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 ABSTRACT

High spin states in 126 ,128ye apg 1167e have been studied in the
. \
( a,4nY) reactions on enriched Tellurium and Tin targets using in-beam

gamma-ray spectroscopic methods. For both Xenon nucleil, new levels at high
. it

spins have been proposed. The occurrence of backbending in the
126,128xe nuclei 1s also examined. For the llGTe rmicleus, two new levels

have been tentatively assigned.
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RESUME

Les €tats de spin €levé des isotopes 126,128ye et 1167 ont €te
etudies, par des methodes de spectro-scopie gamma en ligne, lors de
reactions ( o,4n¥) sur des cibles de Tellure et d'Etain enrichies. Dans le

cas des deux noyaux du Xenon, de nouveaux hiveaux de spin €leve ont €té

3

proposés. La possibilite gue le phénoméne de 'backbending" se produise,

126,128

pour les noyaux Xe a également €te considéréde. Pour le noyau 116pe

deux houveaux niveaux ont, €té proposes a titre d'essal.
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B Chapter I: Introduction .

o

In the' field of human endeavours, research in the natural sciences

pro(tldes -one of the most stimulating and challenging occupations avalilable

Pt wmm

for the interested individual. The scientific method has proven to be most
efficacious 1n bringing to light the urxiérlying form and processes of

* _ nature responsible for the diversity of phenomena we see around us. It has

Ers

) been the author's good fortune to have worked in one interesting area of

research, namely that of In Beam Gamma-Ray Spectroscopy (I.B.Y.),

4w S xdaw Y

conducted here at' McGill. The work to be presented concerns itself with

. the experimental determination of the excited states of three nuclei:

EE

lZGXe, 128}(e, and lls'ﬂe. To understand the purpose and nature of this work

ok e vk

( a brief background is given. .. \

Nuclear physics effectively began in 1911 when Lord Rutherford and

his associates discovered that the scattering of alpha particles by gold
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atoms could be best explained if atoms consist of a small, massive,

" positively charged core surrounded by orbiting electrons. The magnitude of
this core, called the nucleus, was estimated by Rutherford to be on the
order of lO"l4 m. Since then, the nucleus has been found to be constituted
of nucleons of twd types: the zero charged neutrons and the positively
charged protons. 'Ivhe force which holds the nucleus together againsé the
proton-proton repulsion is called the ’'strong' force.

Studies of muclei indicate that the strong force has’ a short range,
on the order of the average distance between nucleons in the nucleus i.e.

between 1 and 2 fermis. E‘urthér, the nuclear force saturates leading to

*  nuclei which all have similar internal densities and which have radii




° ’ . . )
** proportional to A® where A is the number of nucleons. Further

undgi‘standin'g of the strong force has come mainly from an examination of

the two body nucleon-nucleon interaction. The results of studying these

o

" nucleon-nucleon systems indigate that any description of the muclear force
' needs to include the following(l): ( .
a) Terms depending on the spin degree of freedom: -

-
5 .-

A direct spin-spin interact}on of the form:

CE BN, - B .

r l 2 1 2 \\ E\ﬁj

,( . y_,fl,""‘) i » '_‘_‘ :J%

, a spin orbit interaction: ' .k

- o | ,
[ N ) , -

5 [ + 3, - Fz)"(Pl - BV IVUE, - T,|) ‘ .

f and a tensor interaction: ;

e o vare = = N . :

‘{3[01 (F) - T MO, (F) - )] - (F] -%,)79; oz}v(lrl - r2|) *

b) Charge symmetry and charge independence. The former referring to .

| the fact that the nuclear force 1s known to be the same for n-n and p-p g

° A

interactions, the latter referring to evidence that for p-n interactions ’ §

where the space——spln states are the same as for n-n and p-p reactions the g

interactions are also the same. .

c) AQ exchange potential to allow for exchange of charge.

d) A repulsive core. ‘
Despite these known attributes of the \nuclear force, mathematical
descriptions for the force whlch differ fr‘g‘iﬂ each other can be found which
= satlsfy the experimental data eqlially well. \‘Because of this lack of
precise knowledge of the nuclear force, in addition with 1ts evident

X ‘
complexity, it becomes very difficult to derive the properties of nuglei,-«

3
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using a fundamental approach. As a result, t:.o( gain any urderstanding of
m;lclel at all, experimental data on nuclei are interpreted ll‘:l terms of
various nuclear 'modéls‘ that are invented to fat the facts.

Deperding upon the number of nucleons 1n the nucleus being studied,
some models become more appropriate than others 1in descrlblngr nuclear
behaviour. It may even happen that more than one model 1is Thvoked to
describe different aspects of the same nucleus. One of the ‘most successful
models to be used 1s the shell model introduced independently by M.G.
Mayer (2) and Haxel,Jensen and Suess (3). This model was suggested by the
experimental evidence that, similar to the case of electrons in atoms, the
nucleons filied up nuclear orbitals in a definmite sequence which lead to
shell effects. These 'shells’' occur independently for neutrons and protons
wheﬁ their numbers in nuclei reach 2, 8, 20, 28, 50, 82, 126 and 184. when
both neutron ;eri proton number equals a shell closure, the nucleus 1s
found to be especially stable, 1n analogy to the inert elements. The shell
model considers particle motion i1n a spherical potential with strong L-S
coupling forces. In this way the model 1s able to reproduce the shell
sequence for nuclel found above. ]

In addition to the evidence for shell structure 1t was also known
that nuclear beh.aw.’our 1ndicated the effects of collective nuclear motion
(4,5,6,7,8,9). Bohr(7) in 1952 proposed a collective model to explain
collective behaviour and then with Mottelson{(9) in 1953 proposed a unafied
model where the nucleus 1s described in terms of particle and collective

degrees of freedom.

Nilsson(1l0) in 1955 introduced a model, since named the Nilsson

]
-

rnédel, where the nuclei were treated by considering particle motion 1n a

deformed well. More recently, Stephens(ll) has interpreted nuclei showing
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collective behaviour i1n terms of the Coriolis effects introduced as a
result of their rotatlo‘g. T -

The abundance of possible viewpoints from which to describe nucle&r
structure thus necessitate experiments which ‘can indicate which .

theoretical approach 1s most suited to which nucleus and over what energy

range. Also, further experimental work may also lead to more general

»

models which unify these theoretical approaches. As 1s evident, one of the

» Pl

most useful experaimental datum 1S to have a precise khowledge of the level
schemes of the excited states of nuclel to as high a spin as 1is
experimentally possible. We want to obtain high spins since a proper
description of the _l“_evels ovér a greater range requires that the models be
made mbre refined. It 1s to satlsfy this need that the experimental method
of In Beam Gamma-Ray Spéctroscopy proves useful. By performing (a:xn’Y-)
reactions one is able to project out of the many nuclear st'ates certain of
them which are amenable to study using simple models. Other:_ nuclear
:reactlons, {p,Y} etc., will, over the same energy range, project out a
different set of states in gener{:\l. Thus by selecting the probing reaction
oné may select states assoclated with one or possibly two models.

Historically, I.B.Y. began in 1963 when Morinaga and Gugelot(12)
obsérved that discrete gamma-rays can be detected during the de-excitation
of nucle1 produced by (a,xn) reactions. Many of the b::131c features of this
type of reaction have since been understood amd an outline 1s provided
here: '

When an incoming projectile, such as an o-particle, collides with

J

some, target nucleus then, providing the projectile has sufficient kinetic

T e

energy to overcome the Coulomb repulsion of the target a new system may'be

formed called the compound nucleus. For medium heavy target nuclei the

"\
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cross-section for the g:ompound nucleus normally dominates the
cross-section for other reactions for projectile energies moderately above
the Coulomb barrier (13). The compound nucleus exists in a very excited
state a;xd immediately beg1ns~to ‘evaporate' off neutrons, protons and
-alpha particles(14). Generally, however, the Cou’lomb barrier suppresses
" the emission of charged particles and neutron evaporation predominates.
Depending on the energy of the ;;.rOJectlle, one type <;f ‘(a,xn) reaction
predominates. For example, at an a-particle lab energy of 59 MeV the

’

126re(a,4n)126%e reaction has the highest cross-section for occurring over

- ]
other possible reaction channels. After the final neutron 1s emitted we

are left with whdt 1s called the residual nucleus. The' residual nucleus
exasts 1n an excited state where ’1ts énergy 1s less than the neutron
binding energy. De-excitation of the residual nucleus takes place through
the emllssmn of gamma-rays and 1nternal conversion electrons. The initial
de-excitation consxsts, of gamma-rays from what is called the statistical
region(1l5). This region represents the high density of levels at high
excitation. 'lhe:z gamma-rays from this region register in the gamma-ray
sbectxum as a continuous background with individual gamma-rays being
unresolved. Because gamma-rays are nefficient at removing angula{
momentum from the residual nucleus, there 1s a tendency for the gamma
cascade to reach first to the lowest enerqgy state for a given spin ard
then to cascade down further along the- lowest energy, highest spin level
sequence. This latter sequence 1is called the Yrast line(l6). It is these
gamma-rays from the Yrast line which stand cut in a spectrum above the
unresolved bac-:kground of statistical gamma-rays. This cascade of

gamma-rays 1s referred to as the ground band. Examination of a spectrum,

however, usuaily shows a number of discrete gamma-rays which are not part

°
.

{
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of the grourd band. These gamma-rays come from side-bands which receive
their feeding also from the statistical region and then they 1in turn feéd
members of the ground band. Figure 1 offers an overview hof the transulons“
taking place. For all electromagnetic transitions, except those between
states of zerc angular momentum, ¥ -ray emission and internal conversion
compete. In the latter case, the available energy and angular momentum
changes are transferred to an orbital”electron which 1s then ejected.

The highest spin state that one may expect to observe depends on

;

the amount of angular momentum brought 1n by the projectile. Classicaly,

the maximum angular momentum 1s(17):
Lpax = 0-25VM(E - Eb) (A% + M%) )

where A is the atomic mass of the target, M ‘the projectile mass, E the
projectile's energy in MeV and Eb the Qoulomb barrier in MeV. Eb 1is found
from Eb = 2Z/AY*where z and Z are the target ‘and projectile atomic

numbers. For the nuclei1 studied 1in this work we have:

126 _ o

2 Xe with E = 48 MeV, L‘max}': 17| B _
128 - ~
é Xe with E = 48 MeV, L‘max = 17
116 _ ~
Te with E = 59 MeV, Lmax = 20

\

In 1971 and 1972 Johnson et al. (18,19) studying the 160Ga( a,4n)10Dy
reaction plotted 2 91 / h?  where 9I is the effective moment of
inertia for a transition I- I-2, versus N?y? =4(I2 - I-&-l)(EI - EI_Z/‘%I—Z)2
and found that below I=10 , 91 increases smoothly with of , but above I=12
sudden jumps take place. This effect is called 'back-bending' because of
its shape. The satxsf:’actory explanation of this effect forces further

refinements to be made to nuclear models and since 1ts discovery much
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Flow diagram for

iy B

Figure 1

gamma--rays produced in (q,xnY) reactions.

Taken from Morinaga(15)
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effort has been made in the invest;gatlon of high spin rotational
levels(13,20,21). Since high spin states are expected from the (a,xn)
reactions 1n this work, this phenomenon will also be examined.

In-beam gamma work began at McGill in 1979. Since that time, many
nuclel have been successfully studied using this technique. Since 1t
becomes more difficult to do pioneering work using alpha particles, this
thesis represents the last experiments to be carried out in this field

using the McGill equipment.




Chapter IT - Experimental Apparatus
’ !

V)

A )S,lclotron :

The alpha particle beam required for I.B.Y. work 1s produced by the °
McG11ll synchrocyclotron. This machine was commissioned for use in 1949 and
now bears the distinction of being the oldest working cyclotron in Canada.

However, like a fine wine, the performance of this machine has improved
N
with age. At present, alpha paricles, deuterons, protons and

N

accelerated to maximum energies of 100, 50, 100 and 133 MeV reSpectl\feLy.

3get+ may be

The requirement for a source of alpha partlcleé 1s met by a radial
ion P.I.G source (Figure 2). Referrlqng to the figure, helium gas 1s fed 1in
from the top of the anode and 1s subsequently 1onized by means of a *
discharge between the anode and the two cathodes, the ldtter being located
at the top and bottom of the ion source. The helium 1ons, both singly and
doubly charged, as well as unionized helium atoms, exit radially through a
slit in the anode. The body of the ion source 1s water cooled so that heat
released in the dischatge (about 2 kw.), may be dissipated. The 1on source
1s maintained at a positive potential of +3 kv. so as to repel the
positive 1ons. This is necessary since the placement of the water pipes
block the trajectory of the 1ons on their first orbat.

