangular shaped pulses for the encoders in
the computers. It was gated by a signal from the slow coincidence
unit (Ortec model 409) so that only specially selected events
were passed to the computer for analysis. The other output
from the linear amplifier was fed into a 'sum-invert' amplifier
(Ortec model 433 used here only as an inverter) and then into

a discriminator (Ortec model 420). This discriminator fed pulses
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The upper portion of the figure shows the
MBC@ gamma-ray spectrum observed with coaxial
detector G9CZ,

The lower portion shows an expanded view

of the two photopeaks and the dnsert shows

the dimensions of the detector.
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to one of the slow coincidence inputs whenever the incoming pulse
was above a certain mininum,

The other pulse from the preamplifier was fed into

time pickoff unit (Ortec wmodel 260) and then intc & time

o

pickoff control unit (Ortec model 403) which was used to set
the levei at which timing pulses were produced. The ocutput
pulses from this unit were fast rising tunncl diode pulses
(~ 5.0 nsec) which were then used as "start" and '"stop' pulses
for a time to amplitude converter (Ortec model 437). Time
delays were inserted as required to match up the delays through
the preamplifier and time pickoff units. The time to amplitude
converter (T.A.C.) was used as the fast coincidence part of the
system,

The T.A.C. output was split and one output was fed
to a single channel analyser (S.C.A.) (Ortec model 420). When
the data were collected on the PDP-8 computer, this S.C.A. was
used to set the time window on the T.A.C. output. Its output
was subsequently sent through a gate and delay generator (Ortec'
model 416) in order to provide a suitably delayed pulse for the
third input tc the slow coincidence unit. When the PDP-1 was
uced to collect the data, the S.C.A. was used in the integral mode
tc give a slow coincidence input for any pulse above a required
level. The other output from the T.A,.C. was delayed and sent
through 2 linear gate (Ortec model 409) which was gated from the
slow coincidence unit. Thus in the PDP-1 mode of operatiom, three
pulses were sent to the computer, twoc of which had met certain
energy requirements and the third contained the time relationship

between them. In the PDP-8 mode only the energy pulses were fed
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to the computer the time relationship between them having

been preselected by the $.C.A. on the T.A.C. output.

4.4 TFast Counting Rate Effects

It is inevitable that somewhere in the amplifier-
preamplifier system there must be AC coupling betweeen stages.
To optimize tﬁe signal to moise ratio single RC shaped pulses
are preferable to doubledifferentiated pulses produced either
by RC or delay linc shaping. When an exponentially -decaying
pulse is fed to a differentiating circuit,the ocutput pulse

.has a fall time determined by the differentiator but also has
a long undershoot, the time constant of which is determined by
the decay time of the original pulse. When fast counting rates
are used, this undershoct leads to "pile-up" problems and, as a
result, a loss in resolution. Under overload conditions, this
undershoot can be severe enough to saturate the amplifier during
a large portion of the under shoot leading to excessive dead time.

With the low nhotopeale officiency of even large volume Ge(Li)

detectors, it is necessary to use high counting rates (15,000~
20,000/sec) in order to give reasonable counting rates in coin-
cidence experiments. Detailed studies of the requiremcnts for
nuclear pulse amplifiers have been made by several groups and
their results appear in the literature (Blankenship and Howlin
1966, Goulding 1967). A method commonly used to eliminate the
undershoot from RC clipped pulses is the "pole~zero" technique
and the amplifiers used in the coincidence experiments reported
in this thesis were modified in this way. Fig. 4-8 illustrates

schematically the technicue and the pertinent mathematics is




Mathematical description of a pole-zere
compensaticon network. The upper half shows

the pulse shape with no pole-~zero compensatlion
while the lower half illustrates the

cancellation network.
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included in the diagram. Effectively what happens is a portion
of the incoming pulée is fed across the capacitor by the resistor
and added on to the differentiated pulse cancelling out the under-
shoot. This method is applicable only when the DC voltages on
either side of the capacitor are the same or very nearly the
same and when single time constants are used for pulse shaping.
The combination of the bleeder resistance and the coupling capaci-
tance must have the same time constant aaz the incoming pulse,

The preamplifiers were AC coupled to the main amplifiers
and no pole-zero compensation was used at these points., In order
to overcome baseline shift at high rates, it was necessary to use
double RC pulse shaping in the main amplifier. The best resolution
at high counting rates was obtained by using double RC pulse shaping
and "adjusting" the pole zeroc compensation. A detericration was
observed in resolution from 2.75 keV, with slow counting rates and
single RC pulses, to about 4.0 keV with high rates (~ 25,000 cps)

and this modified pcle-zero compensation,

4.5 .Related Address Technique

In gamma-gamma coincidence experiments using NaI(T1)
detectors the standard procedure for many vears has been to
set a window with a single channel analyser on a full energy
peak in one detector and use a multichannel analyser to record
all the events in coincidence with that gamma~-ray from the
other detector. The accuracy with which this type of experi-~
ment could be performed was determined largely by the stability
of the window. With the fairly wide photo-peaks from a HaI(Tl)

spectrometer and the improvement in electronics over the last
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decade, good stability can be achieved quite readily. However
with the advent of Ge(lLi) detectors the picture has changed
somewhzt. Provided the experiments are being d-ne with one
NaI(T1l) detector and one Ge(Li) detector, and the windows are
set on the NaI(Tl) side, then no difficulties arise. If the
windows are to be a2t on the Ge(Li) side then the narrowness
of the Ge(Li) peaks makes the requirements on stability all the
more severe.

Another drawback with the above type of system is the
limitation on the number of windows that can be set at the one
time. In order to determine the events coincident with the
Compton distribution under the photopeak, it is necessary to move
the window just off the photopeak and repeat the experiment.

It is also necessary to repeat the run again in order to measure
the accidental coincidences, which can be appreciable if the
counting rates are high. All of this is very time consuming

and if the radioactive source under study has a short half life,
the corrections to the data can be quite complicated.

If two Ge(lLi) detectors are used, the low detection effi-
ciency means that long runsg are needed for each of the above meas-
uvrements., This in turn means that the results are extremely sensitive
to the overall stability of the system. In view cf these require-
ments it seems desirable to have a system which records all of the
above information simultaneously. The introduction of small digital
computers for con~line experiments in recent vears has provided the
necessary tool for such e system. The system used in the coincidence
experiments reported herein is referred to as the "Related

Address Technique" and a description of this technique follows.
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Two types of computers were used for these experiments,
a PDP-8 and a.  PDP-1 both manufactured by Digital Equipment Corp.
The PDP-3, to vwhich the author had ready access, wvas limited
by the small memory (4096 channels), so whenever possible, the
PDP~-1 was borrowed from the Tandem Accelerator group at C.R.N.L.

A block scheetic of the system is shown in Fig., 4-9.
Let us suppose that we have a coincidence event. The pulses from
both detectors are fed from the biased amplifiers to the encoders
in the PDP-1. The ADC's then encode these pulses and produce two
addresses for this coincident event. The output from the T.A.C.
is fed to a third encoder and ancther address is produced cor-
responding to the time relationship between the two events, These
three addresses are then stored sequentially in a memory buffer
unit viz. address of event El fr-r side A, address of event E2
from side B and address of event T from the T.A.C. In actual
fact the programme for the PDP-l1 recorded groups of four addresses
but in these experiments the fourth address was left blank. When
80 coincident events had been analysed and stored in the memorv
buffer, the contents of this buffer were then transferred to
magnetic tape and the buffer was cleared Tn order to avoid losses
during transfer time two buffers were used, the second one col-
lecting while the first was being transferred. Thus the magnetic
tape comsisted of a series of blocks with 80 groups of four addresses.

By using this technique of recording all the coincident
events simultaneously as well as their time relationship, the
actual experiment is performed after all the data have been
collected. The experimenter can then decide which gamma-rays

he wants to set windows on.




Figa é‘“’?

Schematic diagram of the "Related Address
Technique”™ used for the gamma-ganma

codneldence expeviments,
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Let us suppose that we wish to set a window on a gamma-
ray whose full-energy peak occurs in channel 200 in encoder El,
The width of the window depends upon the gain of the amplifier
system used but for the purpose of this description, let us sup-
pose it is 5 channels wide. This ncans setting a window from
channel 198 to 202 inclusive. In order to suBtract off those
events coincident with the Compton distribution, it is necessary
to set another window just off the photopeak, e.g. from channel
204 to 208 inclusive, and then subtract this spectrum from the
first. The large size of the PDP-1 memory allowed the setting
of eleven such pairs simultaneously. The way the programme had
been written, only one time window could be set at any one time,
Thus the magnctic tapes had to be resorted to get the random
coincidences using the same energy windors but a different time
window as shown in Fig. 4-9., The time required for sorting
the tapes was typically 15 minutes per tape. In one experimont,
six tapes were used so that about 1% to 2 hours of actual computer
time was used per sort,

When the data were collected on the PDP-8 computer,
only two energy encoders were used and the time relationship
between the events was not recorded. The small memory of this
computer restricted the number of windows which could be set
at any one time to one. This meant that the tape hid to be sorted
with the window set on the photopeak, these data punched out on
vaper tape and then the magnetic tape resorted with a new windcw
set just off the photopeak. This second sort was then punched out
on paper tape and the two paper tapes were subtracted to give the

coincidences with the photopeak. Each of these passes required




about 15 mins. so this was a timing consuming »rocedure.

A methed of reducing the analysis time was found by
reordering the magnetic tapes. As the tapes came from the PDP-8
computer, they were filled with pairs of related addresses, the
first of which came from cnender El (see Fig. 4-10). These tapes
were then taken to the G-20 computer and were reordered by a
merge-sort programme (Hosken 1955). The result of this programme
was 1024 blocks of spectra from encoder E2 which were sequentially
in coincidence with channel 1 throuzh 1024 of encoder El. The
time required for reordering 4 x 16 events was roughly 7 hours,
The new tape was also comsiderably smaller than the original tapes,
since only about 600 ft. of tape were used to write these 1024
blocks of spactra.

The new tape was then taken back to the PDP-8 for
further analysis. If one wished to look at the spectrum in coin-
cidence with channels 198 to 202, the PDP-8 then counted
197 blocks - a process which takes a few seconds from start
to finish and then summed the next five blocks. In order to
subtract off the coincident events with the Comptons, the computer
then has only to subtract off the next five blocks of the tape.
This whole procedure is extremely rapid and it allows the experimenter
to change the position of the windows and see the results immediately
as opposed to two fifteen minute searches per reel through the
original tape.

Apart from the obvious convenience and speed of per-—
forming experiments by the related address technique, the need for
an ultra-stable SCA is eliminated, sincec thé digital windows set

in the computer are absolutely stable. We are no longer troubled




Plg, 4~10

Schematic representation of the data

re-ordering by the ¢-20 computer.
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with windows which drift up or down over a photopeak. Any drifts
in the system broaden all of the photopeaks but do mnot have the

effect of moving just one peak in or out of a window since no

windows are set while the data are being collected.

