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_ ABSTRACT
/’ e a L
The level structure of neuttron-deficilent 121Xe, 123Xe and 124Xe was
v v
_studied. These levels were populated in the B-éecay of 12103, 123CB and

124Cs respectively, which were produced by the proton bombardment of

24

is'otopicglly enriched 1 Xe gras tafget;s. Using y-and B-spectroscopy

techniques the level structures of these isotopes were obtained.

122 24

High-spin levels of Xe and 1, Xe populated in the (a;le) reaction

a

on enriched tellurium ‘targets, were inve.atigate&. Gamma-ray-multiplicity .
filter, and angular distribution measurements have bee(n carried out. The

oMervation of the backbending of the ground band, and of the two-quasi- .

122,124 -

particle high—spin.bands in Xe, is the first in xenon nuclei. These

-‘bands were interpreted jin the framework of the rotation-alignment picture.

116-130y. nuclei was performed using

121

A theoretical interpretation of

. the interacting Boson Approximation. " Also tfxeylevels in Xe were inter-

3

preted using the Interacting Boson-Fermion Model.
: T
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5 . RESUME

£y

La disposition des niveaux des Royaux déﬁg&ents en neutrons

) ' . ]
“121Xe, 123Xe et 12.4Xe a Bté étudié. Les niveaux ont &té peuplés par 1
» décroissance Bde, respectivement, 12108, 123Cs et 12408, q\}i firent

produits par bombardement®avec des protons de- Eibles gazeuses em;ichies

o
en 124Xe. A 1'aide des techniques de spectroscopie ? et Y , les états

-

des nivedux de ces isotopes ont &té& obtenus.

v

Les niveaux de haut spin de 122Xe et 12Z‘Xe peuplés & 1'aide de la

|
\ “
réaction (a,4nY) sur des cibles 'de tellurium emrichi, ont gté étudiés.

¥ [
Des mesures de distribition angulaire ainsi que 1'usage des techniques
de filtres de multfplicité Y et de neutrons ont &té exécutées. Pour la
: @
premi®re fois une courbure en arrigre de la bande fondamentale, ainsi

122,124:

que les deux bandes & haut spin de quasi~particules de Xe ont

&té observées dans des noyaux de xénon. Le mod&le d'alignement rotationnel

a servi de cadre pour l'interprétation de ces bandes. ~

Le moddle "Interacting Boson Approximation" a &té utilisé pour une
étude théorique des noyaux pairs 116-130Xe. Le 121Xe a &té interpreté

( ‘ .
3 1'aide du modéle "Interacting Boson Fermion". ‘s
- . o
1
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{ - |, CHAPTER I - INTRODUCTION ¢

The change in nuclear shape with varying mass number in the periodicl
table has been a wgllﬁknown phenoﬁenon since Bohr (1952) pro;pqed his
collective model{ Nucleagideformation is generally observed between sheil
closures; the change from spherical shape at the closed shell to a deformed
one is gradual, and nucléi that fall 1n‘betwegn are called transitional
nuclei. These nucléi usually show a change from a nearly vibrational struc-
turé to one with some similarities to a rotational band structure and such
sequences are fou&d in the mass~-70 region with N R Z» the mass-100 region
(Z < 50, N > 50), the mass-120 region (Z > 50, 50 < N <\82) and also in the
mass-190 nuclei (Simms et aX¥. 1980). The shape of the nucleus is described
by the shape parémeters B andY, where 8 is a measure of the total deforma-
tion of the nucleus and Y is a measure of the deviation of the shape from
axial symmetry. Trar}sitional nuclei in theZ >50, 50<N<82 region are
believed to be "soft" against Yy deformation: therefore one expect to find
oblate, pfolate and triaxiai shapes. Various theoretical models were used
to interpret nuclei\in this region. Microscopic calculations, for example,
were carried out for these nucleli (Rohozinski et al. 1974, Dobaczewski et
al. 1977) assuming their &j softness. Another approach in interpreting
these nuclei waé to describextﬁem as rotors "(Habs et al. 1974, Stephens
1975, Toki and Faessler %975, Meyer—tegLVehn“1975). Also several
theoretical Stﬁdiegr(Kumar and Baranger 1964, Arseniev.eflal.l969,

e WP A
de Takacsy and D;:xéupta %?76) have been made to find out whether nuclei
in'this %egion have prqlgié or‘oblgte deformation. The last study concluded
that prolate shapes are deouxggvover oblate shapgs for the Ba isotopes of

»

mass 126-132. Evidence for prolaée shapes 'was also obtained from the

-«

v
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study of 125-133 La nuclei.

It is obvious that detailed experimental information .is essential .

‘if we are to understand the ‘nature of such transitional regions. Very

~

useful information can-be obtained from beta-decay techniques. The QB
measurements, for example, pmevide data on masses of nuclei far from
stability. This information is eventually nsed to test mass formulas.,
Such studies have been carried out for the neutron-deficient rubidium and
cesium isotopes (D'Auria et al.1976,‘Westgu4rd et al.1975).