Having so obtalned a source of alpha particles, it 1s now necessary
to accelerate them. Figure 3 shows the principal components of the
synchrocyclotron, including the Dee. The Dee has a radio freguency ixigh
voltage of approximately 15 kv applied to it. This allows for acceleration

of the alpha particles by alternately attracting and repelling the

particles as they enter and exit the Dee 1in their spiral orbit. The spiral
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i Figure 3:
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The Synchrocyclotron
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motion is brought about by a large electromagnet , the p91e faces of which
covef the top and bottom of the Dee and defines the maximum radius of the
orbiting particles. The magnetic field is cylindrically symmetric and
falls off with the radius. The field strength at the centre of the m:agnet
is apiaronmately 17 KGauss. The alpha particle may be selectively
acceJ:erated by e‘xp101t1ng‘the charge\ to mass ratio difference between it
and other ions ;;resént. As the alpha particles increase i1n velocity, they
undergo a relativistic mass increase. This increase in mass 1s a function
of 1ncreasing orbit radius and, coupled with the shéped magnetic field,
causes the particles' orbital velocity to decrease. To compensate for
this, the frequency of the radio fregquency voltage applied to the Dee 1s
lowered appropriately s?, as to provide phasef‘[stabi’llty to the accelerating
particles. At an orbit radius of 36 inches, the particles have their .
maximum energy and are then extracted. The time taken for the beam to
travel from the i1on source at the centre of the cyclotron to the point of’
extraction 1s 600 us. The beam 1s represented by bunches of particles

25 us long.

Stretcher:

For reasons that will be dealt with later, it is more useful to
have a continuous beam of alpha ﬁarticles rather than the pulsed beam the
‘cyclotron gives. The 'Cee' shown in figure 3 enables us to do this. This

/
changing of the beam profile from a pulsed to a continuous mode is
accomplished as follows: ‘ ‘ .

At a radius of approximately 32 inches, the radio frequency to the

Dee is turned off. To obtain further acceleration to the 36 inch

extraction orbit, an oscillating voltage of -5 kv is applied to the Cee.

The Cee is simply two 'c' shaped copper sheets separated by Teflon

PINPWET WS R

s eimrn 6
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/e\ . — | supports to a distance of 4 inches. It is also electrically isolated from
E.P L “ the rest of the cyclotron .A The radio frequency voltage applied to the Cee
: " " 1s out of phasedwith thi gti‘i\dm frequency that v!;s applléd' to the Dee and
3 C;ontallns random frequency components equivalent to noise. This has the
' ;Efgct of destroying the phase stability of the bunched beam and the
/-partlclesrare smeared out over the time interval between beam packets thus
giving a D.C. beam. This apparatus 1s called the, 'stretcher' and was built

by Mr. Leo Nikkinen of this laboratory. The stretcher gives us a duty

cycle of 100% as compared to 0.2% to 0.4% for the unstretched beam.

Regenerative Magnetic Extractor
The last thing to be dealt with in the cyclotron is the
regenerative magnetic extractor shown in figure 3. This bit of hardware is:

o
a piece of iron which causes an increase in the local magnetic field,

pérturb1ng the orbit of the particles passing by. The orbat perturbation ’
of the particles takes the form of an unstable radial losc::Lllatlon which o
o5 grows exponentially with each orbit. Eventually, the orbit amplitude )

carries the particles into the extraction channel from where they exit the:
cyclotron. The extraction efficiency is typically 10% and 1s a strong
function of i1on source placement. .

B)Beam Transport

~ Having obtained an alpha beam from the cyclotrén, it is now

A

7 ~
AR 5l i R 1

dgired

, necessary to transport this beam to' the experimental area. Figure 4 shows
" the positicnal relationship between the cyclotron, control room and
experimental area. . '

After léaving the cyclotron, the 'beam goes through a self excited

sextupole magnet to correct for spatial distortion in the beam caused by

~

- " the method of extraction. Next, the beam encounters a pair of two inch
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quadrupole magnets, used for focussing, and from there is bent by two '
separate magnets throuéh angles of 30° and 45° . Followlng the 45° magnet
1s the degrader box. The beam can be degraded to more sultable energies at
this point. How this 1is done will be explained later. After the degrad:r
box the beém 1s refocussed as necessary by a pair \of four and six inch
quadrupoles and then enters the beam hall. The beam may be steered to
different experimental sites in the beam hall by means of a switching
magnet . The beeam, after leaving the switching magnet, 1s refocussed once
more by another pair of quadrupoles and then enters the target area. At
the target site the beam may be focussed anywhere from 3 to 7 mm.,
depending on beam energy. The poorer focussing occurs because of the beam
spread resulting from the method of beam degradation.
C)Degraders

Since the (&,xn) reactions of interest n\éy have their optimum
occ’}rrence\s at energies less than 100 MeV 1t becomes necessary to find
means by which to lower the beam energy. This 1s accomplished by placing
beryllium degraders 1n, the path of the beam. These degraders are flat
Circular pieces of Be. which vary in thickness from 1.52 to 3.38 mm. On
passing through the degrader, the beam ionizes-Be. atoms 1n the vicinity
of 1ts path, giving up some of 1ts energy 1n the process. The process of
lonisation 1s statistical in nature and gives rise to a distribution
skewed to high energaes. Thas latter effect is known as the Landau-Symons
effect and the distribution 1is known as the Landau distribution(22,23).

The energy of the degraded beam versus degrader thickness was
calculated from stopping power tables as tahulated by Williamson et
al.(2\4) . The beam divergence as well as the degree of straggling 1s

proportional to the atomic number Z of the degrading material. The spread

*
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1n energy 1s calculated to be less than 5 MeV for a degradation of 50 MeV.
Flgux:e 5 shows the alpha particle beam energy as a function of the Be.
thickness (calculated). Table 1 gives a table of energy versus the
different Be. thicknesses availlable. The position of the degrader box was
chosen for two reasons: 1) the beam could be focussed at the degrader site
2) neutrons produced at the site could be adequately shielded from the
exper;mental area. The concern with néutrons will be dealt with 1n detail
later on.’

D)Experimental Area

Having directed the beam to where 1t is wanted, a description of
the experimental area 1s now given. Figure 6 shows the area layout.

The motivation behind the design of the experimental area 1is to
allow for the optimum detection of gamma-rays over extended time periods
with as little signal interference as possible. The experlmen:tal shed,
which 1s built on a raised platform 1in order to bring target and detectors
level with the beam, demonstrates this design philoscphy:

First, the shed structure consists of aluminium: walls, roof, door
and floor (of ancdized aluminum) with dimensions 1.85m x 1.85 m x 2.0 m.
Also, the portion of the beam pipe i1n the shed is isolated from the part
,outside by means of an insulating teflon flange. These precautions
effectively make the shed into a Faraday cage and eliminate radio
frequency waves given off by the cyclotron, especially those carried along
the beam pipe, from the interior of the shed. As a further precaution, the
shed 1s insulated from the concrete floor since R.F. noise may be
transmitted through the floor material. Next, the shed and all the
internal electronics are 1solated from each other. The electronic
apparatus recelive power from an cutlet where the ground pin has been

o
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Table 1

’ Incident energy = 100 MeV.

Thickness (cm)

0.152
0.206
0.2‘31
0.259.
0.284
- 0.305

i 0.338

14

L e T i LT -
7,

S

Thickness (t\}g/cm2 )

of Be. degrader thickness.

Energy (Mev)

&

281.6
380.2
427.1
478.7
525.7
563.3

624.3

78.2
69.0
64.3
59.0
54.1
49.3
42.0
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removeé, thus leaving the electronics at a floating ground. All electrical
signals are carried from the shed to the data accumulation computer
through triaxial cables. The outer shield of the cable 1¢ connected to the
shed an& the J.nner:i shield 1s connected to the casing of all electronic
modules. |This cable 1s then grounded locally at the computer site. All
these steps are necessary since the detectors will pick up R.F or other
spurious electrical noise, superimpose 1t on the electrical pulses
representing gamma-ray detectl\on and lead to poor detector resolution.

The next prcblem to be dealt with is that of the high neutron
bét::kground present 1in the exp;erlmeww;uﬂ poses
a problem since, as will be dealt with 1in the section on detectors, the
resolutl/on of Germanium detectors degrades over time when exposed tq high
energy neutrqns. High energy neutrons here may be anything from 1 MeV
upwards. To enhance detector lifetime 1t then becomes necessary either to
eliminate the neutrons in the experimental area or to thermalize them. The
protection methods used involve a combination of both these requirements.

One source of high energy neutrons is, as stated before, the degrader
box. The degraders, however, are located on the other side of a 3 foot
thick concrete wall which thermalises the neutrons and captures most of
them. The degraders, however, increase the beam divergence causing beam
scattering into the switching magnet, leading to more neutron production.
The solution to this problem was to surround the switching magnet with
concrete blocks, leaving only sufficient space for the beam pipe to get
through. This same solutign is also used for the 'beam dump'. This is the
area, located about 12 feet from the experimental shed, where the beam is
stopped. As a final effort to reduce the fast neutrons in the shed, the

shed is surrounded by cne foot cubic containers filled with water and
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boric acid. The water serves to thermalize the neutrons which are then
absorbed by the Boron. Inside the target chamber itself, neutrons are
produced by collision of the beam with the target and surrounding beam
pipe material. By focussing the beam as tightly as possible the beam 1s
prevented from hitting the sides of the beam pipe during 1ts journey to
the target. By making the target sufficiently thin, 50 mg/cm® , and by
using larger exit pipes, the amount of interaction of the dispersed beam
with the beam pipe 1s reduced.

Since the high energy neutrons produced in the (a,xn) reactions are
emitted predominantly in the direction of the beam (25, 26), the Germanium
detectors are always positioned at angles greater than or equal to 90°
with respect to the beam direction. Measurements were made to determine
the levels of neutrons present in the hut for the targets used in this
work. The neutron detector used was a Victoreen model 488A. This detector
18 most sensitive to 5 MeV neutrons and only tells the flux of neutrons
around this energy. The average flux fourxd was 110 fn/cm® taken in the
forward angle direction relative to the beam. The letterc 'fn' stand for
‘fast neutrons'. To put this number in context, Germanium detectors begin
to show damage at fluences of 10° - 10" fn/cm® (see section on
detectors).

E)Detectors /

Four types of detectors were used for this work: Lithium drifted
Germaium {Ge(L1)], high purity Germanium [Ge(HP)], Bismuth Germanate
(!-3(00)/,‘ and Sodium Iodide [NaI(Tl)] detectors. For gamma-ray detection
where the resolving power of the detector 1s critical, the Germanium

detectors were used. In timing applications where we are only 1interested

in the detection of a gamma-ray irrespective of its energy, the NaI(T1)
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detectors were used. Table 2 lists all the detectors used and

wm

their speci dations. The operation of the solid state Germanium detectors
AN
and that of the s tillation NaI(Tl) and BGO are well known and may be

J
found 1n references such "as Goulding and Pehl (27). A brief summary of the

-

’

11 be qiven.

main principles of. these detctors

Scintillation detectors:

w&wm@w@a&g&w&m» .

gamma-rays, elec\tir.ons, neutrons and alpha partlclés.‘ The absorption o

enerqgy of afly of the above particles leaves the atoms of the scintillator

F

v

in excited states which subsequently decay by emitting light. These light i
5..§es are then detected by a sensitive photocathode. Electrons are *

| 1

emrtted from the photocathode via the bhotoelectric effect and are

1
t

amp11f1§ in a photomultiplier tube. The amp]zification in the

photomultipller\Qbe occurs via a series of dimodes which multaply the
‘ §

electron flow by secondary emission. The output voltage of the
photomultiplier is directly proporfional to the\energy deposited in the

scintillator. T

e~

AN 3 [l

S u.»