4,6 Time Distribution

As explained in sec. 4.5, the time relationship between
the coincident gamma-rays is recorded in the PDF-1 mode of opera-
tion. When it comes to setting the digital time windows, pro-
blems can arise as to the positioning of this window. The time
distributiocn sketched in Fig. 4~9 is an idealized one which rarely
occurs in actual practice. If one locks at all the events from
encoder El in coincidence with all the events in encoder EZ, by
setting digital energy windows from channel 1 to 1024 in both
encoders and then asking the computer to sort out the time
distribution curve, a double peaked distribution may appear as
indicated by the clesed circles in Fig. 4-11. The explanation
of this lies in the fact that the timing characteristics for the
two detectors arc not identical if the coincident gamma-rays
have greatly differing energies.

In order to produce a timing pulse for the TAC, some
sort of discriminator must be made to trigger. Let us suppose
that we have a discriminator set to trigger after a certain
amount of charge Q; is collected by the preamplifier. A high
energy ~rma ray produces more charge in the detector than a low
cnergy ong so for a given field across the detector, it will take
longef to collect an amount of charge ¢y from the low energy gamma-
ray than from the higher energy one. L&t us, for the moment,

suppose that there is no variation in this time, dependent upon
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Double peaked tiwming distribution obtained

during the the E?EYB experiments with two

coaxial Ce(lLl) detectors., .
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where in the detector the electron-hole pairs have been produced.
The solid lines in Fig. 4-12 represent the variation in time
required to fire the discriminator versus energy of incident gamma
ray. As can be seen from the diagram this variatirn for detector
1 differs from that of detector 2. This can be caused by having
unequal depletion depths or unequal collecting fields or a
combination of both.

et us suppose we have a high energy gamma-ray repre-
sente& by y; and a low energy event represented by Yoo If Yy is
detected in counter 1 and y, is detected in counter 2 then the
output signal from the T.A.C. will represent the time interval
ty - tl‘, This will correspond to the position of the peak through
the closed squares in Fig. 4~-11., When Yo is detected in counter 1
and Y1 in counter 2 thon the peak position corresponds to tZv -
ty. This corresponds to the curve drawn through the open circles
in Fig. 4-11. As can be seen from Fig. 4-12, the only way t, -
tlV can equal t2v - tl is for the slopes to be identical.

In actual practice the situation is not as simple as
that represented in the diagram. There should in fact be a
series of slopes about the line shown, since the time required
to collect the charge Ql is a function of where in the detector
the electron-hole pairs are produced, the collecting field etc.

Since the peak position varies with the energies of the
coincident events, it means that it is not always possible to
set one time window and sort on eleven different energy windows
as mentioned previously. The position of the peak from the time
encoder must therefore be checked for ecach gamma-ray and this

procedure was followed throughout the experiments on 177¢b and

159%a4,
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Graphlecal dlscussion of the double peaked

timing disceibution,
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CHAPTER V

The Decay of 1.9 hr 177Yb

5.1 Introduction

The decay of 1.9 hr l77Yb has been studied by several

groups in recent years, The work of Mize, Bunker and Starner
(Mize 1956) indicated that there were four levels above the
ground state and that the g-feed tec the uppermost level at about
1240 keV had a very low log ft value. The gamma-ray data of
Tavendale and EZwan (Tavendale 1263) showed that there were actu-
ally two levels, one at 1230 and the other at 124l keV, 1In order
to measure the log ft values of the 8-feeds tc these levels mors
accurately, Johansen et al (Johansen 1964) studied the continuous
8-ray spectra and conversion lines with a 6 gap g-~ray spectro-
meter, Their results showed that the log ft values indicated
allowed unhindered transitions and on the basis of the'ﬁilsson
orbitals available in this region concluded that the levels at
1230 and 1241 keV were three-quasi-particle levels (see sec.
5.6). Further evidence for 3 particle levels in 177Lu has been
discussed by Kristensen et al (Kristensen 1964) and theoretical
calculations have been made by Pvatov and Chernyshev (Pyatov
1964) and Soloviev (Soloviev 1966),

The electron conversion spectra of’thansen indicated
new low energy transitions which were subsequently verified by
Ewan (Ewan 19€3a) using the Chalk River V2 B-ray spectrometer.
The high energy region of the gamma-ray spectrum was studied by
Tavendale and Ewan (Tavendale 1963) using the V2 B~ray spectro-

meter and a Ge(Li) detector. Energy sum considerations and elec—
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trou-gamma coincidence studies were used to place most of the
transitions into a level scheme with the exception of a prominent
gamma-ray at 898.8 keV.
Levels in 17714 have been studied from the decay of

177

the 155d isomer of Lu (Kristensen 1964) and very well devel-

oped rotatinnal bands have been observed. The thermal neutron

17 177

capture reaction 6Lu(n,y) Lu has also been used to study the

Ve
levels in this isotope (Balodis 1966, Maier 1965).
In order to position all of the transitions observed
. . o 177 . ;
in the high resolution gamma-ray spectrum of Yb into a level
scheme, gamma-gamma coincidence experiments must be performed.
However the short half-life of the isotope and complex nature of
the gamma-ray spectrum prohibit the use of conventional NaI(Tl)-
Nal(T1l) techniques. With the advent of large volume Ge(Li)
detectors and event by event recording of coincidence data on
magnetic tape using digital computers, it is now possible to
perform Ge(Li)-Ge(Li) coincidence experiments on short lived
isotopes.
The present work reports the results of a detailed ana-
. . 177,
lysis of the direct gamma-ray spectrum from Yb. Several new
transitions were observed. Gamma-gamme coincidence experiments

have confirmed previously known features of the level scheme and

have established the existence of at least two new levels.

5.2 Experimental Apparatus and Procedure

Sources of 177Yb were pr.rared by irradiating szO3

4
enriched to 98% 170vb in a flux of 2.5 x 1Gl+ neutrons/sq cm/sec

for periods of 2 minutes in the N.R.U. reactor. In order to
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remove the radiocactive lutetium decay products produced during
irrvadiation, chemical separations were performed. The lutetium and
ytterbium were separated by elution frem an ion exchange column
using a~hydroxy isobutyrate with a pH of 3.30 (Smith and Hoffmann
1856).

The direct gamma-ray spectrum was investigated with a
44ce coaxial Ge(Li) detector (No. G9C2) and a high resolution
planar detector (GAG). These detectors had resolutioms of 2.75 keV
1 MeV and 1.0 keV at 100 keV respectively. The data were collected
on either a Nuclear Data 3300 system or on a PDP-8 computer.

Three coincidence experiments were performed during
the study of the decay of l77Yb. The first of these was used to
familiarize the author with the equipment. The second coincidence
experiment was performed using two coaxial detectors G9C2 (44¢m3)
and GLCO6X (30 cm3) placed side by side to give a large solid aﬁgle,
and the data were collected on the PDP-8 computer. This experi-
ment provided much useful information and indicated the cxistence
of some previcusly unseen transiticns. However as the time
relationshinp between the events had not been recorded with the
PDP-8, it was decided that the experiment should be repeated.

The third coincidence experiment was performed using
the same coaxial detectors with the same geometry as above, but
this time the PDP-1 computer was used to collect the data, enabling
the time relationship as well to be recorded. Four sources were
prepared for this experiment and eaéh was counted for approximately
two half lives. The method of analysing the magnetic tapé was dis-

cussed in Chap. IV,

at



5.3 Direct Gamma-Ray Spectrum

Tig. 5-1 shows the direci gamma-ray spectrum of l77Yb
obtained with the 44 Oﬂgcoaxial detector. The low energy portion
of the spectrum was taken with 0.045" Cd between the scurce and
detector while the high encrgy region had 0.045" C& plus 0.075"
Pb to reduce the number of low encrgy gomma-rays detected., In
order to cut down the background, due to 41Ar from the reactors,
the detector was surrounded by a lead shield during these measure-
ments. The two unlabelled peaks in the upper portion of Fig, 5-1
are the Pb X-rays produced from this shield.

The decay of the source was followed through several
half-lives in order to determine which gamma-rays belonged to

the decay of 1.9 hr 177Yb.

0f the twenty-five gamma-rays seen
in Fig., 5~1, twenty~one were established as belonging to this
decay. The transitions with energies 113.8, 208.4, 282.6 and
3%6.1 keV all decayed with a half life which was longer than 1.9
hr. A subsequent coincidence experiment shbwed that the 208.4
and 282.6 keV gamma~rays were in ccincidence with the 113.8 keV
transition.

In order to determine the possible source of these

Zamma-ravs, 174Yb was irradiated to produce 101 hr 1752b since

174Yb was present to the extent of 1.45% in the sample of enriched
Yb203 originally irradiated. Six gamma-rays were seen in the
decay of 175Yb, as shown in Fig. 5~2, with energies of 113.,8,
137.8, 144.8, 251.3, 282.6, and 396.1 ke¥. The most intense
gamma~ray seen in this spectrum was the 396.1 with the 282.6

keV transition about one half as intense. Several runs were

made to determine the decay rate and the results of these measure-
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The upper half of the figure shows the

gamma~-ray spectrum of 177

¥h up te about
700 keV., The data were taken with 0.045" Cd
betweaen the source and deteector.

The lower portion shows the gamma~ray

177
spectrum of ¥h akhove 600 keV with

0/045" Cd and 0.075" Pb between source

and detector.
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ments indicated that the six gamma-rays previously mentioned
all had the same half-life., The present intensity measurements

175

of the Yb gamma-rays differ from that obtained by Hatch et al

(latch 1956) and a comparison of theirtensities is given in

Table 5-I.

177 177

Following the decay of ¥b to Lu, the latter decays
with a 6.7 day half-life to 17738, The strongest transition in this
decay has an energy of 208.36 keV IY = 171 (Table of Isotopes 1967)
followed by a 112.97 keV gamna ray. IY = 100 (Table of Isotopes

177

1967). The presence of the 6.7d Lu and the 101 hr +79vp would

therefvre explain the appearance of the 113.8, 208.4, 282.6 and

396.1 keV gamma-rays in the ;77Yb

source, This is consistent
with the coincidence experiment mentioned earlier since the energy
window encompassed both the 113.8 and 112.97 keV transitions.
Previous studies by Ewan (Ewan 1963) of the low energy
conversion electron spectrum using the Chalk River Mv2 B-gspectro-
meter indicated that there suld be a transition at 147,05%0.15
keV with a K-conversion electron intensity 27 that of the 150.36
keV transition. Experiments by Johansen et al (Johansen et al
1964) confirmed the existence of this transition and they have
assigned its multipolarity as 75% !11 + 25% E2. Their calcu=
lated intensity for this gamma-ray is 1.3% that of the 150.4
keV transition. The weakness of thisz transition and its Droxi~
mity to the 150.4 keV gamma-ray make it unobservable with the
44 cc detector. Spectra obtained using the high resolution
detector show a bumpuon the low energy tail of the 150.4 keV
transition but only rough estimates of its intensity can be made.

A more accurate measurement of the 147.05 keV intensity can be

made from the coincidence spectrum with y121.6 and the intensity
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Camma~ray spectrum of 175Yb observed with

the high resolutlon Ge(Li) detector GAG.
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TABLE 5-I

175
Gamma-Ray Spectrum of 7 Tb

Pelative Intensities

Energy®

(keV) Present Work Hatch
113.81%0,02 31 1.6 31
137.565%0.05 1,7+0,2 2.2
144,35%0.03 5.3%0.3 5.9
251.3 #0.5 1.3+0.13 3.2
282.6 *0.13 46 2.4 62
396.1 =0.3 100 =5 100

Raf. ALE
No.

*Energie

.N. Hatch et al. Phys. Rev. 104,
3 (1956) 745.

a taken from above reference.




T4BLE 5-I1

Gamma-Ray Energies

177

Fresent YWork

Tavendale 1963

899.2+0.3

541,7#0.3
1028.0%0C.3
1030.1+C.3
110¢,020.3
1115.6%C.3
1149.7%0.3
1230.7%0.3

1241.4%0.3

83.8%0.3
941,120.4
1027.1+0.4

108C.0+0.3

1113.520.4
1143,320.4
1230.3+0.4

1240.920,3
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shown in Table 5-III was arrived at in this way.

The week transition at 458.8 * 0,5 keV had not been
previously reported., It decays with a half-life whkich indicates
that it Lelongs to the 8-decay of 177Yb. The accuracy with which
the energy has been determined rules out the possibility that it
is the cross-over transition from the 451.6 keV level to the
ground state., A gamma-ray with energy 457,90 = 0,04 keV has
been reported by laier (faier 1967) =nd by Balodis et al (Balodis
1966) from the thermal neutron capture reaction 176Lu(n,y)l77Lu.
It is tempting to postulate that this is the same gamma-ray as

-~
seen in the present work, but this will be discussed later,

The accuracy with which the gaﬁma—ray energies can be
measured is larpgely determined by one's ability to correct for
the non~linearity of the system being used. Since the non-
linearity of the A.D.C.'s and amplifier system tends in some
cases to be strongly dependent on counting rate, it is important
that the standard sources used for energy calibration be run

simultaneously with the source. This methdd was used in deter-

77

[

mining the gamma-ray energies in Yh and we estimate that the
energies are accurate to * 0.3 keV with the exception of the
extremely‘weak lines. MMore details of the method used to measure
gamma~-ray ensrgies were given in Chap, II. The energies meadured
in the present work should be compared with those previously
reported by Ewan using the Chalk River 1IV?2 8-ray spectrometer,
(Tavendale 1963). The new valuce are secn in Table 5~I1 and are
consistently higher than the older ones. The short half life, low
conversion intensity for the Bigh energy gamia-rays and the large

B-ray continuum upon which they sit, make it necessary to use




Table 5-III

177
PROPERTIES 0OF TRANSITIONS IN Lu

Gamma-Ray Intensities Multipolarity Transition Inten-
7 . .sity
Energy Present %4 Per Disin=
(keV) .. Work Ewan ! . tegration (5)
121.620+0.003V17 " 52%6 80%M1+207%L2 V<7 9.0
138.6060.0051) 24,2424 sml+15782(® 5.7
147.16510.005(1) 3.3x1.0 75%M1+252E2(2) 0.33
)
150.39210.003(1' 364+30 El (Anomalous)(4)27.1
162.49220,0041) 1. 1+0.95 Mainly m1 <2 0.10
+268.8010.0141)  3.140.3 0.15
458.1 *0.5 0.74x0,14 0.035
760.4 10,3 1.0+0.4 0.05
779.3 0.3 2.2%0,.3 0.10
899.2 +0.3 11.7+0.8 11.5+1.3 E2 (+M1)(3) 0.55
941.7 +0.3 18.4:1.1  17.3+1.5 g1 (3 0.87
961.5 0.5 0.3520,1 0.017
967.4 0.5 0.60+0.1 0.028
1028.0 *0.3 11,520.8 8.5%1,2 E2 (+Ml)(3) 0.54
}080.1 +0.3 100zx5 10025 El 4,72
1109.0 =*0.3 3.2+0.3 3,7x0,6 0.15
1119.6 0.3 9.9:0.7  9.8:1.0 Ml (+E2)(® 0.47
1149.7 0.3 11.7:0.8  12.0¢1.2 11 (+z2) D 0.55
1214.8 +0.3 0.50%£0.07 0.024
1230.7 =+0.3 6.7x0.6 6.6£1,2 E2 (+Ml)(3) 0.32
1241.4 0.3 614 6314 £2 (aa1) 3 2.88
1336.4 0.5 0.24%0.04 0.0ll
(1) Energy measurements from Maier (1965),
(2) Multipolarities taken from Johansen (1964).
(3) Multipolarities taken from Ewan (1964a).
(4) Multipolarity taken from Ewan (1963b).
(5) Transition intensities caleulated using multipolarities

given in column 4 and using the value of I8 = 60% to the
4gpgqn¢ state as neasured in (2). s e
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very strong sources in order to get reasonable statistics. As
a result, the sources used for the B~ray spectroneter werc quite
thick and the loss of energy by electrons was probably not
adequately accounted for, giving low values for the garma=-ray
energies.,

Table 5-IIT gives the values of the gamma-ray intensities
determined in the present work. The calculations are basecd upon
a relative efficiency curve obtained using the relative inten-

- 226 . (8)
sities of the Ra lines and a set of standard scurces

sunplied by I.A;E.A. The estimated accuracy of the relative
efficiency curve is * 5% for the cnergy region covered in this
work. For a more detailed account of the efficiency determina-
tion see Chapter II of this thesisz,

L comparison of the intensities given by Ewan (Ewan
1964a) and those in the present work shows then to be in good
agreement with the exception of the 1028 keV transition. This
gamna-ray sits on the Compton edge of the 1241.4 keV transition

and the better resolution and photopeak-to-Compton ratio of the

detector used in the present work account for the difference.

5.4 Ganma-Gamma Coincidence Experiments

To establish the order of the gamma-rays in the level
scheme, gamma-gamma coincidence experiments were performed using
two large volume coaxial Ge(Li) detectors. Two layers of 0,015"
Cd were placed between the source and each detector to reduce the
number of x-rays detected. The detectors were placed side by
side to give a large solid éngle.

As mentioned in Chapter IV, the data were recorded on

magnetic tape using the related address technique. Fig., 5-3




Fige 5"3

ly?Yb

“"Coincgidence singles™ spectrum from
experiment using two ceoaxlal Ge(Li) deteectors.
The figure shows all the events in encoder B
in coincidence with 211 of the eveants ian

ancodar A,
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Subtraction of evants coineldent with the

Compton distribution beneath a photopeak. The
upper portion of the figure shovs the spectrum
obtained with a window sat around ~163. The
lower portion shows the spectrum after the avents
in coincidence with the Conmpton distribution have

been subtracted.

The baseline has been shifted by 30 counts per
channel te facilitate the pletting of negative

numbers .
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shows an example of the "coincidence singles" obtained during

the 177y

experiments. This figure was produced by instructing
the computer to sort out all events from encoder B (ENCB) in
coincidence with every event from encoder A. The gamma-rav peaks
on which the windows were eventually set can be seen to be sitting
on a continuum due to Compton scattered gamma-rays.

In order to get the net coincidence events with any
gamma~ray, it is necessary to subtract off the events in coinci-
dence with the Compton scattered gamma-rays.

Fig. 5>~4 shows the coincidence gpectrun withy-163 before and
after Compton subtraction. The peaks at 122 and 163 keV are
completely removed and the number of counts in the 150 and 139
keV peaks are greatly reduced. The peaks at about channel 200,
680, and 800 due to backscattered gemma-rays have also been re-
duced. 1In the spectra shown in Figs. 5-5, 5-6, and 5-7 events
coincident with the Compton scattered gamma-rays under the
photopeaks have been subtracted.

The upper portion of Fig., 5-5 shows the spectrum in
coincidence with Y-122 taken from the PDP~1 experiment. The random
coincidence spectrum shown in the middle section removes the
contribution from the 122 and 150 keV transitions leaving five gamma~
rays in true coincidence with Y-122, namely the 147, 1027, 1109,
and 1120 keV transitions and a very weak transitiom at 1215 keV
which is shown on an expanded scale in the insert. Data obtained
from the PDP-8 experiment was roughly a factor of 2 better in
statistics and confirmed that the 1215 keV transition is in true
coincidence with y-122, An estimate of the intensity of y-147
relative to the 1027 keV transition can be determined from this

spectrum although correlation effects limit the accuracy with
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which it can be calculated. The value quoted in table 5-III was
calculated from this spectrws. The relative intensities of the other
transitions are in agreement with those from the direct spectrum
and a partial level scheme is shown as an insert in the lower
portion cf Fig. 5-5.

Fig. 5-5 shows those transitioms which are in coincidence
with y-150. Prominent peaks can be seen at 139, 163, 899, 942,
and 1080 keV. A small contribution from y~1080 can be seen in
the random coincidences but this is due to the 1.2 x 167 sec
half-life of the 150 keV level (de Waard 1955), With the time
window for the random coincidences set well off the main peak
(~300 nsec), it is still possible tc get genuine coincidence events.
The spectra in coincidence with y-139 and y-163 indicate that the
760 and 779 keV transitions are alsc in coincidence with y-150,
Their intensities are too low to show prominent peaks in the lower
spectrum of Fig. 5~6 but their positions are indicated and some
evidence for their existence can be sezn.

Fig. 5-~7 shows the spectra coincident withYy=139 and
y-163. These data were collected on the PDP-8 computer and as a
result no time information was recordaed. A time window of about
60 nsec was set on the T.A.C. output. The data shown in Fig. 5-7
have not been corrected for random coincidences. Typical true-~to-
random ratios for these experiments were approximately 8 to 1.

The fact that y-760 is in coincidence with Y-~139 and
not with y-163 indicates the presence of a new level at 1049 keV.
This is further substantiated by the cbserved ccincidences between
v-150 and y-£77 (see Fig. 5-6). The two partial level schemes at

the side of the graphs indicate the positioning of these transi-
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tions in the level scheme. The small peaks to the right of the
942 keV peak in the lower part of Fig. 5-7 are present because the
random coincidences have not been subtracted from this spectrum.

A repetition of this experiment in which the random coincidences
were measured confirmed this.

As can be seen from Fig. 5-3, 7-269 appears in the
" coincidence singles' spectrum. From energy sum considerations
the extremely weak 961 keV tramsition wae thought to be in coin-
cidence with Y-269, When the appropriate energy andFCompton win=-
dows were set and the necessary subtraction performed, the net
spectrun showed evidence of a backscattered peak occurring at the
position of Y-961 which completely masked the effect being sought.
This can be explained by again examining Fig. 5-3. A broad peak
can be seen at about channel 750 due to backscéttering of the 1241
keV gamma-ray from one detector into the other. For a 1241 keV
gamma-ray, backscattering at about 120° deposits about 270 keV
in one detector and about 970 in the other (Nelms 1953). For
the geometry used in these experiments, this range of backscatter-
ing angles was permissible.

In order to overcome this problém9 the data were ana—
lysed in a different manner. The magnetic tapes from the PDP-3
were taken to the G-20 computer and reordered as described in
Chap. IV. A 1 chanpel wide window was then moved over the position
of the 269 keV peak in ENCB. All of the counts in channels 0 to
1023 were then summed in ENCA for each of the 1 channel window posi-
tions and the results are shown in the upper left hand corner of
Fig. 5-8. This confirmed the fact that there was sqmethi&g in

coincidence with this transition.
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Since there was already some evidence suggesting that
the 961 keV transition was in coincidence with Y-269, a three
channel wide window was set from channels 711 to 713 in ENCA
centered on Y-961. The counts in these channels were summed as
the window in ENCB was moved over the position of the 269 keV
transition. In effect, this is then a coincidence experiment
using two S.C.A. One of these is fixed on Y-261 (CE 711-713)
and the other window is moved over the position of v-269. The
total number of coincident events in the window set on Y-961
is then plotted as a function of the other window position.