The use of Nal as a scintillator tegan with the. discovery of v
\ ~

‘Hofstader(28) in 1948 of the luminescent propértj:e?s of I\él\\. Later, an’
, u\\ - \\ N
improvement 1n scintillation was obtained by adding thallium halide to
T .

give NaI(Tl). The thallium halide shifts the absorbed p;éirticle ene?gy\ into
~

the region of visible light to which the crystal is most tiansparent. The

wavelength of maximum scintillation intensity is 420 nm. More recently,

! the use of BGO as a scintillation detector stems from the discovery of

Weber and Monchamp(29) in 1973 that BQ, when exposed to X-rays, undergoes

L]
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Table 2
\ .
Table of detectors used !
» %
ouantity TYpe Efficlency* - Rarge (MeV) Resolution*t
: 1 Ge(Li) 10% 0.03 - 4 2.4 keV
. 1 p-type Ge. "16% 0.03 - 4 2.2 kev
1  n-type Ge. '19% 0.005 - 4 2.1 keV
- i - P E &
1 n-type Ge. @ ,287.‘ 0.005 - 4 2.1 keV
2 NE 213 1- 20
4 . NE 213 1-10
S BGO
8 NaI(Tl) '
LN ’l :
* .. relative to a 3"x3" NaI(Tl)
** - at 1.3 MeV *
\ ° , R [y
:" o
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luminescence . The actual chemical structure of the BGO crystal 1s Bi.Ge:Opn

and the light emitted in scintillation comes from,the 3P, - !5

electronic transition w1th1n the B13* ions. For applications where the
energy of a gamma-ray is not important, BGO's .are more suitable than Nal's

because of their greater detector eff1c1ency @svhlgher eff1c1ency

o

results, in part, from the greater density of the BGO materlal

v gz‘
Solid State Detectors : i :

Semi-conductor detectors were first introduced in the m;.d-sixties
‘ar;d qulckl; gained 1n popularity because of their superior energy
‘resolution over Nal's. These detectors may be used to measure the epergies
of photons, electrons and heavier cr}arged particles. Essentially, the

detector is a piece of salid material whose nature and size 1s matched to’

the’ a;bsorptiori characteristics of the radlatlon to be measured. When a

3
§—

photon or partlcle is absorbed, electrons and holes are produced. These

are then collected by an electric field in the material to provide an

“electrical signal that is a direct measure of the energy of the photon or

nitrogen témperatuire to reduce the amount of thermally generated-

‘y -

particle. In our case, we are specifically interesteé in detecting photons !

in the ehérgy range ~20 keV to ~3 MeV. The material most suited for this

'

application is ‘Germanium. The band gap from the valence to the conduction $

band is 0.79 eV, allowing for the creation of electron-hole pairs with

¥

relative ease. In fa?ctc the Germanium crystal has to be cooled to liquid

;
&
i
i

- T

electron-hole pairs. .- . * "

A number of processes occur when a émma-ray ~enters the deteétor
wtﬁ.ch ‘in turn lead to the broduction of el;ctxion—hd‘rle" ;Elrs. One proce;s
is the photoelectric effect. This effect exhibits a Zs deopendence .on the

atomic number, Z, of the detecting material . Germanium has an atomic

[y

i f
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nunber of 32 whereas Silicon, the next best material, has an atomic number
of 14, thus making Ge. more suitable for high energy gamma-ray

i -‘\
spectroscopy. Apart from the photo-electric effect, photons entering the

L]

Germanium crystal may undergo- Compton scattering, with the secondary

-~

photon frequegxtly exiting the detector. As a result, gnly a fraction of
the total eneréy of the photén 1s deposited, leading %o the f;mll‘lar
Compton background 1n the subsequent spectmn The last process by which
photons may be absorbed 1s by pair production. Photons wmtin energies equal
to or greater than 1.02 MeV may give rise to an electron-positron pair.
The p051tror§ eventually annihilates 1n the detector material and the 1.02
MeV energy reappears as a pair 511 keV gamma-rays emitted 1n opposné
directions, one or both of which may escape from the detector. Thus we
find that high energy gamma-ray spectra contain sindle and double ’escape
peaks along with the full energy peak.

The first type of Germanium detector to become available was of the

Lithiun drifted variety. With this type of detector, a loaf, normally

~~cylindrical, of high resistivity p-type germanium 1S prepared. Lithium

1oﬁs are then introduced ontoc the surface of the Ge. bar and permitted to
drift’' into the Ge. under the influence of a strong electric field. The

11thium 1ons then compensate, or neutralize, the p-type impurities 1in the
Germanmium. After the drifting process 1s completed, there still remains a
high concentration of lithium 1ons at the surface, providing a n contact.

I4
In operation, the detector 1s reversed biased to a voltage of the order of

11000 v.

The mumber of impurity ions in the Ge(Li) detector 1s -10"* /cm”
Impurities act as charge trapping sites and 1t 1s to neutralize this .

effect of these impurities why lithium compensation 1is used. More

oo
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recently, however, the problem of impurity 1ons has been overcome by the
development of Ge. crystals of 10° - 10 1impurities per cm®. These so
called ';llgh—pllrlty' detectors undergo fabrification methods 51mll;r to
those of lithium drifted detectors except that the lithium drifted step 1is
Omltted.. A lithium diffused nt surface layer 1s still used but 1n this
case 1t merely provides the nt contact and 1s not drifted into the
germanium. Of the high purity detectors used in this work both n and
p-type coaxial detectors were utilized. With p-type material the lithium
dlffused nt contact 1s put on the outside of the germanium and a metal
surface barrier 1in the core. For n-type material the contacts are reversed
with the lithium diffused contact in the core and the p+ contact on the
outside.

.

Our earlier preoccupation about getting rid of fast neutrons can
now be explained. A fast neutron ent;arlng a Ge. crystal, because 1t 1is
neutral, does not 1onize the detector material but instead loses energy
by collision with Ge. '1ons, displacing them from their lattice sites. The
Ge. 1ons, toward the end of their range, become neutral and knock further
lattice atoms from their sites. Consequently, a fast neutron colliding
with a lattice nucleus can E.)ro;iuce thousands of displaced atoms and will
seriously damage the crystal in ‘the vicinity of the initial collision.
Lithium drifted Ge. detectors suf&er the additional problem that, due to
precipitation of lithium lons at damage sites, the compensation of
acceptors 1n the orlg%nal material 1s destroved. These defects act as
trapping sites for the signal charge carriers. Since the location of the
1nitial charge production and variations in the concentra2tion of traps at

different points 1n the detector cause the loss of the signal to change

from one event to amother, a fluctuation i1n ocutput results. This
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tra%?;ates to poor energy resgiutlon. Hence the effort to reduce to a
mlnimuﬁ the presence of fast neutrons at the detectof site. Even so, one
detector, a p-type Ge(HP) from Princeton Gamma Tech., suffered neutron
damage during the early course of the experiments and had to be replaced.
It has been determined by Kraner et al.(30) that dose levels of 10'° fast
neutrons/cm? lead to measurable neutron damage.

Of all the species of germanium detectors detectors available, 1t
has been found that n-type coaxial Ge(HP) detectors are the most resistant
to neutron damage, being some 30 to 60 times more resistant than the
qppﬁéSpondlng p-type. The reason for this stems from the placement of the
pféontact on the outside of the germanium in the éase of the n-~type
detector. Most particle interactions occur near the outer portions of the
detector so that the holes produced have a short distance to travel to the
§+ contact. Since hole trapping 1s the predomlpant degr;dlng effect on
energy resolution, then the probability for trapping to occur is reduced
1n the n-type detector.

One vital piece of information required with the Ge. detectors 1s
their detection efficiency. This 1s needed so that the numgér of events
detected can be related to the number actually occurring . This in turn
enables us to determine the intensities of observed gamma-rays. Figure 7
shows the relative efficiency of a 28% n-type high purity Ge. detector
manufactured by Ortec. Efficiency varies ;1th detector position and 1s
usually quoted 1n comparison to the absolute efficiency of a NaI(Tl)
crystal, The 28% efficiency of the n-type detector refers to how 1t
compares with a 3"X% 3“TNaI(Tl) when both detectors are held at a distance

of 25 cm from a 60Co source where the 1.3 MeV gamma-ray 1s the one being

measured .
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F)Targets
The targets used for all experiments were prepared by one of two
methods , depending on the nature of the target material.

126 opg 148

In the case of the Te targets, which were in the form
of Tellurium powder, the powder was compréssed ;:o a pressure of 800
1bs/sq. cm to form a flat target of density 50 ms/sq. . The targets
were then glued to straips of mylar of density 100 pgms/cm? . The glue used
was diluted Polystyrene Q-dope. Q-dope produces a very low level of
activity un.dér a bombardment and the in beam gamma-rays from ‘mylar are
well known(3l). The mylar with target 1s then glued to a target holder.
The various target holders and target chambers will be discussed 1in the
chapterﬁ/on Experimantal Techniques. In the case of the 1165, target, the
procedure was similar except that the target came i1n oxide powder form and
could not be compressed. Instead ~50 mg of the finely ground powder was
sprinkled onto a thin base of Q-dope of area 1 am? . Of course, the
density of the resulting target will not be perfectly uniform, but this is

not considered a problem.

G)Data Acguisition:

Data acquisition varies from experiment to experiment but there are
features which are common to all. We present these features here and leave
spgc1f1c details to when the experiments are treated.

Data acquisition 1s handled by a Digital PDP-15 ctomputer. The
spectrum enters the computer via a Tracor Northern TN-1212 analogue to
digital converter and from there is stored in the memory of the computer
as data counts in 409 chamnels. The data accumilated on the PDP-15 is
analysed on a PDP-11 computer for which a number of analysis programs have

>

been wraitten.
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Earlier the remark was made that 1t was necessary to convert the
cyclotron beam from a pulsed mode to that of a continuous D.C beam. The
reason for doing this 1s as follows: In the {a,xn) reaction, the lifetimes
of the nuclear states are usually on the order of pico-seconds. This means
that for a pulsed alpha beam an enc‘>mous amount of gamma-rays are produced
in bursts lasting 25 psec and occurrirng every 600 us, these figures
corresponding to the time profile of the beam. This has a number of
consequences: If the 'flash' of gamm;a—rays exposed to the Ge. detector 1is

sufficiently intense, the resulting accumulation of signal currents become

valmost like a D.C. current burst and blocks the conwventional FET s

pre-amplifier for a long time - from 100 usec to 1 msec, even after the
gamma-ray flash ceases. A milder beam flash results 1in pile-up where two
gamma-rays enter the detector crystal 1n a time interval shorter than the
decay time of the first detected gamma-ray. This results in peaks whose
energies do not convey any useful information and a&re rejected by the
associated electronics. Hence our efficiency 1s down. Also, the ADC's on
the PDP-15 req;ure on the order of 5 to 10 usec to process a gamma-ray

signal during which time the i1nput 1s blocked. Thus our efficiency is down

. again. The solution to this, then, 1s to stretch the beam as previously

explained. This gives us a continuous flow of information to the computer, .

boosting the efficency of the detection system.
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the cylinder are openings to allow a video camera to see the target
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Chapter III: Experimental Techniques

A)singles: .
Prior to other experiments, 1t 1S necessary to know at what energy
the (q,xn) reaction of interest is optimally produced. This information 1s

obtained from an excitation function experiment.

We first obtain a theoretical prediction of the cross section for

'production of the 1sotope of interest, using the code 'Alice'(32), to see

1f the reaction 1s possible i1n the range of alpha beam energies available.
For pre-equilibrium emission of neutrons, \{xe calculation 1s done by the
Geometry Dependent Hybrid Model (33). For equilibrium emission the
calculation follows the method of Weisskopf and Ewing (34,35).

Once satisfied that the experiment 1s possible, the excitation
function 1s experimentally determined. The excitation function so obtained
is represented hy a plot of relative gamma—ray‘ 1ntensity versus bombarding
energy. This experiment 1s the simplest to execute. The target chamber,

figure 8, 1s a vertical cylinder into which two openings have been drliled .

and fitted with entry and exit ports for the passage of the beam. Alsc on

location. This camera i1s used to properly align the target and beam by
observing the luminescence given off by a piece of phosphor flt‘!sad/é{ the
target site. The top of the cylinder is fitted with a transparent
plexiglass cap, the cenfcre of which has a hole drilled in 1t for the
insertion of a solad aluminum cylinder to which the target holder 1s
mounted (figure 9). The cylinder in the cap can be movéd up and down to
adjust the target position. Only one detector, a Ge(HP), 1s used in this

experiment and 1t 1s placed at an angle of 125° relative to the beam

P— 2




Fmrr © o e
!
i3
6

(F}

-32-

Figure 8:

«

Singles and:Angular Distribution Target Chamber
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‘Figure 9

Holder and Target Frame
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direction:

Normalization of ‘the-peaks in the acquired spectrum i1s with respect to the
total 1intensity of the spectrum. This 1s a reasonable thing to do since
although the peaks of interest have different production cross-sections
with different bombarding energies, the total production cross—section
remains fairly constant.

The set-up being complete , the targets are then bombarded at
energies of 42, 49, 54, 59, 64, 69 ard 78 MeV. A digital répresentation of
the spectrum (chapter Ii) accumulated at each energy is written on
dec:tape by the PDP-15 computer using a generals purpose ac;cumulatl,ion
program. ’I?ue excitation function for each reaction channel 1s normally
veray distinct and it becomes possible to assign gamma-rays, on a tentative
basis, to specific isotopes 1if the excitation fﬁnctions‘ 'for known
gamma-rays are used for comparison. More positive identification i§ got

with the multiplicaty filter experiment to be discussed later.

B)Angular Distribution:

Part of the essential information needed to construyt useful level
schemes is to know the spin and parity of the energy levels. One technique
for obtaining the spin of levels and, by deduéfion , their spin parity, is
that of angular distribution. ) '

The excited states of nuclei are S{iject to decay to lower states

with simultaneous emission of electromagnetic radiation. Electromagnetic
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: speéifled angular momentum (Jl, Jf).
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radiation can be classified according to the angular momentum (the
multipole order) carried by each photon. JE‘or each multipol;e ordeér there
are two pbssible classes of radiation: .

Electric A - pole (EA) radiation

‘Magnetac el pole (MX) radiation
)'11K1e ‘tem 'multlpol;rlty' is used to spe‘cify the kind of radiation as to’

both class dnd multipole order.

Conservation of angular momentum for the system of nucleus +

u

gamma-ray lmposes a selection rule for tranaition between two states of -

-

[9; =gl <2< I+ 3¢

K]

Coservation of~ parity further restricts the class ;>f radiation. For Ex
radiation xre = (-1)* and for MA radiation x; ;. = (—l)“.l - x, and x
refer to the parity of the initial and final states of the mxcleus
emitting the gamma-ray. One further requlrement a consequence of photons
having helicity h =41, 1s that no radiation of multipole order zero can
occur, Now, for each multipole radiation of order A, the radiét:.on field

displays a characteristic angular distribution. The intensity of emitted

photons is given by the Poynting vector: N

B=(crax)f x H

the magnitude of which 1s given by:

[Pl = c/4x|E|* or |B| = c/4x|H]?

4

EY

and the angular distribution for Ex and MA radiations will be identical.

"The angular distribution of photons of multipolarity A and component y is

u
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given by:

@

’ (1y» ' '
Zy,(0) = S~ )Eau - 1/k0>ux - u| k0> P, (Cos 6)

z [

kK is an even integer of maximum value 2A . P, (Cos © ) are Legendre

Polynomials.

2

Under ordinary circumstances the radiataion from a collection of
arbitrarily oriented miclei would be i1sotropic. However, 1f 1t becomes
possmlé to align these radiating nucleil with respect to some axis, then
measurement of tpe intensity of the radiation field at various axigles with
respect to the symmetry axis will reveal this angular distribution. This
alignment of nuclei 1s obtained as follows: In our experimental set—up,
the incoming alpha paricle transfers a large orbital angula’r momentum to

3

the compound nucleus. For an even-even target with spin zero, this angular
‘momer;tum acts 1n a direction perpendicular to the beam direction and the
compound nucleus 1s completely aligned. Fogtargets with non-zero spin, *
the angular momentum of the compound nucleus 1s the vector sum of the
momentum brought in and the —spin' of the original target. If the initial *
spin of the targét 1s small compared with the angular momentum of the
alpha particle, then the alignment will be almost complete.

If the 1sotope that we are 1interested 1n 1s produced, for example,

by the (q,4xn) reaction then the neutrons and gamma-rays given off in

going from the compound nucleus to the residual nucleus will remove some
e

of the angular momentum making the final alignment partial.

The full mathematical treatmemt of this topic may be found 1n
Morinaga and Yamazaki (36). Here we give the mathematical results of
importance which allows us to understand the situation. To treat the

excited states of the residual nucler we take a statistical approach. In

a
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general, the angular momentum j of a state has 23 + 1 components m along
some quantization ax s.v if we consider an assembly of such systems wi'lere
thé assembly 1s compdged of pure states, then we can define the population
parameter P(m) which gives the probability of each state with respect to a
suitable symmetry axis as the cjuantl‘zatlon axis. In our case thlS.lS the
axis defined by the alpha beam. The prol:;ablllty that a gamma-ray of order A

ard component y is emitted from an oriented state of population \

parameters P(m,) 1s then:

L3 T

il

wY

Ay = Z|<Jimiku|jfmf>|’p(ml) <”\
m.
1

where J and m refer, of course, to the angular momentum of the nuclear

levels 1involved. If we multiply the eguation given earlier goverm;\g*«,‘g'xe

TN
-
/

angular distribution of multipole radiation by a,, then we get thé'“é{ngﬁiar

distribution of gamma-rays given off by our aligned nucler:

W(g) = E‘<]lmllu|3fmf>|2P(ml)ZM,(9)
m_u
b

This equation can be re-wraitten so as to express W(8) in terms of the

Legendre Polynomals present 1in Zyu(8). The result is: {
W(e) =§pk(jl)Fk(jf)\jl)Pk(COS 9)

the term . 1s called the statlst(;ical tensor and 1s defined 1n ter;é of ‘ t,‘

s

the population parameters:

p(3) = V23 + 10-1)7T<ym3 - m|kO>P(m)
m

k=01 23 %

r L]

- The expression F(jgX j,) takes care of the remaining terms:

F(3gh3,) = O MNIE AT ) 1!k0>w(31)iu;k3f)
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where w(Jljl)A;kjf) 1S a Racah coefficient. )

Since an electromagnetic transition between two nuclear levels may proceed

\ N
via mixed multipole radiation, this possibility must be taken 1nto !
“account . If the function F. 1s re-defined as:

; 14,~ ’ v2 . ‘.

FOgax 170 = (1) J1TIEC (2 + 1) (2 + (23 + DIl - l|k0>w(3131u,k3f)
then W(8 ) becomes:

Wig) =ZAk(leXJf)Pk(Cos 8)
k

with

Py

. 1 . P
A3, Axg) = ok(Jl)—l—TE;{Fk(quJl) + 26F, (3ean 1)) + SF (12X Jl)]

The quantity 6 1s called the mixing ratio ard 1s given by:

.where T 1s the transition amplitude.

Finally, all our discussions to this point has assumed complete alignment
of nuclei. To take care of the more usual case of partial alignment we

define the attenuation coefficient due to incomplete alignment: ' 3

ak=E-k=&k <
B A

Bk = Akmax 1s the statistical tensor for complete alignment.

We then get:

[
&
%
%
*
5

2
W(e) =Y A" P, (Cos 8)
K

Numerical tables for F, and B,F, have been tabulated by Yamazaki (37) and )

Der Matecsian and Sunyar (38).
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Diamond et al. (39) found a Gaussian distribution of substates

formed by heavy 1on i1nduced reactions. This being so, the population

EN

parameter takes the form:

]
P(m) = exp(-m2/2d)/) . exp(-m?*/2d*)
m =-j

where o gives the characteristic width of the distribution. Andersson and
Sawa (40) found, by studying 130 cases for six spins from J; = 5/2 to 15/2

thato , as a function of J- has an almost constant value. These results

.

were parameterized by J. E. Kitching (McGill) giving:

With the above expression for P(m) Der Mateosian and Sunyar have tabulated
the oy as a function of J and o/J.

Experimentally, the procedure for obtaining the angular
distribution 1s simple. The target chamber 1s the same as that for the
singles experiment (fig. 8) but in this case two detectors are utilised.
One detector, the monitor, 1s placed at an angle of 125° with respect to
the beam axis. This angle 1s chosen since at 125.26° the Legendre
polynomial P,(Cos 8) term 1s zero and makes the determination of relative
intensities straightforward since one does not have to worry about angular
effects. The second detector sits on a movable platform which allows 1t to
be rotated uniformly about the target. Experiments are conducted with this
detector successively placed at six different angles ranging from %0° to
150°. Data 1s accumulated at each argle for both detectors ard

\subsequently written on dec-tape. Because of the finite size of the

d&ector and target, the result for the angular distribution has to be

modified to take into account the finite solid angle subtended. This 1is

1 4
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done by introducing a solid angle correction factor Q¢ 1nto our equations:

N

W(o) =deQkAkmaka(Cos 8)
k

To keep the effect of Qp on the results small, the target was made as
small in diameter as was practical and the detector pulled back as far
from the target as considerations for collection efficiency would allow.

To determine Q) a program written by Krane (41) was used. In this
/ .

program, only detector size 1s éon51dered, the target being considered a
s

pornt source. To determine the coefficients Ay a Legendre fitting routine

found 1n Bevington (42) was used. Examples of the fitted results will be

given in the chapter on experimental results.

C)Gamma-gamma Multiplicity

As stated earlier, the results of the excitation function
experiments allows one to make a tentative assignment of gamma-rays
belonging to the nucleus of interest. To supplement this finding and to
allow for the placement of gamma-rays 1n a level scheme, a further

experiment 1s executed. This is the gamma-gamma multiplicity experment. In

14

gamma-gamma multiplicity, we are able to record events where two or more,
three or more etc. gamma-rays are 1n coincidence up to a total of eleven
or more in coincidence. Using this method, any gamma-ray found 1in
coincidence with a known gamma-ray from the nucleus of interest may be
positively assigned as belonging to the same nucleus. Knowing which
gamma-rays are 1n coincidence, coupled with a knowledge of their relative
intensities, we can construct a level scheme. The gamma-—gamma multiplicity
also alleviates the problem of a high background in the gamma-ray spectra.
During alpha bombardment of the target, a number of radioactive products

are formed. These radicactive mucleir beta decay to some daughter nuclel
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which 1s formed 1n an excited state. The daughter then de-excites by alpha «

emission. The cascade gamma-rays given off by the daughter are of low

multiplicity since the process of beta decay only feeds low lying levels.

The 1in-beam residual nuclex on the other ha{xd, as discussed 1in Chapter I,
de-excite through a long cascade of gamma-rays to the ground state. Thus,
1n the coincidence set-up, recording events where, say, only three or more
gamma-rays are detected simultaneously, will result in the 1n-beam
cascades being detected with greater probability over that of the
radioactive nuclei.

The equipment required for this experiment is the most elaborate.
In this case a differént target chamber from that of the singles and
an;;ular distribution is used. The target 1s mounted in a cylindrical
target chamber of diameter 2.5 cm. which has a slot cut in 1t for target
placement (figure 10). The tube 1s fitted with a plexiglass sleeve which,
when i1n place over the target, forms a vacuum sealed unit. The clear
plexiglass sleeve 1s used since this allows for a video camera to see a
phosphor target placed in the chamber to allow for beam alignment.
Suspended above and below the target chamber are two large lead .
collimators, each weighing 150 lbs. The two lead pieces form the two
halves of a hemisphere and each has five holes symmetrically drilled
into it. Into th‘ése holes are placed 3" X 3" NaI(Tl) or BGO detectors. In
the experiments w‘ith 126pe and 128¢ targets, six NaI(Tl)'s and one BGO
were used. In the case of the 116g3p target, the nurber of NaI(Tl)'s was
increased by one. The holes in the top piece of lead are placed so that

they do not look at holes 1n the bottom piece. 'The main purpose of

iR b ¢

the lead 1s to reduce the amount of spurious coincidences caused by

Compton scattering between the detectors. Samdwiched with the target
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chamber between the lead preces are two Ge. detectors. To reduce exposure
to fast neutrons, the detectors are placed at backward angles to the beam
direction. To reduce Compton scattering between th’e Ge.. detectors, a 1/4"
thick piece of lead was bent and fitted around the beam pipe, shielding
the detectors from each other. The electronics for this experiment were

* located on an overhead rack stretching the length of the experimeftal,
shed. Figure (11l) gives a photograph of the complete set-up as well as a
close-up of the target chamber. Figure (12) shows a drawing labelling the
maln components.

The electronic circuirtry used for this experiment 1s shown
schematically in figure (13). The output of the scintillation detectors
are first sent to a twelve channel photomultiplier amplifier (Lecroy 612A)
ar;d from there to an eaght channel fast discriminator (Lecroy 620CL).
Since for two targets there were nine detectors, the signal from the nainth
detector was sent to a quad. discriminator. From this point the signals
for each detector are delayed as necessary to bring them all into
comc;dence. The coincidence between the detectors was established by
using a 60co source and comparing one detector with another till all were
rn mutual coincidence. This being done, the signals are fed to a sixteen
fold register{lLecroy 2341A). This register gives out pules, the amplitudes
of which vary directly, in discrete steps, with the number of inputs
fired. Thus we are able to tell for each event the multiplicity of the
event. A further input to the 16 fold Ljequster comes from one of the Ge.
detectors so that in the event that none of the NaI's fire there will
still be an output from the register. The register only accepts pulses at
1ts 1nputs while 1t sees a gating pulse. This gating pulse 18 derived from

? Ge. detector the signal of which 1s stretched to -70 ns by a fast gate

o -

-2
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Figure 11 (in two parts):

A) Photograph of Experimental set-up
4

s

B) Close—up of Target Chamber
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- Fast GS: Fast Gate Stretcher(built by author)’
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Figure 13-

Circuit diagram for the gamma-multiplicity experiment

Explanation of symbols: .,

ARC: Amplitude and Risetime gc;pensated Discriminator,
Cafiberra 1427

AQP: Spectroscopy Améilfxer, Ortec 572 ‘

TAC: Time td Amplitude Converter, Ortec‘ 467

SCA: Suigie Channel Analyser, Ox:tec 455

STIA: Sum-Invert Amplifier, Ortec 43'3 ’

GDG: Gate amd Delay Generator, Ortec 4164}

LGS: Linear Gate Stretcher, Ortec 442 )

DSI: Dual Summer and Invérter, Tennelec TC=212

16 FOLD REG:16-Fold Register, Lecroy Z2341A

8 CHAN FAST DISC: 8-Channel Fast Discriminator,

Lecroy 620CL
12 CHAN PM AMP: 12-Channel Photomuitlpller Tube
Amplifier, Lecroy 612A
GE: Germanium Detector
SCIN: NaI(Tl) or BGO detector '
UNI: Umipolar output

INH: Pile-up ocutput
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stretcher. The fast gate stretcher originally used was built by another

&

researcher previously at this lab (Dr. B. J. Varley). However, due to
erratic and unreliable behaviour as well as poor pulse shape of the gate
stretcher, a new model with overall better performance was built by the
author. After each gate, the register 1s cleared by a signal also taken
from one of the Ge. detectors. The output of the register 1S inverted to
make 1t pos_lt'lve, sent through to a linear gate stretcher and then to an
"ADC on the PDP-15. The signals from the Ge. are of two types, a positive

" signal from the pre-amplifier used for energy and a fast negative signal
taken from the anode and used for timing. The energy signals are amplified
using Ortec 572 amplifiers. Thesé amplifiers were chosen for\thelr
excellent stability over long perlods of time. The amplified energy
signals are sent to two more ADC's on the PDP-15. The timing outputs, are
used as start and stop pulses for a time to amplltude'converter {(Ortec
467) the output of which will eventually be used to gate all three ADC's.
Thg output width of the TAC signal was set at 25ns. The amplifiers for the
energy signals r'lave an i1nhibit output which gives a pulse whenever pile-up
occurs on the input. This inhibit pulse 1s used in anti-coincidence with

the TAC pulse to prevent pile-up events being recorded.