If the 269 keV gamma-ray is in coincidence with Y-961, then the
number of counts in the 961 keV window should rise and fall as
the other window moves over Y-269., The spectrum in the lower
left hand corner of Fig. 5~8 shows that this does indeed happen.

As the one channel window is moved off the 269 keV
peak, another peak appears due to the backscattering of Y-1241,

In order to check that this is in fact from this backscattering

and that the height of the peak is correct, the following experi-
ment was performed. The three channel window was moved off the

961 keV peak and set at different positions (eg. 705 to 707,

708 to 710 etc.) as shown in the upper right hand diagram in

Fig. 5-8. The one channel window was then moved across the region

of the backscatter peak and the peak height was plotted as a function
of the position of the three channel window. As can be seen from the
upper right hand diagram, the backscatter peak height should be

about 25 counts when the three channel window is set from channels
711-713 (¥-961). This is in agreement with the data shown in the

lower left hand corner.




A new tramsition at 967 keV was observed in the direct
spectrum. The same type of "sliding window" snalysis was performed
with this gamma-ray as with v-961. The lower right hand diegram
in Fig. 5-8 shows the result. The intensities of the 961 and 967
keV transitions calculated from the direct spectrum are 0.35 + 0,1
and 0.60 % 0,1 respectively. The data shown in Fig. 5-8 are not
inconsistent with these numbers. On the basis of these results,
it might be possible to postulate the existence of a level at
1236.2 % 0.5 keV, but it must be remembered that this is the
only piece of =2vidence for this level,

A very weak peak at 458.1 keV ampears in the "coinci-
dence singles" indicating that there is something in coincidence
with this transition. The net coincidence spectrum obtained from
the PDP-8 experiment exhibited evidence for a very weak transition
at about 696.6 keV. Since the peak is so weak, the error associ-
ated with the energy measurement of this transition is estimated
to be about %1.5 keV, The surmmation of the energies involved
vields 1149.7 £ 1.6 keV indicating that this transition could fit
between the 1149.7 keV level and one at 458.1 keV although the
egreement between the energy sum and the 1149.7 keV transition is
probably accidentally good considering the large errors involved.
This 691.6 ke” transition was not scen in the direct gamma=-ray
spectrum however, and an upper limit to itg gamma intensity can
be set at <0,1 (IY 1080 = 100 * 5) giving a transition inten-—

sity of <0.005% per disintegration.

5.5 Level Schene

The level scheme for 17//Lu following the B8-decay of
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177Yb is shown in Fig. 5~9. This dccay scheme is based upon the
ganna~ray measurenents from the present work along with the 8-ray
and electron conversion studies of Johansen et al (Johansen 1964)
and Ewan 1963a. The epergy valuas shovn are taken from several
references and Table 5-TIT lists thc nost accurately known values.
The log ft. values shown in Fig. 5-9 are obtained from the intensity
balance of transitions feeding and de-oxciting the levels based

upon a 607 8-ray feed to the ground state as measured by Johansen.

The spin of the ground state has been measured by
Peterson and Shugart (Peterson 1962) using atomic beam techniques and
was found to be 7/2., Their values of the magnetic dipole and electric
quadrupole moments were 2,236 + 0,010 rm and 5.51 * 0,06 barns
respectively, which are very similar to the values for 175Lu.

The ground state has been identified a2s the [404] 7/24 Nilsson
proton state.

A study of the decay of the 155 day isomer in 177Lu
has revealed well developed rotational bands. Levels in the
ground-state rotational band with spinsup to 17/2 have been
observed. From the energy spacing and the inertial parameters,
the levels at 121.62 and 268.79 have been identified as the 9/2+
~and 11/2+ members of the ground-state rotational band. The spin
assignments of these levels are consistent with the experimen-
tally determined multipolarities of the 122 and 147 keV transgi-
tions. From conversion coefficient and I subshell measurements,
these have been reported as 80% M1 + 20% E2 and 75% Ml + 25% E2
respectively (Johansen 1965),

The L subshell ratios have been measured by Ewan and

lerrlander (Ewan . 1963b) for the 150.35 keV transition. No possible
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combinations of Ml + E2 or El + M2 can explain the experimentally
observed ratics. This pamma~ray has been clogsified as an anoma-
lous El transition making the spin of the 150.35 keV level either
(5/2, 7/2, or 9/2)~. The log ft. value of 6.9 for the B-feed

to this level tends to rule out the 5/2- value leaving only the
7/2= and 9/2- as possibilities. The only Wilsson orbital avail-
able in this region is the 9/2- [?14;];roton state and this level
has therefore been classified s the $/2- {514:}state, Coinci-
dence studies have confirmed that y-163 znd v--139 are both in
cascade with Y-150 as shown in Fig. 5-9. The energy spacing

and multipolarity a

0]
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n

are consistent with the interpre-~
tation that the levels at 288.92 and 451.6 keV are the 11/2-
and 13/2- members of the ¥ = 9/2 rotaticnal band built upon the
9/ 2 Esuﬂ proton state at 150,35 keV.

From the foregoing discussion, it is clear that the
first five excited states can be described as members of the
7/2 [§041 and 9/2 [?1@] rotational bands. PRecently studies of

176Lu(n,¥)177Lu have been

the thermal neutron capture reaction
made by Maier {Maier 1965} and by Balodis et al {Balodis
1966). Their interpretation of their data shows very well
developed 7/2 [404} and 9/2 [514} bands and in addition they in-
clude a thirxd 5/2‘:402] band built upon a level at 457.9 keV
which they interpreted as being the 5/2+ [éOZJ single proton state.
The energy of the transition from this level to the ground state
is given as 457.90 * 0,040 keV by Maier (Maier 1965).

The present investigation of the B~decay of 177Yb has

revealed a weak transition with an energy of 458,1 * 0.5 keV

wvhich may possibly be in coincidence with an extremely weak 692
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keV gamma-ray, If it is assumed for the moment that these gamma-
rays are in coincidence and that IT-692 = 0.005% per disintegra-
tion, then there must Le a 8-feed to the 458.1 keV level with
an intensity of about 0.030% per disintegration.

The log ft, value for such 2 transition is about 9.2.
The most probable classificaiion for such a transition is unique
fivst forbidden (Wu 1966) with AT = & 2 (yes). This would
therefore mean that the 458.1 keV ievel has negative parity,
since the ground tate of 177Yb is interpreted as the 9/2+ [62&3
Nilsson state, and spin of 5/2 or 11/2. Since there are no sharp
boundaries in the classification of log ft. values, the next
wost probable classification is nen unique first forbidden
with A I = 0, 1 {(ves). This again means that the 458.1 keV
level would have negative parity and pessible spin values of 7/2,
9/2, or 11/2, O0OFf the 475 allowed transitions listed by Wu (Wu
1966) nine have log ft. values in the range 8.8 to 9.2 so the
possibility of this transition to the 458.1 keV level being
allowed cannot be overlooked. In this case the spin of the
458.1 keV level would he 7/2, 9/2 or 11/2 and the parity posi-
tive. Both the allowed or firet forbidden classifications would
therefore exclude the possibility of interpreting this level as
the 5/2+ EQOZJ Nilsson state.

The most probable type of transition which would allow
this level to have a spin of 5/2 and positive parity is a second
forbidden tranmsition. Hewever a log ft. value of 9.2 is too low
for such a transition. On the basis of these arguments, it would
appear that this possible level at 458.1 keV can not be interpre-

ted as the 5/2+-[ﬁ021 level at 457.9 keV reported by Maier
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(Maier 1265) and Balodis et al (Balodis 1966). Since it has not
been conclusively demonstrated that the 452.1 keV transition
fits between a level at 458.1 keV and the ground state, the
possible level is shown as a dashed line in the level scheme.

The level at 1049.5 keV is reported for the first time
in the present work, The 899 keV gamma-ray had been reported
earlier by Tavendale and FEwan (Tavendale 1963) but was not fitted
into any level scheme. The present data (Figs. 5-6 and 5-7) show how
¥=899 and y-760 (not previously reported) were fitted intc the
level scheme. On the basis of the E2 (#11) nmultipolarity assign-
ment for Y-899 made by EBven (Bwan 19642) the parity of this level
has been assigned as negative with the spin possibilities as 7/2,
9/2, or 11/2, The log ft. value for the 8-feed tec this level is
consistent with this assigument,

The positive parity and possible sprin values of 7/2,
2/2, or 11/2 for the 1149.7 keV level arec arrived at from the M1,
E2 multipolarity assigoment for y~1028 and Y-1150. These
values are consistent with the log ft. values calculated from the
present work.

The low log ft. values for the transitions to the levels
at 1231 and 1241 keV indicate allowed ushindered transitions. The
£l multipolarity of the tramsitions de-exciting this 1231 keV
level to membars of the 9/2 Lﬁlé} rotational band and the F2
nature of the tramsition to the groundetate, indicate a positive
parity for this level and a spin value of 11/2, The 779 and 961
eV transitions de-exciting this level are reported here for the
first time. A positive paritv assignment can be made to the
level at 1241 keV and the spin value restricted to 7/2, 9/2 or

11/2 from the Ml and E2 assigmments to y—1120 and v~-1241. A
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spin assignment of 7/2 would be consistent with the three-quasi-

particle interpretation which will be discussed later.

¢}

The level at 1336.4 keV is introduced for the first
time. Tt is seen to de-excite to members of the ground-state
rotational band by means of 1217 and 1336 keV transitions. The

log ft. value for the 8-feed is 5.3 which indicates an allowed

s

transition, and therefore positive parity, with possible spin
values of 7/2, 9/2 or 11/2 for this level. The energy of the
sround-state to ground-state B-feed is given ac 1400 *°20 keV
by Johansen (Johansen 19G4). Hence the energy of the feed to the
1336.4 keV level is 64 * 20 keV, Since the ft. value for low

o 7/2 .
energy transitions varies as & (Wu 19266), where E is the B~enexgy

in units of 511 keV, the limit of the accuracy on the energy of the
above transition yields possible log ft. values from 4.8 to 5.6 for
this transition. This however is still within the range of the

allowed transitiong and is consistent with the positive parity

assigmment tc the 1336 keV level,

5.6 Three-Quasi-Particle Levels

The interactions hetween nucléons in a nucleus can be
roughly separated into long range and short range parts. The former
are responsihle for the creation of the average nuclear field unon
which the indenendent particle models are constructed, while
the latter leads to the formulation of nuclear pairing correlations,
Soloviev (Soloviev 1963) points out that strong correlations
between nucleons occur only vhen the nucleons are in states with

the same energy and quantum numbers except "m" (ie, between nucleons

in state (§,m) and j,-m).
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The nucleon states (j,m) constitute a set cf non-
<interacting states of the self consistent potential, but they
interact through the pairing force. In order to perform various
calculations based upon models involving residual interaction, it
is necessary to have a set of states which intevact neither through
the self consistent potentialnor the pairing force. This trans-
formation is brought about with the introduction of the quasi-
particle comcept by Bopgolyubov (Bogolyubov 1958). A quasi-particle
in state (j,m) is a mixture of a nucleon in state (i,m) and a hole
in state (j,-m). The particle wave function is present with ampli-
tude Uj and the hole with amplitude Vj.

Soloﬁiev (Scloviev 1961) also pcints out that there must
also be three-quasi~particle levels as well as single quasi-particle
ones zmong the excited states of a system consisting of an odd
number of particles,

Three-quasi-particle states in deformed nuclei have been
studied by Pyatov and Chernyshev (Pyatov.1964). They have shown
that the three~quasi-particle state consists of a nultiplet of four
levels laving the same parity. The splitting of the state is a
consequence of the spin dependent part of the pairing interaction
which they have treated in the first order of verturbation theocry
using Nilsson model wave functions (Nilsson 1955). Their results
show that the highest energy state is that in which the asymptetic
spins of the nuclconz of the decoupled pair are parallel and the
spin of the odd nucleon is anti-parallel to them (+44); the other three
configurations (P+4), (444) and (44+) lie at a lower enargy.,

177

The threce-quasi-particle states in Lu are formed from

the configurations




Fig, 5-10

Level spacing and variation with fraction
of spin dependent forces for the three-quasi-
particle multiplet formed from

{ a, 7/2-(514)¥; n, 9/2+(624)%; p7/2+(B14) ¢ }
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Fige 5"'11

Level spacing and varlation with fraction
of spin dependent forces for the thkree-quasi-
particle multiplet formed frém
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{n1 7/2 - (514)4; n, 9/2 + (624343 p 9/2 ~ (514)+}
and {nl 7/2 - (514) 43 n, 9/2 + (624)+; p 7/2 + (404)4}
The notation uses the asymptotic quentum numbers QI (NnZQ) z
of Nilsson (Hilsson 1955) with £ = 4% indicated by an upwardly
directed arrow (4). The positions of the three lowest levels
of the multiplets depend strongly upon the ratio of the Wigner
to the epin dependent forces and the level spacings predicted Ly
Pyatov and Chernyshev are shown in Figs. 5-10 and 5-11.

The available Wilsson states in the region appropriate

to 1771{b are

Protons Neutrons
73 9/2 - (514) 107 9/2 + (624)
71 7/2 + (404) 105 7/2 - (514)
177 , s B . 2
The groundstate of Yt is classified as L?/Z - (514) n

’9/2 + (624)} n+ The log ft. values for the B-feeds to the
1231 and 1241 keV levels indicate that these transitions should
be classified as allowed unhindered (2.u,). Towever as can be
seen from above, there is no available proten state into which
the 9/2 + (624) neutron can decay by means of an a.u. transi-
tion. Thus the only poseible wav an a.u. transition can take
place is by the tramsfermaticn of a (514) neutron into a (514)
proton, sc the {7/2 - (514{] neutron pair must be broken.

This leads to states in 177Lu formed by the coupling of a

[7/2 - (514)f} neutron, a EQ/Z + (624){} neutron and a

la/2 - (514)#] nroton. These levels have therefore been

o -

classified as three-quasi-particle levels.
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Fig. 5-12 summarizes the available information on known

and postulated three-quasi-particle states in 177Lu and
the 1241 keV level in 1'’Lu is interpreted as the low lying 7/2 +
member of the multiplet, then the energy level positioning as
postulated by Pyatov and Chernyshev, shown on the right hand

side of Fig. 5-10, does not agree with the experimental data.

The variation of the level position with a (the fraction of

spln dependent forces) is also given in Fig. 5-10. Pyatov and
Chernyshev chose the value of ¢ and w by calculating the

energy separation of two-quasi~particle states in even-mass
nuclei and comparing the results with experiment. Thev used

a value of about 0.03 but they point out however that the

strong dependence of the positi~ns of the lowest levels on the
magnitude of the spin dependence forces makes it difficult to
select these parameters properly, A value of o between

0.17 and 0.2 would make the lowest level 11/2 + (444) with the
7/2 + (¥44) and 25/2 + (¥+4) levels, respectively, above it.

This would give better agreement with the present experimental

data.
The 23/2 - level at 969 keV is the 1554 isomeric

state reported by Jorgensen et al (Jorgensen 1962) and
Kristengen et al (Kristensen 1964) and is interpeted as a
member of the three-quasi-particle multiplet formed from the
configuration |

{ng 7/2 - (514)4; ny 9/2 + (624)4; p 7/2 + (404)+}
Pyatov and Chernyshev point out that the three-quasi-particle

9/2 - level of 177Lu belonging to this multiplet might be
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detected by means of a first forbidden (lu) g-transition to it

from 177

Yb and they have calculated that the log ft. value for
this transitionshould be 6.5. The results of the present experi-
ments established the existence of a level at 1049.5 keV with spin
(7/2, 9/2 or 11/2) and negative parity. The log ft. value calculated
from intensity balance is 6.4 indicating that it is most probably a
lu B-transition. It seems reasonable, therefore, that this level
might be Interpreted as the lowerrsf the 9/2 - levels belong-
ing to this three-quasi-particle multiplet.

The variation of level position with ¢ is shown in
Fig. 5-11 along with the spacing predicted by Pyatov and Chernyshev.
There 1s no experimental ev:dence to date for the existence of
the 5/2 ~ level associated with this configuration, so one
cznnot say whether the 23/2 or the 5/2 level should be the lowest
level of the multiplet. A value of o about 0.17 would be con-
sistent with the choice for the other three-quasi-particle con-

figuration and would give reasonable: ngreement with the cxperi-

mental spacing of the 23/2 - and 9/2 - levels.
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CHAPTER VI

The Decav of 18 hr 159Gd

6.1 Introduction:

Investigations prior to 1958 of the g-decay of 18 hour
l59Gd into 159Tb had established that the gamma-ray branching ratios
for the Il tramsitions de-exciting the 363 keV level were in dis-
agreement with the theoretical values predicted by the unified
model (Alaga et al 1955). A more detailed investigation by
Nielsen et al (Nielsen 1958) with two six gap 8-ray spectrometers
and 8~y coincidence experiments revealed three gamma transitions
from a level at 364 keV to levels in the groundstate rotational
band. The groundstate of 159Tb has been classified as the 3/2 +

[4lﬂ Nilsson orbital (Mottelson 1959) and levels at 57 and 136
keV were identified as the 5/2 + and 7/2 + members of the rotational
band, Angular correlation experiments by Subba Rao (Subba Rao

1962) confirmed the spin assignment of these levels. The work of
Nielsen confirmed the discrepancy between experimental and theor-
etical values of the branching ratios and they suggested that the
deviation was connected with the El nature of the gamma rays and that
these transitions were probably strongly retarded.

Further investigation of the levels in 159Tb following
the B-~decay of 15864 were performed by Persson (Persson 1963)
using a magnetic B-ray spectrometer and 2 gamma-ray spectrometer.

In addition to confirming the results of Nielsen et al, four new

levels were introduced at 348, 580, 616, and 674 keV, It was also

pointed cut by Persson that the 616 keV gamma-ray could be fitted
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either befween the level at 616 keV and the groundstate or
between the 674 and 58 keV levels,

More recently Funke et al (Funke 1965) have performed
two dimensional NaI(T1) - NaI(T1) coincidence experiments on
this isotope and have discovered three new coincidence pairs neces-
sitating the introduction of a new level at~860 keV. Thewr coincidence
data also suggested that the 616 keV transition was complex with
~88% of it feeding the groundstate.

The levels in 159Tb have also been studied by Diamond
and Stephens (Diamond 1963) by means of Coulomb excitation experi-
ments using 60 YeV l60 ions., In addition to exciting members
of the groundstate rotational band up to the 15/2 + level, they also
established rotational bands at 348 and 580 keV and indicated the
possible existence of rotational bands at 971 and 1280 keV.

The present work reports the results of an investigation
of the gamma-ray transitions in 159Tb following the B8-decay of
159Gd using Ge(Li) detectors. The direct gamma-ray spectrum was
studied with a high resolution (1.C keV at 100 keV) planar detec~-

torg, and a thin window planar and large volume coaxial detector

were used to perform gamma--gamma coincidence experiments.

6.2 Source Freparation

59

Sources of 1 Gd were prenared by irradiating samples of

Gd203 enriched to 97.67 158Gd in a flux of Z.SXIO14

cm./sec in the N.R,U. reacter. When the direct gamma-ray spectruii

neutrons/sq.

of the first irvadiated sample was examined, a contaminant with a

half-life of~? hours was observed. This was identified as

152Eu. All subsequent irradiations were treated chemically before
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152 . , .
use. The Eu was separated from the galodinium isotopes by
elution from an ion exchange column using a~hydroxy-isobutyrate
with a pli of 3.75 (Smith and Hoffman 1956), The separated Gd
fraction was depocited in a small plastic tube and this form of
liquid source was then used for both the direct and coincidence

studies,

6.3 Experimental Procedure

The direct gamma-ray spectra were obtained using a planar
Ge(Li) detector 5.0 sq. cm. in area with a depletion depth of
5mm. The resolution of this detector is 1.0 keV at an energy of
100 keV. The coincidence spectra were taken with a 4b4ce coaxial
detector (G9C2), a 30cc coaxial detector (GLC6X) and a thin
window planar detector (GIP7) with a depletion depth of 10 mm.

The data from the direct gamma-ray spectra were recorded
cn a Nuclear Data 330C system and the coincidence data were recorded
on either a PDP-8 or PDP-1 computer using the techniques described
in Chapter IV of this thesis,

Three coincidence experiments were performed during the
present work on lngd. For the first of these experiments, two
large volume coaxial Ge(Li) detectors were used and the data were
recorded by means of the related address technique using a PDP-8
computer. In this experiment, the time relationship between coin-
cident events was not recorded, sc the experiment was repeated
using the PDP-1 computer and the time information was recorded as a
third parameter. When the data from this second run were analysed,

it was found extremely difficult to set windows on Y~58 and Y-80

and get meaningful results. This was caused by the fact that




the timing distribution for large volume coaxial detectors is very
poor when low energy transitionms are involved.

To improve the timing characteristics, it was decided
that one of the coaxial detectors (GLCSX) should be replaced with
a thin window (~60u) planar detector (GIP7), and the experiment
repeated. By this time a third encoder had been installed with
the PDP-8 computer and this system was used for the third coinci-
dence experiment.

The capacitance of the planar detector was ~10 pf, so
this side of the coincidence arrangement could now be triggered
at a lower level. It was set to trigger at ~15 keV while the
coaxial detector was set to trigger at ~30 keV. The amplifier
gains were adjusted so that the planar detector covered the energy
range from ~30 to ~380 keV while the coaxial detector spanned from
~75 to ~950 keV. The resulting tin.. distribution for events coli-
cident with v-58 was narrower than in the previous experiment and
time windows ~100 nsec were set.

In the initial coincidence experiments the counters

3

were placed close together (-4 apart) in 180° geometry. In this

2
configuration a large number of the coincidence events recorded werc
produced by gemma-rays backscattering from one detector into the
other. An example of this can be seen in Fig. 6~1 which shows

the "coincidence singles"

from the second coincidence experiment.
s can be seen from Fig. 61, most of the events recorded came from
backscattering and were conscquently of no interest.