Data is recorded event by event on magnetic tape. Typically, a run A
is considered complete when at least 8 magtapes worth of information have
been accumulated. Depending on count rate this takes from twelve to N
sixteen hours. The experimental equipment and all the related power \\\

supplies generate a lot of heat which has to be dissipated. This 1s
accomplished by cooling the experimental hut with an air conditioner.

D)Neutron Multiplicity:

The three experiments just described represent the usual method by

[ R T N
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which I.B.Y data 1s acguired. However, for one 1i1sotope, lzs‘ne, because of

the availability of six ligquid scintillators (NE 213) on loan from the
University of Han;hester, a neutron multiplicity experiment was also
carried out. The equipment 1s shown ;n figure 14. Briefly, four of these
detectors, mounted so as to form a circle were placed in the forward
direction of the beam in front of the target. The beam pipe passed through
an opening at the centre of this detector defined circle. By this
placement, neutrons, which are expected to be emitted in the forward
direction prior to the compound nucleus reaching equilibrium (Chap.II),
will be detected. The other two detectors are placed above and below the

target at 90 to the beam. The 1sotropic neutron distribution given off by

the compound nucleus after reaching equilibrium would be mainly what these

detectors register. One Ge. detector was then placed at a back angle with
respect to the beam. h

The schematic of the electronics associated with this set-up 1s
shown 1n figure 15. Pulses from the neutron detectors are sent to pulse
shape disccraiminators (PSD's) made by Link systems #5010. The liquad
scintillator used in the neutron detector 1s able to detect both neutrons
and gamma-rays. The response of the scintillator to these two radiations
result 1n different decay times for the output pulses: 500ns for neutrons,
10 ns for gammas. The discriminators work on this difference in fall time
to tell between gamma-rays and neutrons. The outputs from the PSD's were
then delayed using Quad discriminators (Lecroy 821) so that all pulses
would arrive simultaneously at an eight channel fast discriminator (Lecroy
620CL). To get pulses from the detectors 1n\9rder to set them in

coincidence, a radium-beryllium neutron source was used. From the

discriminator the signals were sent to the same 16 fold register used in

I
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Fi e 14:

Labelled Drawing of Neutron Multiplicity Equipment
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Figure 15

Circult diagram for the neutron-multiplicity experiment.

Explanation of symbols

LS: NE213 liquid scintillatcr

PSD: Pulse Shape Discraminator, Links 5010

Quad Disc: Quad Discriminator, lLecroy 821

8 CHAN FAST DISC: 8-Channel Fast Discriminator,
Lecroy 620CL

16 FOLD REG: 16-Fold Register, L,ec':roy 2341A

TFA: Timing Filter Amplifier, Ortec 454

CFD: Constant Fraction Discriminator, Ortec 463

GDG: Gate and Delay Generator, Ortec 416A

SC: Slow Coincidence, Ortec 409

AMP: Spectroscopy Amplifier, Ortec 572

LGS: Linear Gate Stretcher, Ortec 442

DSI: Dual Summer and Inverter, Tennelec TC-212

SCA: Single Channel Analyser, Ortec 45/5

: Neutron channel output

GE: Germanium detector

INH: Pile-up output

-
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the gamma-gamma multiplicity experiment. The gate and clear pulses were,
as before, taken from the timing output‘bof the Ge. detetl:tor. The pulses
from the register were then inverted, stretched and sent to one of the
ADC's on the PDP-15. 'Ihe energy signal from the Ge. was amplified using an
Ortec 572 amplifier and sent to a second ADC. Both ADC's were gated using
a pulse derived frﬂom a slow coincidence unit (Ortec 409}. The inhibit
pulse from the Ortec 572 fed the anti-coincidence input 2nd a pulse teed
off from th‘e dual summer and inverter module used to i1nvert the
scintillator signal, fed the coincidence input.

The usefulness of doing a neutron multiplicity experiment resul‘ts
from the fact that i1t becomes possible to discriminate betwéen different
reaction channels, whether t,heg be (a,3n), (o, 4n) etc. Its greatest use
would thus be as an aid for placing gamma-rays in nucleir for which mo
level scheme exists. In the present case, the wealth of information
already existing on the l28)(e mucleus nullifies thls use of the equipment.
For assigning gamma-rays for which the ordinary gamma-gamma coincidence
results are ambiguous the results from neutron multiplicity may prove

useful .
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Chapter IV: Results

A)The 126 4e 1s50tope

\

Previous Work:

The first published work on the level structure of 12§Xe appeared
1n 1949. Mitchell et al.(43) produced radioactive 1267 by bombarding
metallic antimony with 23 MeV alpha particles. The 1261 so formed
subsequently decayed by beta emission to 126¢e A 395 keV conversion
electron was measured and 1nterpreted as evidence for a first excited
state 1n 1%®%e at 395 keV. Perlman and Friedlander(44) in 1951, ailso
studying the decay of 1261, substantiated this' firnding. In 1954 Kalkstein
and Hollander{45) presented their results on the investigation of the
decay of lZ6Cs produced by nmitrogen ion bombardment of indium. Here 1t was
shown that a 385 keV gamma-ray followed positron decay in 126Cs from which
1t was 1nferred that this gamma-ray came from the first excited state of
i\ZGXe. From log ft measurements thé ground and first excirted state were
assigned spin and parity of 0% and 2" respectively. Another study of the
decay of 1201 1n 1955 by Koerts et al.(46) verified the 2+~ 0% transition
1n 126xe and added a second 2% level at 860 keV. No further mvestha“tlons
1nto the level structure of 126xe was forthcoming until 1965 when Morinaga
and Lark(47) published the first I.B.Y. investigations of this i1sotope. By
bombarding separated mégalllc tellurium targets with alpha partlcleleGXe
was produced via the reaction lz4’[‘e(m,21’1)126Xe. Levels in 126xe up to gt
and a possible 10 state were reported. Also published in 1965 were the
results of internal conversion electron measurements from the
127I(p,2n)126)<e reaction by Sakai, Yamazaki and Ejiri{48). These
researchers established again the existence of three levels at 385, 872

\

Lt s



_(‘33_ . ‘ ‘ A

and 929 keV 1n 12®xe. These levels were assigned spin and parities of zr,
2z and 4" respectively. In 1966 Betigeri and Morinaga(49) published the
first study of the level structure of léGXe in whach a Ge(LJ;“) detector was
used. The 1%0xe 1sotope was produced by the l26’1‘!3(3He,3n\' )lzfxé reaction.
No new levels for 126x:a were reported lb that work, but better energy
measurements of the levels up to 6% were made. Ejiri et a}L.(SO) in 1966
pubﬁshed work done using the amgular distribution of conversion electrons
coming from the 1271(p,2n)1%6xe reaction. A new level at 829 keV was
tentatively reported, the evidernce being a gamna-—ray of transition energy
439 keV going from an assn;ned 0;" state to the first 2*’ state at 390 kev.
The next work on 126xe to appear came out 1n 1968 and was published by
Bergstrom, Herrlander and Kerek(51). They performed an I.B.Y. study on
126ye through the 124’I‘e(cx,Zn)lZGXe reaction. In that work levels up to 10%
were definitely established as well as a tentative 5. level at 2003 keV.
The energy of the levels, via prmlseﬁ A urements, were also
more accurately determined. In 1970 Singh and TaylorY52) publlshed their
investigations on the decay of 1261. No new levels were proposed but
better energy level determination of the 2% and 2} levels were made,
these being 0388.6 + 0.2 and 879.8 £ 0.4 respectively. In 1974 Kusakari et
.{53) published their their study of the 127I(p,Zn )126xe reaction. Five
new low lying levels were reported, one of which, at 2561.7 keV, was not
seen 1n this present work. A second ‘6 level was tentatively assngnec%\ at
2214.3 keV and a second 4,+ level at 1488.2 keV. A level at 1317.3 ke«lL‘*?was
assagned spin and parity 3t whilst two levels at 1903.1 and 2561.7 keV
were tentatively assigned values of 5% and 7. A more in-depth study of
the decay of 126Cs was published in 1976 by Pathak, Lessard, lekinep and

Preiss(54). Seven new low lying levels for 126e were reported, none of
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which are produced in I1.B.Y. work. Droste et al.(55) in 1978 published

-

their findings on the level structure of 126xe studied by means of. the
décay of‘ 126Cs. NO new levels were reported in that work. Finally, in 1979

Singh et a\.(SG) reported an assignment 0 to a level at 1313 keV found

v ¥

The target used 1n this this experiment was Tellurium 126 of 98.7%

from the decay of lZGCs.

I.B.Y. Spectroscopy:

1sotopic purity. An excitaglon function was measured with the 28% Ge(HP)
detector at lab bombarding energies of 42, 49, 54, 59, 64, 69 and 78 MeV.
Figure 16 shows the excitation functions for six of the stronger’ Eaks in
126ye  as may be seen from the figure, the excitation function peaks at 48
MeV and all experiments were subsequently carrled out at this energy. Most
of the peaks assigned to 126 ¢ exhibit an excitation function similar to
that in figure 16. Exceptions occurred when the peaks were too weak to
have their intensitles properly determined or when the peaks were doublets

associrated with peaks from other 1sotopes. Figure 17 shows the singles (

épectrum obtained in the l26Te(m, xn):"?'6 Xe reaction at 48 Mev. The

1dentified as belonging to 126ye are labelled. Energy cal’Lbratlon as

126)(e, of which there were 25 1in all, were determined from th
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(/‘ Table 3 . -

’ \
Energies and relative intensities of gamma rays assigned to transitions 1n

Xenon 126. The numbers 1n parentheses indicate the uncertainties in the

-

last diqgit(s;.

Energy (ke : Rel. Infensxty Energy (kev) Rel. Intensity

166.8 (1. 131 (3) 800.7 (1) 362 (7)
. 306.1 (1) 27 (1) 879.7 (2) 137 (4)
388.62 (2) 1000 (12) 924.1 (1) 95 (3)
\ 413.6 (2) 37 (6) 956.4 (1) 189 (4)
437.8 (1) 31 (2) 1042.9 (2) 87 (3)
472.9 (2) a1 (3)
{ , 491.1 (1) 110 (4)
525.1 (1) 43 (3)
54171 (1) 25 * o
553.3 (1) 789 (16)
570.5 (1) 57 (5)
In 585.7 (1) 40 (4) ‘
608.5 (2) 54 (5) : o
. W
669.4 (1) - 36 (5)
680.7 (1) 40 (4) .
692.9 (1) ) 707 (19) ‘
7159.0 (1) 64 (7) “
.726.0 (1) 59 (7) , ﬂ
734.8 (1) " 82 (10)

* = uypper limit

.
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of 94 gates were set, 52 of which were on peaks, the rest being gates set
on the spectrum background. Fifty two spectra with backgroumd subtracted
were then obtained. For peaks close 1n enerqy,, the same background was

used. Figure 18 shows examples of background subtracted spectra with eight

)

wawde
different gates. Table 34 shows the ccincidence results for all the

gamma-rays established as belonging ‘t‘o 1265e . wost gates were set with the
condition that that only events where three or more gamma-rays were 1n
coincidence were to be pr.OJecte('i. For weak gammnas tne condition was
Cchanged to two or more gamma-rays in coincidence. The results of the
coincidence exﬁerlment allowed the determination of gamma-rays belonging
to 126xe. All the gammas lﬁdlcated by the excitati¢n function as

belonging to 126 e were verified by the coxnc1der;ce results. The
intensities found from the singles spectrum were used to set up a level
scheme, gamma-rays with less 1intensity being considered to precede more

intense gammas with which they are i1n coincidence.

Angular Distribution Results —

The spin and parity of the levels assigned to 12656 were deg@
principally from the data of gamma-rays,angular distrabution. The
intensities of the peaks in the angular distribution spectra were analysed

and then normalised to the intensities of the main transitions in 126Xe as

Legendre functions for the gamma rays 1in

o
measured by a stationary detector set at 125 degrees. The normalised .
intensities were fitted to fourth order legendre polynomials as a function t
of detector angle. The A2 and A4 coefficients so obtained were then -
corrected for the finite solid angle subtended by the detector. The 3
correction terms were calculated to be Q2 = .94 and Q4 = .81. The plotted %

’ lZGXe are shown 1n figure ) 15

19.Table 5 lists the solid angle corrected A2 and A4 coefficients, the
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Figure 18(1n two parts)

Examples of Gamma Multiplicity Spectra
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TABLE 4

Multiplicity Filter Results.

Gate (keV)

Coincident Gamma Rays (keV)

t 166.8

306.1

¢ 388.6

v " 413.6
437.8
472.9
491.1
525.1
541.1

553.3

570.5
608.5
669.4
680.7

692.9

388.6, 553.3, 692.9, 956.4, 306.1, 719.0
103.0%, 166.8, 381.0%, 388.6, 393.1%, 553.3,
692.9, 719.0, 956.4

75.0%, 166.8, 233.1%, 306.1, 376.0%, 472.9,
491.1, 525.1, 541.1, 553.3, 570.5, 585.7, 608.5,
669.4, 692.9,“01.1%, 719.0, 726.0, 734.8, 800.7,
879.0, 924.1, 956.4, 1042.9

3§éﬁ§, 553.3, 669.4, 692.9

388.6, 491.1, 585.7 L ¢

343.0%, 376.2% 388.6, 553.3, 603.1*, 692.9
388.6, 437.8, 585.7, 608.5, 680.7, (726.0)
84.0%, 388.6, 553.3, 692.9, 734.8, 800.7, 924.1
223.3%, 388.6, 553.3, 633.0%, 692.9, 1042.9
75.0%, 166.8, 306.1, 388.6, 413.6, 472.9, 525.1,
570.5, 669.4, 692.9, 719.0, 734.8, 784.0, 800.7,
879.0, 924.1, 956.4, 1042.9

388.6, 392.0, 553.3, 692.9 . 734.8, 800.7, 979.0
388.6, 491.1, 726.0, 879.0

388.6, 392.0%, 413.6, 553.3, 692.9

388.6, 519.0%, 553.3, 692.9, 800.7

166.8, 306.1, 388.6, 472.9, 525.1, 541.1, 553.3,

o e bR T

B T P Ton I
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v
13
{
= T

Gate (keV) ° Coincident Gamma Rays (keV) (cont'd)

) 570.5, 719.0, 734.8, 784.0*, 800.7, 879.0, 924.1,

956.4
) 726.0 - 75.0*, 306.1, 388.6, 491.1, 608.5, 738.0* ]
734.8 388.6, 525.1, 553.3, 570.5, 680.7, 692.9, 726.0, X
800.7, 879.0 .
80047 ‘ « 38é.6, 392.0*, 525.1, 553.3, 570.5, 680.7, 692.9,
2 - , 734.8, 784.0%, 879.0, 924.1
924.1 . 388.6, 525.1, 553.3A, 692.9, 800.7, 961.0%*,
(734.8) ,
¢ 956.4 ' 166.8, 306.1, 388.6, 472.9, 553.3, 692.9, 719.0
( ' ' 1042.9 38836, 541.1, 553.3, 692.9 -
\ u S §3
\\
]
* = not placed in level scheme ,
( ) = possible coincidence
\
: . d
C ,
e ]
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Figure 19(in 6 parts)
126
i Angular Distributions for Xe
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Table 5 ?
- W 1
Table of Angular Distr:.mtiﬁgo\; R:esultsT }
Energy (kev) A2 A4 %‘2 Assignment. ;
166.8  -.304 + .06 = .169 £ .07 1 8*- 7 . §
306.1  -1.07 £ .13 0 - 9= ¥ - i
388.62 - .19 £ .05 15 ¢ .07 27 2%- o*
413.6 — = -— — L5 . gt z
437.8 —_ —_— o a3t ot ;
472.9 A7 ¢ .2 22t .2 .4- 97~ 77 ':
491.1 isotropic 25. 2t
525.1 .314 + .08 2% .8 12%. 10F
541.1 142 ¢ .1 "2t .1 ' (71,99 - (5,1* :
553.3 212 + .06 -.18 + .06 .42 4t~ 2% !
570.5 .233 ¢ .07 -.27 ¢+ .08 .58 12%~ 107" -
585.7 .28 t .14 -1t .1 .58 s¥. 3* :
608.5 .306 t .14 -.11 ¢ .16 .6 af- 2f
669.4 324 ¢ .2 -1t .17 .75 g~ 6" :
680.7 .226 + .08 -.166 t .09 _ 58 16~ 14" )
692.9 .25 ¢ .1 ~.15 ¢ .13 .55 6t~ 4% :
719.0 .343 t .16 -.11 ¢ .11 .84 117~ 9~ \A
726.0 .211 ¢ .2 -2t .2 .47 65~ 4F° e
734.8 .02 £ .2 -.23 ¢ .2 — 14*- 12t T
800.7 .23 £ .09 -.17¢ .1 .53 gt~ 6+
924.1 .304 t .08 -.21¢ .1 .74 107~ 8*
956.4 2t 0 .67 S B A
r I +

-1042.9 2,29 £ .11 o -, (s, %~ 6
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deduced spin, parity and the attenuation coeffa.c1en°ts The attenuation
coeff1c1ents 0 are calculated as th\e ratio of experimental and
theoretical A2 coefficients assuming the assignments listed in the table.

The theoretical values for A2 and A4 are taken from the tables by Yamazaki

(37) and Der Mateosian and Sunyar (38). In determining the spin and parity

of the levels the following assumptions were made: 1) All quadrupole
transitions have a positive A2 coefficient and a small negative A4
coéfficient. Since magnetic quadrupole ‘transitions have a small transition
amplitude, their occurence normally results in an isomeric state. Since
126y, levels found in this work have any appreciable

[ »”
lifetimes, alli quadrupole transitions are assumed electric. Further all E2

none of the

transitions ?re’ to be of the stretched variety (1.e. L = |Ji - 3f]).

2) 'I‘rané;_,;fns 1gher than quadrupole are assumed not to occur. 3)
Pure dlpole tt(an51tlons have a negative A2 coefficient and zero A4
coeff1c1e§\t Dipole transtltlons are also assumed to be mostly of the
stretched v&rlety Determination’ of the parity of the dipole transitions
are determlne%,/lf at all, by other evidence, such as systematics, when
possible. L,e@'? s which are not easily classified by the above scheme are
erther left undetermined or an attempt is made to determine them
self-consistently by means of mixed radiative transitions.

The series of most intense gamma rays, up to the level at 3315.2
keV, were previously identified by Droste et al. (55), as being a cascade
of E2 photons. The levels were thus assigned even spin and even parity
values ending with the 3315.2 keV ‘levl having a value of 10Y. The angular
distributions in this work agrees definitely with these assignments.
Further, the levels at 3359.6, 3884.7, 4620.5 and 5301.2 keV all display
unambiguous E2 distributions and are assig;'xed values of 10} , 12+, 14+,

bt S LURESES

v Wt R L,
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and 16 respectively. It must be pointed out, however, that for the 14%

* level at 4720.5 keV, the experimentally determined angular distribution of

the 734.8 kev gamma-ray leaving that level is very poor. The A2
coefficient although positive, 1s very small (.02) and has a large error.
The A4 coefficéiénf 1s negative. The assignment of an E2 transition was
thus not totally conclusive. However, the assigmment of 14*to the 4720.5
kev level 1s very reasonable since the coincidence results i1ndicate that
the level is part of the ground band cascade. For the 10t level at 3315.2
keV the 879.7 keV gamma-ray depopulating this level is a doublet which

could not be resolved by means of a non-linear least squares fit. No

angular distribution for this gamma-ray was obtained and the 10 asignment

to the 3315.2 keVlevel was made on the basis of the angular dlstrli:axtlon
of the gamma-ray feeding this level, the spin of the level alove being
known. Also, as i1n the case of the 14* level, the coincidence results
indicate that the 3315.2 keV levg is part of the ground band cascade.

The 956.4 keV gamma-ray coming from the level at 2591.2 keV and
feeding the 6% level at 1634.8 keV, has a negative A2 coefficient and zero
Ad coefficient. This indicates a dipole transition. The 956.4 keV '
gamma-ray is also the next most intense gamma-ray af'ter the 800.7 keV
gamma-ray in the 8*-6% transition. Goettig et al; (57) report intense-
electric dipole transitions from 7 to 6% in t;'ie 18ye and 13°Xe nuclé/i.
Taking these facts into actount the 2591_.2 keVv level is assigned the spin
and parity of 7. The level which decays to the 2591.2 keV level also has

a negative A2 coefficient and is  assigned spin and parity 8t . The level

" at 3064.1 keV decays either by the 306.1 keV gamma-ray to the level at

2758.1 keV or by the 472.9 keV gamma-ray to the level at 2591.2 keV. The

306.1 keV gamma-ray is identified as a dipole transition whereas the 472.9

1 ey M o
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keV gamma-ray shows a characteristic E2 distribution. Thfis the 3064.1 keV

" level is assigned a value of 97. The 719.0 keV gamma-ray feeding the

3064.1 kev lével comes from a level at 3783.1 keV and shows a stretched E2
pattern. Hence the 3783.1 keV level is assigned the value 117,

For the levels at 879.7, 1317.5, 1488.1, 1903.2 and 2214.2lkev,
Kuskari et al. (53) 1n 1975 1dentified them as havir;g spin and parities of
2t , 3%, 4f , 5t and 6} respectively. For the casé of the 2} to 2*
transtion from the level at 879.7 keV, theb transiting 491.1 keV gamma-ray
has an isotropic angular distribution supporting the assignment. The other
levels are also similarly verified by the amngular dlstrlbution?'One

exception to this i1s the 3t assignriment for the 1317.5. keV level. In thas

case the angular distribution obtained proved too ambiguous and* had too

large an error associated with it to make an assignment. Hence the

assignment of 3% made by Kuskari is éccepted as being correct without

|

\zfenflcation.
The 2717.8 keV level decays to a 2304.2 keV level by a 413.6 keV
gamma-ray, the measured distribution of which has large errors and appears
almost 1stropic. As a result no assigmment could be made” to the 2717.8 keV
level. The 2304.2 keV level decays,- in turn, to the 6% level at 1634.8 keV
Via a 669.2 keV gamma-ray. The ar\éular distribution of this lattér
gamma-ray shows an E2 pattern and s¢ the 2304.2 keV level is assigned a
spin ark parity value 8t . The 6t level at 1634.8 keV is also fed by a
1042.8 keV ganma:ray, originating in a level ‘at 2677.7 keV. The 1042.9 keV
gamma-ray has a negative A2 coefficient which sug:jest,s an assiénment of
(5,7)# for the 2677.7 keV leve;'l. Finally the level Elat 3218.8 keV is
assigned the value (7,9)t since it decays to the 2677.7 keV level via a

541.]1 keV gamma-ray which has an E2 distribution. 1
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Level Scheme | A

Figure 20 shows the level scheme of 126

\ , s
Most of the previously reported levels have been observed and a number of

Xe deduced in this work.

new levels are reported. For example, the 167 level at 5301.2 keV is the
highest spin yet repérted for this isotope. The negative parity levels at
3064.1 and 3783.1 keV are also new. After the analysis oé this isotope was
completed a paper by Kusakari et al.(58 — Nuclear physics June 1983) w‘as(
published. That paper confirms the main features of the level scheme
presented here but goes only to a ‘spin of 14'. Also the 9~ and 11~ levels
are not reported in that paper although the 7° level is. .,

In chapter V the le\{el ;cheme will be discussed ard the subject of

back-berding will be dealt with there.
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warddman

B)The 12840 1sotope:

&

2
v &

Previous work

Morinaga and Lark(47) presented, in 1‘965, a level scheme for 128y,

deduced from I.B.Y. studies. The target used was separated metallic

P * s
SRR e e

i

Tellurium and (the 128 yo 1 50tope was produced via lze’l‘e(‘n,m’v P28ye and
128

L 4 s

Te(a,2nY ,128xe reactions. The 1ncident energy of the alpha particles

was 48 MeV. Ground band levels up to 10" were reported 1in that work. In  ..{

IPSLRSI

e

1967 Betigeri. ard Morlnéga(49) published the first study of the level

structure of 128 128

\ from the 128

Xe using a Ge(Li1) detector. The Xe 1sotope was produced

Te(3He,3m )128 Xe reaction with a maximum projectile energy of
-~

19.3 MeV. Because of this lgow projectile energy, as compared to the
projectile energy used in Ref. 47 above, the ground band levels were seen

only up to a spin, of 6. Bergstrom et al.(51), i1n 1969, were the next to

128Xe. By bombarding 126

128

+  publish data on the level scheme of
o \

alpha particles, they were able to produce

Te with 28 MeVv
Xe and observe levels up to
10*, . They were also Lthe first to carry out an angular distribution
experiment on this 1sotope. A negative parity level of spin 5 at 2003 keV
was; tentatively reported. In 1971, Relerson et al.(59) used a bent-crystal
spectrometer to obtain high precision gamma-ray energies and relative

128

intensity values for the Xe 1sotope. The 128 Xe 1sotope was produced via

‘ the decay of 1281. Two levels were reported 1n that work, the 2+ -0* 442.9
keV level and the 2} -2+ 968.5 keV level. Gordon et al.(60), in 1975,
. + 128 ;

populated t)}ie first 27 level fin Xe by Coulomb excitation. No further

T,/y ‘
informatyon regarding the 1ev%l scheme was reported in that work. Helmer
et al.(61) published, 1n 197'4, the results of their investigation of the
decay of }28cs. The 128¢s was produced by 800 MeV proton induced

spallation 1in praseocdymium metal foils. The subseqguent decay of 128Cs to
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128ye allowed the assigning of 57 gamma-rays to the 128Xe nucleus. High

spin states were not populated. In 1979 Shneider et al (62) presented their

12 1281 to states in l28)(e. As 1n Ref. 61,

results on the decays of 8Cs and
l‘evels of span higher than 4% were not populated. Also presented in 1979
were the results of the decay of 128¢5 as done b;y Singh et al. (63). The
main thrust of that work was the-assigning of an 0% excited state in

lzexé. Finall’y, in 1980, Goettig et al.(57) published an in-depth I.B.¥.
study of 128}'(e produced through the lzs’l‘e(a,ZnY)lZBXe and 128'1‘.( 3H,3n'¥)128)(e’
reactions. Many new levels not in the ground band were reported. The
highest spin assigned to a ground band level was 10 and a number of

negative parity states were reported.