To reduce the number of bhackscattered events recorded .n

the third experiment, a lead shield was placed between the detectors

as shown in Fig. 6~2., Two sheets of Cd (~0.030") covered the side
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Fig, 6-2

Schematic diagram of the detector geomatry

159

used in the Gd coaxigl-planar experiment.
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facing the planar detector in order to reduce the number of lead
x~rays observed by this diode. Fig. 6-3 shows the "coincidence
singles" obtained with this type of geometry.

The most intense gamma-ray in 159Tb is the 363.3 keV
transition. S8ince this transition is about 50 times stronger than
any of the others, random coincidences with this gamma-ray become
a significant problem. #For this reason weak sources were used
for the third coincidence experiment and as a result, the coinci-
dence counting rate was low (15-20 coincidences/sec). Several
sources, each with strength increasing by a factor of two, were

of lDSGd in a flux

prepared from a 16 hour irradiation of 2 ng.
of 2.5x10%% neutroné/squcmi/sec- These sources were each
counted for one half-life and the data were collected over a period
of ~72 hours.

The small memory in the FOP-8 (4096 channels) made
it impractical to do the three parameter sorting on this machine so
the magnetic tapes were taken to the G-20 where several windows
could be sorted at one time. The position of the time window for
each gamma-ray was determined by examining a few records on the
PDP-8. 1In order tc remove the contribution from the Compton dis-
tribution a window, one half the width of the window set on the
full-energy peak, was set on ecither side of the full-energy peak.
The events coincident with these windows were then added together

and subtracted from those events coincident with the full-energy

peak.,




Fige 6‘“’3

C@mparis@n of the “"coincidence singles"” spectra
showing the reduection in peaks due to back=-
seattering.

Upper half: eoaxlal-planar experiment

Lower half: coaxial-coaxial experiment.
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Pesults

6.4 Direct Gamma-Pay Spectrum

The direct gamma~-ray spectrum of 159Gd obtained with the
5.0 mm deep planar detector is shown in Fig. 6-4, This spectrum
was taken with 0.015" Cd between the source and detector. The decay
of the source was followed through several half lives in order to

15
identify those transitions in b following the decay of 18

O

hour 159Gd. Eighteen transitions werc identified as belonging
to this decay and these are listed in Table 6-I. It can be saen
from this table that thisz is the first time all of these transi-
tions have been observed in the direct spectrum.

The three small unlabelled peaks around the 80 keV line
can be attributed to Pb X-rays. The next two peaks are the

153
doublet at 97.43 and 103.1% keV 4n Gd (Table of Isotopes 6%N

52
edition) which was produced from th: 15 Gd present in the enriched
Gd?OB. The peak in the bottom section of the diagram marked con-

. . . 137 ] X
taminant can be attributed to a Cs source in the room back-
ground. The energy region up to ~1200 keV was scanned and the only
other peak found above the 854 keV transition was identified as
. 60 . .
belonging to Co present im the bhackground.
. . . 157,

Coulomb excitation experiments on Tb have been per~
formed by Diamond and Stephens (Diamond 1963). Their results
indicate a level at 674 keV which de-excites by the emission of
gamma-rays with energies 536, 617 and 674 keV, They give the
relative gamma intensities of the 535 and 674 keV transitions
as 41 and 11 respectively. Since this level is populated in

159

the 8-decay of Gd, the 674 keV transition should also appear

in the present study. In order to search for this gamma-ray,
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The direct gamma-ray spectrum of 159@& observed
using the high resolution planar detectoxr GAS

with D.Q15Y Cd sbsorber between the source

and the detector.
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GAMMA-RAY SPECTRUM OF Gd:
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several sources of increasing strength were prepared and the
data were gathered over several half lives. The intense 363
keV transition gave severe "pile-up" problems from accidental coinci-
dences and in order to raduce this 0.280" Pb plus 0.075" Cd were
placed between the source and the detector (30cc coaxial detector
no. GLC6X). The results of this investigation can be seen in
Fig. 6~5 where the gamma~ray can be clearly seen and its energy
was measured to be 74,2 * 0,5 keV. After corrections had been
made for detector efficiency and absorption in the Pb and Cd,
the intensities of ¥-536 and Y-674.2 were calculated to be 0.010
* 0.003 and 0.0034 * 0,001 (y-363 = 100 * 5) respectively. This
gives a branching ratio

Iy (536) = 2,9 = 1.2
IY (674)

in agreement with the Diamond and Stephens value,

The gamma-ray energies listed inm column 1 of Table 6~I
are the values measured in the present work., The method used
for these measurements has already been described in this thesis.
Unless otherwise stated the vaiues are accurate to *0,2 keV,
The energy of y~58 was measured relative to the 59,543 + 0.015
keV (Yamazaki 1966) transition in ~*lAm using the thiﬁ window
planar detector G1P7. Tig. 6-6 shows the separation of the two
lines. A precision pulse generator was used to determine the
deviation from linearity of the system. After correcting for
the system non-linearity and using the ! 9Tb K 8+ x-ray line,
241Am and 133gq sources to datermine the keV/CH, the calculated
value for the energy £ 'Y-58 is 58.00 * 0.05 keV,

A comparison of the relative intenmsities in column 2 and

column 3 (Ewan 19642) of Table 6-I shows them to be in reasonably




LTig 6-5

High energy reglion of the EEQGd speetrum between

500 keV and 870 keV obtained using the coaxial
detector GLCAX with 0.280" Ph and 0.075% Cd

between the souree and detecior.
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Fig«z 6“6

Measurement of the energy of ¥-58 relative to

241

the 39.543 keV line im An using the thin-

window planar detectox GLP7.




COUNTS PER CHANNEL

«

THIN WINDOW PLANAR
DETECTOR No.GIP7
0-0980 keV/CHANNEL

y-58  59:543 (%*'Am)

!
t
!
!
!

{ —BACKGROUND

/ SUBTRACTED \
/ \

( | | | \

320 | 340
CHANNEL NUMBER

360



~143-

good agreement., In that reference the authors reported a gamma-
ray with energy 334 keV with a relative intensity of 0.42 * 0.06
(Iy—363 = 100 £ 5), A detailed scan of this energy region in
the present work showed no trace of this transition and an
upper limit 0f<0.004 {(v~363 = 100 + 5) can be assigned. It

is concluded that this 334 keV transition must have been an
impurity present in the source used in that work.

The results obtained by Funke et al (Funke 1965) arc
in good agreement with those of the rrasent work. The weak
transitions measured by Tunke as 245 + 5, 280 * 5, and 85C * 10
keV from his two parameter NaI(Tl) - NaI(T1l) coincidence experi-
ment are identified as the 237.5, 274.2 and 854.° keV transitions
in the present work., Funke also reports that the 617 keV tfénsi—
tion is complex and that it feeds the groundstate and 58.0 keV
level with intensities 0.15 % 0,05 a-d 8.02 * ¢,01 (IY—363 =
100 % 5) respectively.,

Attempts to fit Y-617 between the 58 keV and the 674
keV levels however did not give a good energy balance. The
summation of y-58.0, ¥-79.5 and v-536.8 energies gave 674.3 keV in
agreement with the groundstate transition measured at 674.3 %

0.5 keV. However summation of ¥-=58.0 and v-617.5 energies gave
675.5 * 0.16 keV. Wo evidence of doublet structure had been seen
with the coaxial detector (GLC6X), so this region was re-examined
with the thin window planar detector (GiP7). The result

of this investigation is shown in Fig., 6-7 which clearly shows
that the 617 keV line is double. The line shape used to deter-
mine the peak positions is that of the 661.6 keV line in 137Cs

which was recorded simultaneously with the 159Gd spectrum, The




The doublet at 617 keV resolved with the

high resolution thin-window detector GIPT
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peak separation as measured from Fig. 6-7 is 1.21 * 0.07 keV.

+

This gives the energies of the two lines as 616.5 % 0.3 and
617.7 = 0.2 keV and the relative intensities are calculated to

be 0.02 x 0.005 and 0.13 * 0.02 respectively <IY-363 = 100 * 5),

6.5 Coincidence Spectra

The nature of the 58.0 keV transition has been studied
by Novakov and Hollander (Hovakov 1964). TFrom a measurement of
the L subshell ratios they have established that it is 98.67Z Ul
plus 1.4% E2. Hielsen et &l (Nielsen 1958) were unable to resolve
the K X~rays and 58 keV gamma-ray peak in their gamma~ray spec-
trum, but from the asymmetry of the peak shave they estimated that
og * 6 which is in agreement with the predeminantly M1 nature
of the transition. The high internal conversion of this transition
was utilized to give gocd statistics in the coincidence experiment
with Y-58. The energy window around y-58 was set so that the X
X-rays as well as Y-58 were encompasged by it. Fig. 6-8 shows
the net coincidence spectrum obtained with the above energy
window set in the planar detector. The events coincident with the
Compton distribution and the random coincidence events have been
removed,

This spectrum shows eight gamma~rays in coincidence with
¥-58. The encrgy range covered hy the coaxial detector was such that
the 80 keV transition was not recorded. From other specira to be
presented later in this section, it can be shown that Y-80 is
also in coincidence with Y758 giving a total of nine such coinci-

dent transitions.




Het coimnecidence gpectrum with 5;58+ X-rave.
Spectrunm shown was recorded by copanial detector
in coincidence with window set in planar

detector encompassing 3«38 4+ X-rays.
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When allowance has been made for the x-ray contri-
bution from the 79.5 keV transition, a measurcment of the inten-
sity of y=618 relative to y-559 and y-537 gives a value of
0.016 * 0.005 (IY~363 = 100 = 5), This is in good agreement
with the value from the direct spectrum end is also in
agreement with the measurement of Funke et al,

Three gamma-rays with energies 211, 226 and 537 keV
can be seen in Fig. 6~9 which is the net coincidence spectrum
with y-80. As in the above case, the energy range covered by
the coaxial detactor was not sufficient to include y-58. The
number of counts in the 537 keV peak is very small but inten~

ity measurements from this spectrum for y-211, y-226 and y-537
yield the values 0.17 * 0.04, 1.96 = 0.4 and 0.015 £ 0.005 which
are in good agreement with the values 0.155 % 0.025, 1.96 £ 0.10
and 0.010 % 0.003 obtained from the direct spectrum.

The net coincidence spectrum with y-226 is shown in
Fig. 6-10. This spectrum was obtained by setting an energy window
in the coaxial detector and the data shown are from the thin window
planar detector. Fig. 6-10 shows that the 53 and 80 keV gamma-
rays are in coincidence with y~-226. The x-rays in this spectrum
arise from the high conversion coefficiesnts of both =58 and
v-80. A measurement of the relative imtensities of these two
transitions from this spectrum yields the ratio of the total
conversion cocfficients from the rclaticnship

zy-ao = 1 + 97(58)
IY~58 1 + %3(80)
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Net coincldence spectrum with y-80,
Spectrum shown was recorded by coaxial
detector in coincidence with ¥-80 in

the plapar detector.
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Net coincidence spectyum with §-226,
Spectrum shows was recorxded by planay
detector in coingidence with ¥-226 in

coexial detaector.
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If the values of the appropriate %T's, on the basis of the pre-
viously assigned multipolarities, are substituted into this
expression, the theoretical value of I, - 80 . 2.11.