1.B.Y. Spectroscopy
The target used in this experiment was Tellurium 128 of 99.19%
1sotoplc purity. AS in the case of the 126Xe isotope an excitation

he 128

function was obtained by bombarding t Te target at energires of 42,

49, 54, 59, 64, 69 and 78 MeV and analysing the spectrum bbtained at each
energy . Flg\.:re 21 shows the excitation functions for six of the s&onéer
peaks 1n 18xe. Except for the case of the 612.4 keV gamma-ray, all the
peaks have their maximum intensity at 42 MeV. When the beam is degraded to
42 MeV 1t becomes very difficult to focus (Chapter 1I). Because of this
latter daifficulty and since we are interested in obtaining as'high a spin
as possible 1n the residual 128e nmucleus, tl;e experiment was run at 49
MeV. This was made feasible by the fact that the intensity difference ~
between gamma-rays eémitted from the 128)(e micleus at 41 MeV is not that
much greater Ehgn those emtted at 49 Mev. Figure 22 shows the sSiugles
spectrum obtained in the lZBTe(aAn)IZBXe reaction at 49 MeV. The peaks

identified as belonging to 128xe are labelled. Energy calibration was
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performed by collecting spectra of 133p3 and 152y isotopes placed at the
target site. Radiatior%ctra were collected after each experiment. In
all, 25 gamma-rays have been assigned to the 128%e nucleus in this work.
Table 6 lists all the gamma-rays assigned and their relative intensities.
For the multiplicity filter experiment, the procedure descraibed in .’
Chapter III was followed. A total of 68 cjates were set, 35 of which were

Y

on peaks, the rest being set on the spectrum backgrourd. Figure 23 gives

eight examples of background subtracted spectra with eight different

gates. Table 7 shows the coincidence results for all the gamma-rays
established as belornging to 128ye. From the coincidence results most of
Kk v

the gamma-rays previously assigned to the 128

Xe nucleus through I.B.Y.
spectroscopy were confirmed. In addition three new levels at hlsﬁ\épms
'Fxgve been found i1n this work.f

The neutron multiplicity experiment was performed as described in
Chapter III. If the neutron detection system was 100% efficient, .'zhen each
spectrum accumilated would contain only those gamma-rays belonging to

nucle1r formed after one neutron emission, two neutron emission etc. For

Yehars 1 o il st b

the case of the experiment actually performed, the overall efficiency of
the neutron detection system was low, being certainly not greater than
about 25%. As a result, the gamma-rays corresponding to xn reactions were

{ .
seen 1n all spectra where the neutron multiplicity was < x. Also, the

» “

I, TR TRE NIRRT

mtensu:ies of the gamma-rays detected all decreased with i1ncreasing
neutron miltiplicity. To differentiate between the different reaction
channels, the intensities of gamma-rays founci in spect-:ra of multiplicities
of two ;md three neutrons were divided by the intensities of the same
gallma;rays as fourd in the one neutron multiplicity spectrum. These

ratios, designated IZn/In v I3n/In ;:equ:tlvely, are uru.éjue for each

I




rers

Table 6 -
_ Energies and relative intensities of gamma rays assigned to transitions in

Xenon 128. The numbers 1in parentheses indicate the uncertainties in the

last digit(s).

o

Energy (kevf Rel. Intensity Energy (kev) Rel. Intensity
204.1 (1) 32 (4) 808.4 (1) 77 (5)
271.8 (1) 75 (6) 846.0 (1) 156 (12)
286.4 (1) 50 (2) 852.1 (1) 79 (20)
¥ 353.8 (2) 30 (2) 887.1 (2) 34 (4)
429.1 (1) 34 (2) 953 (1), 15 *
i 442.89 (5) 1000 (20) 1196.2 (1) 132 (2)
o . 460.6 (4) D a1 (4)
J 491.1 (1) 12 (2) )
o
526.6 (1) 41 (3)
531.9 (1) 53 (4)
550.0 (1) 68 (3)
570.6 (1) 4 40 (2) )
590.2 (1) 893 (62)
. 612.4 (1) 170 (9)
E 625.0 (1) 75 (3)
656.8 (2) 34 (2)
£663.9 (1) 266 (8)
. 704.2 (1) 669 (13)
775.6 (1) 441 (13) ,

et bt e d ¥ Lo

[y S

N h o M et

T g 1 e
aa

* = upper limit

D = doublet
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. Multiplicity Filter Results.

Gate (keV) Coincident Gamma Rays (keV)
204.1 297*, 442.%, 590.2, 704.2
. 271.8 " 286.4, 442.9, ;90.2,“704.2, 1196.2
286.4 ' 271.8, 442.9, 590,2, 1196.2
353.8 (204.1), -442.9
429.1 271.8, 442.9, 590.2, 775.6
442.9 ' 204.1, 271.8, 286.4, 353.8, ézs.e, 529*, 550.0,

590.2, 612.4, 625.0, 656.8, 683.9,704.2, 775.6,

C 808.4, 846.0, 852.1, 1196.2
460.6 442.9, 590.2, 704.2, 775.6
491.1 442.9, 590.2
526.6 - 442.9, 460.6
531.9 442.9, 590.2, 704.2, 766*, B46.0
; 550.0 271.7, 442.9, 590.2, (656.8)
570.6 442.9, 590.2
590.2 204.1, 271.8, 286.4, 353.8, 429.1, 442.9,

(460.6), (526.6), (550.0), 612.4, 625.0», 656.8,

- 683.9, 704.2, 736*, 775.6, 808.4, 846.0, 852.1,

. 1196.2
612.4 442.9, 590.2, 683.9, 704.2, 775.6, 808.4, 953
625.0 201*, 271.8, (353.8), 442.9, 590.2, 704.2

656.8 271.8, 353.8, 442.9, 550.0, 590.2, (704), 737+,
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=77~

Gate (keV) o Coincident Gamma Rays (keV) (cont'd)

1196.2 ‘ )

683.9 J 442.9, 590.2, 612.4, 704.2, 775.6, 808.4, 953

704.2 . 204.1, 442.9, 460.6, 590.2, 612.4, 625.0, 683.9,
775.6, 808.4, 846.0, 852.1 :

715.6 271.8, 277%, 429.1, 442.9, 460.6, 590.2, 612.4,
683.9, 704.2, 808.4, 852.1

808.4 442.9, 590.2, 612.4, 704.2, 775.0 .

846.0 2104.1, 442:9, 531.9, 590.2, 625.0, 704.2

852.1 442.9, 590.2, 704.2, 775.6, 887.1

887.1 442.9, 704.2

953 442.9 , \

1196.2 271.8,r286.4, 353.8, 442.9, 550.0, 590.2

* = not placed in level scheme

( ) = possible coincidence .
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reaction channel. However, because of the low efficiency of the system, a
’peak comirg from one reaction channel may be contaminated by a peak of
similar énergy coming from another reaction channel and the resulting

intensity ratio” would not be useful. In addition, because of poor

‘ statistics, 1t was found that the intensity ratios could not be accurately

determaned, 1f at all, for weak peaks. The peaks for which the intensity
ratios could be accurately determined are listed in table 8. In the case
of the 442.9 kev gamn;a—ray the 1intensity ratio is anomalously large.
Examination of the radiation spectrum of the 128'I‘e target after

bombardment reveals a radiation peak at 442 keV. The large value of the
intensity ratio of the 442.9 keV gamma-ray is thus attributed to

)

contamination by the latter radlétlon peak. The isotope emitting the

radiation was not dete'%mined. In general, the neutron multiplicity results

LY
N

confirm the assignments of gamma-rays to the 128ya nucleus as determined

from the gamma rﬁultlpllClty data.

-

Angular Distribution Results

The spin and parities of the levels assigned to lZBXe were deduced
mainly from the gamma-ray angular distribdgion data. As for the lZGXe
isotope, the intensities of the peaks in the angular distribution spectra

]

were analysed and then normalised to the intensities of the main’
transitions in \lZSXe as measured by a stationary detector placed at 125

degrees. These normalised intensities were fitted to fourth order Legendre
polynomials as a function of detector angle. The /A2 and A4 coefficients so
obtained were then corrected for splid angle éiffects, the correction terms

being calculated as Q2 = .94 and Q4 = .8l. The plotted Legendre function

for the gamma-rays in 128ye are shown in figure 24. Table 9 lists the

.s01id angle corrected A2 and A4 coefficients, the deduced spin, parity and

P U

o mde

S

o,

B v AT PRy T R Tl 4 D o Toven e
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( .~ the attenmuation cqefflcients‘. In determining the spin and parity of the

e L s SR Bt A

/ leveis, the assumptions detailed in section A of this chapter are employed.
>/ Most of the lévels found in this work confirm the results published”
by Goettig et al.(57). The ground band levels all show the—typical

stretched E2 ¢astributions. The level at 4617.6 keV 'is new for this

- isotope is assigned a spin ang parity of 14% on the basis of its

angular Qistribution. The other new level repdrted, at 5570.6 keV, is

determméd. Another new level, at 4252 keV 1s tentatlvely assigned a spin
and parity of l%* . The level at 3365,kev, previously ass'lgﬁed a value 9+,
\lO+ by Goettig et al., 1s tentatlvély assigned a spin arnd parity of 10*

g ( h here. Although the A2 coefficient is positive and the A4 coefficient is -
negative for the B52 keV gamma-ray depgpulating this level, the
coefficients have large errors assign to them, making a definite
assignment impossible. A number of levels have not been a351g\r}?d any spin
and parity because of the ambiguity in their angular dlstri_butl\“ons. 'I‘he
negative parlty states reported by Goettig et al. at 2229 3, 2501 1 .
2583.3 and 2720 keV are confirmed. For the level at 1430 1 kev Goalttlg et

al. have the spin and parity of this level as being 3t . From the angular
) i

distribution of the 460.6 keV gamma-ray depopulating this level found in
this work, the A2 coefficient is .21 and the A4 coefficient is -.14
: indicating an E2 transition. Although this gamma-ray i1s a doublet with a
461 .6 keV gamma-ray depopulating the 2974.5 keV level, the larger part of
the intens'i‘ty is due to the 460.6 keV gamma-ray depopulating the 1430.1
leve(l. Hence, the 1430.1 keV level 1s tentatively assigned a value of 4% |

contradicting the 3% value previously reported.
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‘ / . 3 Table 8

' \
Neutron Multiplicity*}?esﬁlts '\:m,
o ‘
Energy (keV) Iopn / In % Iyn / Ip %

P 271.8 : 25 (2) 2.0 (2)
353.8 | 24 (4) . 1.8 (8)
429.1 27 (2 “ 2.2 i2)
442.9 C _, 43 (2) 3.8(2)
460.6 , 22 (4) 2.7 (6)
550.0 24 (2) 5.4 (5)
570.6 . 27 (3) 1.5 (5)
590.6 - 24 (1) 2.1 (1)
612.4 ‘ . 24 (2) - 2.6 (2)
625.0 ] 21 (2) 2.6 (2) o
683.9 23 (1) ) 2.5 (1)
704.2 / 24 (1) . 2.1 (1)
775.6 B 24 (1) C 2.2 (1)
808.4 o 25 (2) - 2.0 (3)

) 846.0 ‘ 25 (1) 232 -
852.1 ' zé (2) ’ * 2.4 .(4)
887.1 33 (4) ; 2.9 (7)

‘953 ' 24 (4) | 3 (1)
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( Table 9
Table of Angular Distribution Results.
Energy (keV) A2 ‘ Ad a2 Assignmerit
204.1 ~.13 ¢ .18 0 — 2 - 1%,
271.8 -.62 £ .2 0 — (4,6)~ 5
286.4 1sotropic —_— ? - (47,67)
353.8 .62 .1 .27t .12 -— ? -~ 6
429.1 isotropic — ? - g
442.9 .22 + .08 -.004 t .06 0.3 7t~ ot
460.6 21 + .08 —.14t .1 —_ (¢ -~ 2
" 491.1 -8+ .3 0 — 5 - 6
{ ’ 526.6 isotropic — 2’: Al
531.9 .35 ¢ .09 -.03¢.1 — (T8 ,117) -5 6,7
550.0 11 £ .06 . .04 £ .07 _— 2= 4,6
570.6 18 £ .1 .09 £ .1 -—- ? -~ &
590.2 .23 ¢ .07 202 £ .16 45 & - 2+
612.4 29 £ .07 -.05 t .08, .72 12* - 10*
625.0 2+ .09 .08 ¢ .1 _— 2 ~5.,6°,7
656.8 22t .1 -.14 t .1 — -
683.9 .21 + .08 -.04 t .08 .52 10" -~ 8*
704.2 .25 + .06 -.03 ¢ .06 .55 6t - 4t
775.6 .28 £ .06 -.04 t .08 .65 gt - 6t
808.4 A7 ¢ .16 -.12 £ .17 .43 14t - 12*
846.0 -.29 £ .2 .9t .2 — 5,67,7 ~ 6"
( 852.1 .25 ¢ .23 -.02 ¢t .2 0.6 10t -~ gt




-83-

Table of Angular Distribution Results (cont'‘'d)

Energy (keV) A2 A4 a2 Assignment
887.1 .26 £ .16 -.167% .17 - (12}) - 10} .
953 -— — , -— 2 - 14+ ,
1196 .2 -.32 ¢ .04 0 .97 57 -4t
1
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Level SchemeL

' The level scheme deduced 1n this work 1s shown in figure 25. The

spin of 14% assigned to the 4617.6 keV level 1s the highest yet reported

il

for thas 1sotog>e. After the analysis of this isotope was completed, a
paper- by 'Kusakah et al.(58, Nuclear Physics June 1983) was published.