I - 58
experimental value obtained from Fig, E-IO is 2,5 = 0.5 which

The

is consistent with the theoretical value.

Transitions coincident with Y-238 are shown in
Fig. 6~11. These data wers taken from the first coincidence
exp:riment performed on the PDP-8 computer using two large volume
coaxial detectors (G9C2 and GLC6X). This experiment did not use
a third encoder to record the time relationship between coincident
events, so0 no random coincidences have been subtracted in this
spectrum, Fig, 6-11 clearly shows that there are two transitions
in coincidence with Y-238 viz. Y-560 and ¥Y~-618. The intensity of
Y-~618 was measured relative to ¥-560 from these data. The intensity
was found to be 0.12 i.0.0Z? with IYw363 set equal to 100 * 5. This
is in cood agreement with the value of 0.13 * 002 obtained from the
direct spectrum.

The statistics obtained in the above cxperiment were
better than those obtained in the planar-coaxial experiment,
This was due to the fact that although the same amount of magnetic
tape was used in both experiments, coincidences with Y-58 were
not recorded in the former experimént whereas they were in the lat-
ter and these events occupied most of the tape. The spectrum in
coincidence with Y~238 obtained from the planar-coaxial experiment
is shown in the lower portion of Fig. 6-12., The intensity of
Y-618 calculated from these data is in agreement with the values
already quoted. It is shown here for comparison with the upper

portion of Fig. 6~12 which shows the spectrum in coincidence




Fig, 6-11

Ket eoincldence spectrum with 5@ 238,
Data shown were racordsd by c¢ocaxilal detector
in the PDP-8 coazmisl-~coanisl experiment.

Baandom coincldeneses have not been subfracted,
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Upper portiom: Het coincidence spectrum recorded
by planer detector in coincidence
with ¥ ~560 in the coaxial detector.
Lower portion: Net coincidence spectrum recorded
by the coaxiél detector in coineldence

with =238 in the planar detector.
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Coincidence spectra with ¥=274 and §-581,
The date shown were recorded with the PDP-8
system during the coaxlal-coaxial experiment

and ne rendom ¢oincidences have besen subtracted,
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with Y-560  This spectrum shows only Y-23% in coincidence with
¥=-560, but it should be remembered that Y-58 is not observed in
the coaxial detector. The 560 keV transition is observed in the
coincidence spectrum with Y-58 thus the 560 kev gamma~ray is
fitted between the levels at 58.0 and 617.7 keV. The coincident
pair (v-238 and Y-560) therefore substantiates the exist..nce of
the level at 854,9 keV.

Further evidence for a level at 854.9 keV can be seen
in Fig. 6-13. The upper portion of Fig. 6-13 shows the spectrum
in ceoincidence with Y-274 while the lower portion shows the coin-
cidence spectrum with Y-581. The spectrum in coincidence with
Y¥=58 shows no cevidence of either Y-274 or v-581 so it is concluded
that they form a coincidence pair which depopulates the 854.9 ReV
level to the groundstate via alevel zt 580.8 keV.

1
6.6 Leval Schenc of SgTh

The energy levels in 159

Tb following the B~decay of
159Gd are shown in Fig. 6~14. The intensity of the B~feed to £he
groundstate (63% per disintegration) was taken from the paper by
Nielsen et al (Nielsen 1958) and the intensities of the other
g-feeds were obtained from intensity balance of transitions feeding
and de-exciting the levels. The log ft. values were calculated
using the nomograph of Ver all et al (Verrall 1966). Table 6-II

1592,. The

lists the properties of the gamma-ray transitions in
multipolarities are taken from the references indicated in column
3 of this table.

The study of lngd by Nielsen et al (NMielsen 1958) yielded -

a value of O (58) = 6 which suggested a predominantly ¥1 character




Table 6~1T

PROPERTIES OF GAMMA TRANSITIONS IN lngb
Pelative Transition Inten~(1)
Energy Gamma-Ray sity
.eV) Intensity HMultinolarity Ref, % Yer Discintegration

58,0 212 98.64ML+1 . 4752 a 25,3

79.52 0.38£0.04 Ml b 0.22

137.4 0.06x0,01 E2 0.0125
219.9 0,165+0.025 M1-E2 c 0.023
226.2 1.9620.10 El b 0.23

237.5 0.072x0.011 o 0.010
274.2 0.054+0.013 D) G.007
290.3 .28 x0.,03 M1-E2 c 0.035
305.5 0.55 £0.04 El d 0.064
348.1 2.0 0,15 M1-E2 d 0.24

363.3 100 #5 El b,e 11.5
536.8 0.010x0.003 1 c 0.0011
559.57 0.20£0.02 Ml c 0.0024
580,84 0.57+0.04 Ml c 0.066
616.5 0.02%0,005 e (2 . 0.0023
617.7 0.13%0,02 u1 (2) 0.0150
674,2 0.003420.001 M1 c 0.0004
854.9 0.,021+0,003 ‘0.0024

References for multipolarity assignments:

1)
2)

Based

a) Novakov
h) Wielsen
¢) Diamond
d) TPersson
e) Metzger

1964
1958
1963
1964
1959

upon 63% 8-feed to ground state (ref. b).
Both members of the doublet are assumed to be M1,
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for this transition. More recently Novakov and Hollander

(Movakov 1964) have determined it to be 982.6% M1 + 1,47 E2

from a study of the L subshell ratics. This is in accord with

the value of 99% M1 + 1% E2 reported by Ewan et al (Fwan 1963a).
The K/L ratio for y=-80, measured to be 6 # 1 by

Nielsen et 21, is in agreement with the theoretical value of 7

for an M1 transition given by S1iv and Band (8liv 1956). The

groundstate of 159

Tb is known to have z spin of 3/2 (Baker 1955)
and according to the Mottelson and Hilsson classification
(Mottelson 1959) is interpreted as the 3/2 +'[411] orbital,
Angular correlation experiments by Subba Rac (Subba Rao 1962)
have substantiated the spin sequence 3/2+, 5/2+, 7/2+ for the
groundstate, 58.0 and 137.5 keV levels suggested by the pre-
dominantly M1 character of y-538 and y-80. Energy spacings
indicate that the 58.0 and 137.5 keV levels are the 5/24 and
7/2+ members of the ground-state rotational band. The Coulomb
excitation experiments of Diamond and Stephens (Diamond 1963)
revealed members of this band un to the 15/2+ level.

The conversion coefficient for the 348.1 keV transi-
tion has been measured by Persson (Persson 1964 to be 6,2 + 1.2
X 10—2. The theoretical values (S1iv 1956) for.M1 and E2 are
5.9 x 1072 and 3.1 x 10~2 respectively, which suggests that the
348 keV transition is predominantly 1M1, although an E2 admixture
is possible. This transition was assumecd by Persson to de-excite
a level at 348.1 keV, This level has also been seen in the electron
capture decay of 1444 159Dy by Ryde et al (Ryde 1963). Their

results indicated that the level feeds members of the ground-state

rotational band through three transitions; v~-348, ¥~290 and Y~211
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2ll of which have an M1, ©2 assignment with unknown mixing
ratios. These three transitions are also seen in the present
work and a comparison of the relative intensities with those

of Ryde is given in Table 6-III.

Table 6-TIT

Gamma-Ray Energy Relative Intensities

1590y, 159, 1994 1594

348.1 1,6 £ 0.1 1.0 £ 0,075
290.3 0.13% 0.04 0.14x 0,015
210.9 0.04% G.02 0.082% 0.012

The possible spin values for the 348.1 keV level
are 3/2, 5/2 or 7/2 with a positive parity assignment, Thig
level has been classified by Ryde as the 5/2 +-C41%] Nilsson
orbital since there are no single particle states with spin
3/2 or 7/2 in this erergy region,

The 363.3 keV level is seen to de-excite to members
of the groundstate rotaticmal band with the emission of 363.3,
305.5 and 226.2 keVv gamma~rays. The K-conversion coefficient
of the 363.3 keV gamma~ray has been measured by Nielsen et al
(Nielsen 1958) and the multipolarity has been assigned as El.
Nielsen's measurements also put an upper limit on the intensity of
the conversion lines for Yy=226 which corresponds to an El assign~
ment for this transition. In = similar manner Persson (Persson
1964) put an upper limit on the conversicn intensity of y-305

and an El character is suggested for this transition. Since this
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level de-excites to states with spin 3/2+ and 7/2+ by El transi~
tions, its spin and parity are therefore 5/2- and it has been
classified as the 5/2- [532:)Nilsson orbital,

The levels at 580.8, 617.7 and 674.3 keV are seen
to feed the ground-state rotetional band. Fersson (Persson 1964)
and Funke.(Funke 1865) both reported the existence of these’
levels and gave their energies as 580, 616 and 674 keV.

Persson was unable to say whether the transition they saw at
616 keV should he fitted between the 616 keV level and the
ground state, or between the 674 keV and 58 keV levels. TFunke's
coincidence data indicated that the 616 keV transition was
complex with a branching ratio of about 7 or 8 to 1, the
stronger transition feeding the ground ztnte. The pfesent
investigation shows that the line ir question is in fact a
doublet with energies 616.5 and 617.7 keV, the latter being
the more intense feed to the ground state. The ground~state
transition from 674.3 keV level, following the 8-decay of 15964
is reported here for the first time.

These three levels have also been seen in the Coulomb
excitation experiments on l59Tb reported by Diamond and Stephens
(Diamond 1963). They reported that the lines at 536, 560 and
580 keV exhibited symmetrical Doppler broademning. This indicates
lifetimes of about 5 x 10713 secs which suggests Ml tramsitions.
Their measurement of the average K—conversion coefficients for
these transitions also indicated that the group was mainly Iil.

For these reasons a positive parity assigmment has been made for
the levels at 580.8, 617.7 and 674.3 keV, The log ft. values for -
he B-transitions feeding these levels, calculated from the present

results, are consistent wilth thils assignment,
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The level at 854.9 keV was first introduced by Tunke
et al (Funke 1965) as a level at 860 keV. The present coinci-
dence data with y-238 and y-274 confirm the cxistence of this
level. The log ft. value of 6.9 for the g-feed to this level
indicates that it is most probably a first forbidden transiticn.
This limits the spin values for the 854.0 keV level to r/2, 3/2

or 5/2 with positive parity.