This paper verifies the main features of the level scheme presented here

but goes only to a spin of 12*.

The level scheme will be fhrther discussed in Chapter V where the

)
topic of back-bending will be ttreated.
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' Figure 25

Level scheme for 128Xe

(Energies are in keV)
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C)The 1167e 1sotope ' .

s -
13

Previous Work p . \

In 1967 Betlgefi ard Morlnaga‘(49) proposed a level at 607 keV with
a spin and parity of 2t jfor the 1167e isotope. The 116q, 1sotope was
produced via the l“|‘65n(3l~h=),Z’.n)J'lG'I'e reaction, carried out at energies of,
19.3, 17.5 and 15.0 MeV. Then, 1n 1969, Lukko et al.(64) published their
study of the 1161¢ mucleus as produced via the 114Sn(m,Zn)lls'I‘e reaction
at 33.5 MeV. They assigned four gamma rays to l]‘6Te. The 607 keV gamma-ray
reported by Betigeri and Morinaga was not seen in that work. The four
gamma-rays assigned by Lukko et al. were established as coming fxl“om the
2t~ 0% 4"~ 2%, 6"~ 4*ana 8%~ 6*transitions with energies 678.8, 680.6,
643.0 and 770.8 keV respectively. Warner and Draper({65) 1Q 1970 studied
the excited states of 1167e Jthrough {a,2n) and (a,4n) reactions, finding
the same levels as reported by Lukko et al. and confirmipg the absence of
a 607 keV gamma-ray as reported in Ref. 49. In 1973, 1in-beam electron
conversion measurements were made by Wyckoff ard Di'aper(66) on lls’I"e
produced 1n the reaction 114Sn(a,2n)116Te. This work Aconfirmed the
spin-parity assignments previously made for this nucleus. Gowdy et al.(67)
in 1976 reported the first study of the decay of 1167 to Mbre. mhe 679
keV doublet 1n 1167e was seen along with: a new 540 keV gamma-ray
depopulating a level at 1.2191 MeV. This latter level was given the
tentative assignment of (0F,2}). Gizon et al.(68) published in 1981 the
results of their study of 1167 produced through the 10603 4 iZC reaction.
Two new levels were reported, one at 3575 keV and one at 4412 keV. The
3575 keV level was assigned spin and parity of 10" and the level at 4412
keV was given the tentative value of (12%). Finally, in 1982, Chowdury et

al.(69) published their findings on the excited states of ]:ls'ne. The
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re.:actions used were 114Snﬂ( u,2n)116'1\e and lDﬁl’d(12C,2n)116Te. In the («,2n)
rea,ct:_ion the level at 3575 keV reported in Ref. 68 was confirmed but 'not
the level at at 4412 keV, Above the 3575 keV level are two levels at 4346
kev and 5109 keV assigned tentative spins and parities of (12%) and (14%)
respectively. A 1025,kev gamma-ray depopulating a level at 3028 keV wds
also found to feed the 6% level at 20033 keV, The 3028 keV level was
tentatively assigned spin and parity (77). The 3028 keV level is in turn

fed by a gamma-ray coming from a: level at 3175 keV for which no spin

‘assignment was made .

I.B.Y. Spectroscopy _ ot

For this experiment the target used was 116gn jn the form of tin
oxide of 95.6% isotopic purity. As in the case of the previous two
isotc‘)pes, an excitation function was measured with spectra being taken at
lab energies of 42, 49, 54, 59, 64, 69 and 78 MeV. Figure 26 shows the

excitation function for the six strongest peaks 1n 116

Te. The graphs all
have their peak at 59 MeV. so all’ subsequent experiments were performed at
this energy. Figure 27 shows the singles spectrum obtained from the
116Sn(m,tln)lle'l‘e reaction at 59 MeV. The peaks identified as belonging to
116pe are labelled. Energy calibration was made by collecting spectra from
l52E:u, 133p5 and 56co placed at the target site. The energies and
intensities of all gamma-rays identified as belonging to 116pe are 1isted
in table 10.

The multiplicity experiment was conducted as described earlier in
Chapter III. A total of 96 gates were set, 51 of which were on peaks, the
remainder being gates set on the spectrum background. Fifty one spectra
with background subtracted were then obtained. Figure 28 shows examples of

background subtracted spectra with four different gates. Table 1l gives
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Table 10 ¢
Energies and relative intensities of gamma rays assigned to transitions in
Tellurium 116. The numbers in parentheses indicate the uncertainties in

the last digit(s).

Energy (kev) Rel. Intensity
+147.19(5) ©. 88 (8)
493.1 (3) * ' © 25 (5)

éﬁé * undetermined
642.6 (1) 7601 (36)
678.5 (1) 1000 (30)
680.2 (1) 920 (55)
763.9 (1) 121 (8)
770.2 (1) 1 574 (25)
801.1 (1) 223 (12)
1024.5 (2) 162 (15)

* = tentative assignment
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the coincidence results for all gamma-rays determined to belong to 1167 .

The analysis of this isotope proved very difficult since the
gamma-rays of interest are all very weakly produced. In an attempt to
squeeze as much information as possible out of the coincidence data, each
gate was analysed several times by projecting out spectra for which the
number of gamma-rays 1n c;>1nc1dence varied from two or more to four or
more. This was done 1in the hope of detecting other possible gamma-rays
that may have been present 1in a cascade of high multiplicity.

The level scheme was established on the basis of relative
intensities. For the 678.5 ard 680.2 keV doublet, the high resolution of
the Ge. detector used made 1t possible to fit the peak with a non—llneall
least squares fitting routine and unambiguously determine the relative
intensity of each component gamma-ray. With this information, the correct
order of the peaks could be accurately determined. For the 770 keV
doublet, the peak could not be resiolved into 1ts components. However, the
relatlve\\ intensity of 574 for the 770 keV peak compared to the relative
intensity of 223 for the 801.1 keV gamma-ray indicates that one member of
the doublet 1s below the 801l.1 keV gamna-rvay ard the othet above the 801.1
keV gamma-ray. The only ambiguity comes from the relative placement of the
upper 770 keV peak and the 763 keV gamma-ray. The placement finally made

was chosenyon™~the basis of previous work.

A\
Angular Distrilution Results and Level Scheme

N

The spin and parity of the levels assigned to 116 pe were deduced
from the angular distribution of the gamma-ray data. The intensities of
the peaks in the angular distribution spectra were analysed and then
nornalxséd to the intensities of tpe main transitions in 116Te as measured

by a stationary detector set at 125* . The normalised intensities were then
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Figure 28

Examples of Gamma Multiplicity Spectra




=3 > >
] . - k-] >
~ N s. 2
—{ o~
3 R 3 &
3 38 3 3
1°108
Z°0LL c°0oLL
= 6L9
6.9 6L 6.9
I7ers 9°zh 3°Z¥9
s
S 9¥Z
S LYT
g p - 5 s
ALISNAINT  BALIVI o

ENERGY (keV)




-93-

TABLE 11 -
Multiplicity Filter Results.
Gate (keV) Coincident Gamma Rays (keV)
147.2 678.5, 680.2
642.6 147.2, 246.5%, 678.5, 680.2, (763.9), 77/0.2,
801.1 ' :
679 D 147.2, 252.5%, 335+, 511, 642.6, 679 D, 7%3.9 -
- 770.2, 801.1, 1024.5
763.9 291.0%, 597x, 642.6, 674.4%, 678.5, 680.2, 801.1
770.2 ' 6;12.6, 678.5, 680.2, 703%, 760%, 763.9, 770.2
801.1, 833«
6 801.1 511, 642.6, 678.5, 680.2, 770.2, 828+
1024.5 147.2, (493.1), 642.6, 678.5, 680.2 %

*
(]

not placed in level scheme

( )} = possible coincidence p

\
doublet

v
"
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fitted to fourth order Legendre \polynomials and the A2 arl A4 coefficients
so obtained corrected for solid angle. The calculated correction terms are
Q2 = 0.94 and 4 = 0.81. The Legendre functions for the gamma-rays in
1161e are shown 1n figure 29. Table 12 lists the A2 and A4 coefficients,
corrected for solid angle, the deduced spin and parity and the attenuation
coefficients. In determining the spins and parltles”of the levels, the
assumptions presented in section A of this chapter were applied. Figure 30
shows the level scheme deduced i1n this work. Except for the tentative
levels at 5617.7 keV and 3666.1 keV, no new levels were found for this
isotope. All the previously reported levels have been 1dentified and
placed 1n the level scheme in a manner consistent with the previous works.
All previous spins and parities have also been confirmed. The level at
3173.0 kev is tentatively assigned here a value of 8¥ . The 147.2 keV
gamma-ray ‘depopulatmg this level exhibits a dipole transition with
negative A2 coefficient and zero A4 coefficient. For the 511 keV and 493.1
keV gamma-rays depopulating the tentative levels at at 5617.2 keV and
3666.2 keV, no angular distributions were obtained because of the
contamination of the 511 keV gamma-ray arnd the low intensity of the 493.1keV
gamma-ray. The gamma-rays in the ground band cascade all show clear E2
angular distributions. One exception is the 763.9 keV gamma-ray
depopulating the 5106.7 keV level. The AZ coefficient for this gamma-ray
is very small (.08) and has a large error, making the 12* assignment
tentative. Without exception, the data poin't at 130° was fourd to be
anomalously low for all the angular distributions of all the gamma-rays.
This effect was found to be independent of the normalisation used. Hence
it was assumed that some error in measurement must have been made at the

time the experiment was executed. Trying to fit the data with the 130°
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data point included was found to introduce large errors and poor fits.
Hence, that data point was removed for all gamma-rays and the Legendre

polynomial fitted to the remaining five points.

L R A AR

pa
e
¥
-
v
H




.o - P T T

-96-

o

“ e ot Vi B e At

s S

Figure 29(in 2 parts)
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Tablé of Angular Distribution Results.
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, Chapter V: DiScussion/ and Conclusion ' g
, Ve /

.

For many even-even nuclei, the energy levels in:the ground band are
found to follow very closely the simple formula:

E, = AL(I + 1) + BIZ(I + 1)? \

where I 1s t;le spin of the level and the coefficients A and B are
determined from the first two e);cited states, For the lower values of I,
the first term in the above equation for Ej may be em\;gh by 1tself to
give fair}y accurate values for the energy of the levels. In analogy to a
rigid rotor, the coefficient A is expressed in terms of an ejfectlve

moment of inertia defined by: Cor

- :
r=nd - - B/ (41 - 2)

——
[

As a means of studying the behaviour of the effective foment of inertia as
a function of increasing spin, one may make a plot of 291 / nz’versus the

128ye and

square of the rotational frequency (hw)z. This is done for the
126 ye 1sotopes and the graphs obtained are shown 1in figure 31. The numbers
written beside each data point represents the spin of the level for whach
the moment of 1nertia 1s evaluated. The graphs exhibit the backbending
behaviour discussed in Chapter I. The secord backbend seen for 126xe 1s
being reported here for the first time. The increase in the moment of

lnertia with I may be explained as being due to the Coriolis anti-pairing

effect(70), but the backberding phenomenon itself seems to be a result of

1
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band crossing(58). ‘

In the 1167e 1sotope it is fo{md that the energy difference between
successive levels 1s very similar in magnitude. This can be unders£ood
from the standpoint of vibrational motion. If the nucleus 1s considered 1in
analogy to a liquid drop, then 1its vibration may be represented by
harmonic vibrations about an equilibrium shape. Since the vibrations are
those of a harmomic oscillator, the energy levels will be equally spaced
with separation AE = hw. The lowest quantum for this type of vibration,
called a phonon, 1s the gquadrupole type otf deformation and carries an
angular momentum of two units and positive parity. One thus expects a
J = 2% first excited state for an even-even nucleus falling in this
category.

In conclusion, the nuclei 128Xe, lZSXe and 116Te have been studied
using the technigques of I.B.Y. spectroscopy. For the Xenon nuclei new
levels at high spin are reported and backbending is observed. For the

Tellurium nucleus, the results of previous works have been verified and

two tentative new levels are proposed.
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