6.7 El Transition Intensities

The intensity vatios for electromagnetic transitions
between levals of two rotational bands in axially deformed nuclei
should follow the relationship proposed by Alaga (Alaga 1954)

namely

]

, 2
B(L, I, ~ <I; LK, KK K>

PR I A

I)
D

— ki d 7 Yr 2
B(L, L. <T, LRy Ké—ki I, LIKR>

£ 7f
where B(L, Ii - If) is the reduced transition probability for the
itd - <1, K, K. -X , L. X.> 4 1 -
transition Ii If and I; L K, Ff i]ll L g X¢> 1s the Clebsch
Gordan coefficient for the addition of angular moments Ii and L
to form IF' This relationship is observed to be true in a large
number of cases, but for transitions which violate the asymptotic
selection rules (Mottleson 1959), deviations of up to two or three
orders of magnitude occur. TFor the case of dipcle transitions
with AR =t 1, these deviations are very large, whereas Ffor transi-
tions with AK = 0, the deviations are about 10 to 20%.
159
Of particular interest in the decay of Gd are the
intensities of the El transitions which de-excite the 5/2- [532]

level to members of the rotational band built upen the 3/2+[§ll]

ground $tate, The experimental intensities for Y=363:v-3063y-274
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are in the ratio 100:0.55:2.0 whereas the theoretical ratios based
upon the Alaga formula are 100:26:1.7. The asymptotic selection

rules for El tramsitions (Mottleson 1959) are given in Table 6-IV.
These clearly show that the selection rule for Anz is violated for

0
the transitiens in 15JGd,

Table 6-1V

Transition

Multipolarity AY. Al Anz AL AL
El *1 +1,-1 0 *1 0
0 +1 *1 0 O

It has been proposed by Grin and Pavlichenkov (hereafter abbre—
viated to GP) (Grin 1965) that the reason for the large deviations
from Alaga's intensity ratios for AX = *1 may be associated with
the action of Coriclis forces. This interaction is small in
strongly deformed nuclei and does not zlter significantly the
probability for allowed transitions, but it may be substantial
in the case of "forbidden" transitions.

The Coriolis forces produce a coupling between the
rotational and intrinsic motion. The interaction Hamiltonian
has the form

L 1—2 . e .
H = - 5% (T, 7 + I—‘]*)

where I+ = Ilillz and ji = j1 iijz, T being the tctal angular
momentum and 3 the angular momentum of the odd nucleon. This

coupling is small when the collective frequenecy is very much
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larger than the single particle frequency, and is neglected in

first approximation. Only the diagonal terms of this operator are
taken into account when the energy of the system is calculated,
and these occur onlvy for the case of Q = .

When the operator is considered as a perturbation, the
off diagonal matrix elements are given by (Prior 1958)

/T EFD) SpeSyny 1 <Eli_li>

<I'R'e | 1,5+ I_3, | IR

1
b

<IRMQM | T+ I3, | IRQ> = /(T-K) (THKHD) 3oty Smepr<fligli>
where f and i are the final andinitial particle states. These
expressions show that the Coriclis forces may couple states which
have the same value of I but values of K differing by *l.

GP have investigated the conditions under which El
transition intensities may differ radically from Alaga's rules.
Theynpoint out that the transition must be forbidden by the
asymptotic selectinn rules but the matrix elements of jt and the
electromagnetic transition operator in the admixture must be allowed.
Using the wave functions given by Hilsson (¥ilsson 1955), Prior
(Prior 1958) has examined the selection rules for the operator ji
connecting the intrinsic wave function of the groundstate with the
admixture wave functions. On the basis of these selection rules,
GP show that for the transitions of interest in the present work
(AR= *1, AN= %1, Anz= +2, AA= *1  AL= 0), the admixture transi-
tions always contain transitions allowed by the asymptotic quantum
numbers. They therefore point cut that these transitions should
show large deviations from Alaga'’s rule. It should be pointed out
that these deviations exist only for the one type of transition
‘considered. It is possible to have twice forbidden El transitions

with different changes in asymptotic quantum numbers for which

AK= *1 transitions show no deviation from Alaga'’s predictions;‘
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GP have derived theoretical expressions for the tramsi-
tion probabilities for electromagnetic transitions. For the case
where AK= *1, the ratios of the reduced transition probabilities

for electromagnetic dipole radiations are given by

U (I,%,AR)= B(1l,Tkn > Ik'n") Ny (I,K,0K)= B(l,Ikn »>I+1k'n')
B(1,Ikn~I-1,k'n’") B(1,1kn »Ik'n?)

For AF= *1 these ratios depend upon one parameter and are given
by

ny (I,K,%1)

-2
n? (I,K,%1) (i - 12, (1) |
nS (1,K,%1) [} - Izi(K)] 2

2
<I13R AK|IR'>Z ng (I,K,AK) = <I1,K AK|I+IK'>
<II;K AK|I-1K'>2 <II,K aK|IK'>2

]

n, (I,K,*1)

3]

]

wherery (I,K,AK)

and Zy (K) is a function involving matrix elements with the electro~
magnetic transition operator.

The value of Z can be determined from one of the experi-
mental ratios and this value used to predict the other ratio. Since
the reduced transition probabilities depend quadratically on the
parameter Z, two values of Z are obtained., The calculated value of
nl for both these values of Z are shown in Table 6-V. The value of
Z quoted by GP, calculated from the experimental data of Subbs Rao
(Subba Rao 1962), was chosen so that it best explained the experi-
mental results. Using this criterion and a value of Z calculated
from the present data, the agreement between the calculated and
experimental value of ny can be seen to be excellent. Either value
of Z gives theorstical results for this ratio which are closer to the
experimental valuc than that predicted by Alaga.

Grin and Pavlichenkov have compared their results with the
experimental data from several isotopes and have found good agreement.
This tends to suggest that the observed deviations from Alaga's rules in

1597h are comnected with the Coriolis coupling of rotational and




" Table 6=V

159

RATIOS OF REDUCED E1 TRANSITION PROBABILITIES IN Tb
Single Particle - _3’
Transition np (x 107) : - no
Experimental Alaga Grin Experimental Alaga Grin Z
TASY 430 13 5.7(1) p.17 - =195
72. +1.38
5/2 532 5, 3/2 411

9.2:0.9¢2) - 430 9.1 ~ 8.78:0.8(» 0.17  --  -2.35
36.0 +1.78

' (1) B.N. Subba Rao

(2) Present work

Nucl. Phys.

36 (1962) 342
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intrinsic motion.

5Q
6.7 High Energy Levels in 159,

Diamond and Stephens (Diamond 1963) have interpreted the
levels at 580.8, €17.7 and 674.3 keV as members of a K = % rotational
band., Only by such an interpretation can a reasonable value be
obtained for the rotational constant and they give the value of the
decoupling constant as a = +0,05420.012, As mentioned previously
the transitions from tﬁese levels are predominantly M1 in character,
A comparison of the experimental branching ratios, derived from thé
present work, with the theoretical predictions (Alaga 1955) for
M1 transitions is given in Table 6-VI, which shows them to be in
fairly good agreement,

Table 6-VI

Branching Ratios for Tramsitions From K= % Band

Theoretical | Experimental

¥

B(MLl; 5/2 > 5/2) 0.96 1.32 * 0.42
B(ML; 5/2 » 7/2)

B(ML; 5/2 > 3/2) 0.14 0.17 % 0.06
BGMl; 572 > 7/2)
B(ML; 3/2 > 3/2) 0.67 0.48 = 0,11

B(Ml; 3/2 - 5/2

The ¥= % band could be interpreted as a rotational band
built upon the %%[jél%}single particle state, which is expected
in this region, or the KO—Z y=vibrational level of the groundstate.
For several reasons the latter assignment is the one preferred by
Diamond and Stephens. They point out that the experimental B(E2)

values for Coulomb exciting the members of this band are larger
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than would be expected if the 581 keV level were a single particle
state. They also give the ratios B(E2; 3/2 ~ 1/2):B(E2; 3/2 + 3/2):
B{E2; 3/2 » 5/2) as 1.0: 0.50#0.21: 0.66x0.21. The large errors
were due to the uncertainty in the branching of Y-617. Using the
information obtained in the present work about the 617 keV doublet,
the above B(E2) ratios are 1.0: 0.66x0,2: 0,50%0.15, This should

be compared to the theoretical values of 1.0: 0.91: 0.40 given by
Lutken and Winther (LGtken 1963). Diamcnd and Stephens attribute

this discrepancy to Coriolis coupling with the groundstate band

which is possible since A|K| = 1, They also point out that the
band cannot be of pure vibrational character since M1 transitions
from it would be forbidden.

The small value for the decoupling constant might also
be explained on this basis, since the the&retical prediction for a
pure vibrational band is zero. The ¥+ [}1;] band has been seen in
169Tm and 171Tm and the decoupling constant in these cases was found
to be -0.76 and -0.86 respectively (Mottelson 1959). This evidence
therefore tends to support the contention that the 581 keV level
is a y~vibrational level.

As mentioned in sec. 6-5, the spin of the 854,9 keV
level is limited tc 1/2, 3/2 or 5/2 »nd the varity essignment is
positive. Nothing is known about the multipole character of the
transitions de-exciting this level and either an M1 or E2 assign-
ment would be comsistent with their positioning in the level schene,
However the fact that the 854.9 keV state de-~excites to levels with
spins of 3/2+ and ’s+ but not to 5/2+ or 7/2+ levels suggests that

the 5+ assignment might be preferred for this level, the dominant

mode of de-excitation then being M1,
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If the %+ assigmment to thig level is for the moment
accepted, then an interesting point arises regarding the nature
of this level. As previously stated, the [?1{] single particle
level is expected in this regicn {(Nilisson 1955). However the
Coulomb excitation experiments of Dismond and Stephens (Diamond
1963) revealed gamma-rays with energies of 920, 949, 265 and
978 keV which they interpreted as originating from the 3/2+,
5/2+ and 7/2+ members of a ¥= ! rotational band built upon a level
at 971 keV. They did not observe a 971 keV transition but point
out that it would have been obscured by the transitions at 965
and 978 keV, They obtained values of 12,0 keV for the rotational
constant (ﬁz/ZJ) and ~0.81 for the decoupling constant which do

169

not seem unreasonable when compared with the values for Tm

and 171

Tm (12,3 keV, a = ~0.763 12,0 keV, a = -0.86, Mottelson
1659). 1If this interpretation is correct, then it is difficult
to find an explanation for the nature of the 854.9 keV level,
Another interpretation however might be possible
and more insight into this may be gained by comparing the level
schemes of 157Tb and 159Tb as shown in Fig. 6-15. The l57Tb
level scheme is taken from the work of Persson et al (Persscon 1963).
The similarity between the isotopes is readily apparent. The 992
keV transition was seen by Persson to have a high internal K=con-
version coefficient which he attributed to a mixture of EO and E2
multipoles. This mixture of multipolarities is expected in
transitions which de-excite B-vibrational levels and Persson therc-
fore suggests that this level may be the groundstate B-vibrational
level with K= 3/2.

Since two gamma-rays are seen by Diamond and Stephens to

de-excite their proposed level at 979 keV, it can be taken that this
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Comparison of the energy levels in 157Tb and ingb.
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level is fairly well established. Furthermore, since these gamma-
rays exhibited symmetrical doppler broadening and hence lifetimes
which suggest that they are predominantly 1 trangitions, it is
possible for this level to have a spin and parity assigmment
of 3/2+. 1In analogy to the case of 157Tb, it might therefore
be postulated that this level ig the corresponding ground -~ state
8-vibrational level. This would then permit the level at 854.9
keV to be interpreted as the L+ [ﬁl{} Nilsson state.

However it should be re~iterated that this is only one
possible hypothesis and should by no means be taken as having been
established. The difficulties with this interpretation are the pre-
dominantly Ml mode of de-excitation, (since M1 transitions are for-
bidden for pure vibrational bands), the reasonable values obtained
for the rotational and decoupling parameters and the fitting of the
observed transitions at 945 and 965 keV into the level scheme.

From the experimental data available at this time, it is not pos-

sible to give an unequivocal assignment to the nature of the 854.9

keV level.
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