The beta decay popnlates only low lying leve;s.whose’structure

- 3

‘provides a good test of the validity of any model. The study of low-

lying levels over .a chain of isotopes can, for instance, predict the’

change in the Fermi level as the neutron number changes. In some cases

beta decay studies can also provide information on high-spin states as

"well. These states are usually populated in the B-decay of‘hiéh—spin

isomers in the parent nuclei. ’

>

During the past few years, there have been many experimental studies

&

on nuclei in all of the transitional regions mentioned earlier. Nuclei
in the 50 < N, 2 < 82 regions nave been the subject of many investigations
ever since nucleti with 7 > 54, N < 78fwere proposed as a new region of

¥
deformation by Sheline et al (1961). Systematic investigations qf nuclear

spins and moment$ for cesium isotopes was carried out by Ekstrom et al,

(1977), and the information obtained has been very useful as a test of
different models. A stud# of isomeric states in Xe, Ba and Ce was also
carried out by Conlon and Elwyn (1970X;‘ this serves as a useful tool
in obtaining informaéion on shape changes. Isotope shift and Coulomb
excitation stu%ies of éven-even stable Te, Xe and Ba nucleiﬁkFischer et

al. 1974) have demonstrated that the deformation parameter is -

«

v




v
\ : F
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)

about | B | < 0.1 at N = 80 and increases with decreasing>neutron number
116-122

/

to | B [»= 0.22 at N = 68. The high-spin levels in Xe were observed
in the 'B-deca}; of high spin isomers .;m the cesium nuclei (Batsch et al. 1976,>
Genevey-Rivier et al, 1977). In this stu;iy information on low-lying levels .
were also obtained from the decay of the low Fpin ground state of the parent

nuclei. . The heavy xenon isotopes of 126Xe, 128Xe were also studied

.

recéntly (Pathak et al.1976, Droste et al.1976). Information on Heavy

odd-A xenon isotopes is éiso available (Jha et al.1972, ‘G,elletly et al.

[ &

1976). oL B
However little detailed information has bger; available on the very
light xenon isotopes. It therefore appeared attractive 4o carry out
further investigations on these nuclei. In order to‘ obtain more information
on the,low-lying levels of these nuclei,‘ an ‘investigation of levels in
121’123’12{*Xe was carried out in the present work via the decay of the
cesium parent nuclei by employing i:eta and gamma spectroscopy techniques. .
0f interest also’is the behaviour of transitio;tal ’riuclei at high
éngular momentum. - The study of high-;spin states was initiated by Morinaga
anid Gugelot r’(1963). Information on high-spin states is obtained from .
stu,dieé of (Hi,xn) reaction's, where HI refers to I}eavy ions, with A > 4.
Wit}x projectile energies moderately above the Coulomb barrier, 'the comp-
ound nucleus cross-section normally dominates the total cross-sz_action for
éeactions with medium-heavy target nuclei ),(Johnson and Szymanski 1973).-
A compound rgucleus\ thus created is left in'highly e;ccitea states, and its
subsequent decay is 'independent of its formation. Such a decay is described

by the statistical model of nuclear reactions (Blatt and Weisskopf 1952).

In this case the compound nucleus will first lose energy by evaporation
@\




. I
Spectroscopi¢ studids show that much of the energy and angular

s M I3

of mneutrons, protons, and o partiﬁleé, and will then lose both

energy and angula;; momentum thrqough the emission of Y rﬁdiation.

\

"momentum loss proceéds by a cascade along the yrast line (states having

1
\

the lowest energy f?r a given spin value). However the initial de-
excitation #n general occurs in the region between the yrast line, and a
line'lying above ié by about the“separation energy of one neutron (Diamond
aﬁd Stephens 1980). Two -types of y-rays occur: thosefthat cool the
nucleus toward thé yrast line, éalled “"statistical', and those that afé-‘
parallel to the yrasé line and remove the angular momentum, called "yrast-—
like".. _The éompetition between the two types depends on the level density
and the degree of collectivity which produces enhanced yrast-like transi-
tions. The statistical transitions a;e unresolved and produce a continuum
which is characteristic of in-beam singles spéctré'and which often interferes
with the analysis of yrast-like trgpsitions that are usually resolved up

‘to a reasonably high spin of the deexciting level. Until very recently,

ct

most studies of (HI, xn) reactions have concentrated on the detection and

the analysis of the yrast-like, resolved, y-rays. The in-beam techniques

normally used are the excitation function studies, Y—transition inEensity »

.

measurements, and Y - Y coincldence measurements which give the strongest
support for the assignment of Y-rays and the construction of level schemes.

Information about the multipolapities of Ehe emitted y-rays are obtained
BN ,

from the measurement of the y-ray yield at various angles relative to the

' i

incoming beam (ahgular distrdbution). The y-multiplicity filter and the

neutron multiplicity filter techniques employed in the present work [III(B)]

«

also constitute véry powerful tools in the construction of level schemes,
¥

. .
@ 1

H
!
.
'
P
i
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These methods as wgll as other in-beam spectroscopy techniques outlined

above were employed by using ghe in~beam spectroscopy set-up at McGill
(Chapter II), which is fairly new. The author contributed to the construc-
tion and devéiopment of this facility. ’ -—-.,//
" Though the high-spin study with the use of in-beam spectro;copic
techniques has a relatively short history, heavy ion in-beam ekperiments

berformed in the last few years have revealed a wealth of spectroscopic

information which has stimulated considerable interest in the effort to )

'

- understand the nature of high-spin states. This interest was spurred on

by the discovery of Johnson et al. (1971) and (1972) of the backbfﬁﬂing
phenomenon, where the name refers to the unusual s-shape of the plot of
the nuclear moment of inertia (J) versus the square of the rotational
frequency (l;m)2 of the ground staté rotational band of even-even nuclei.
The efforts in'investigating this phenomenon have been summarized by
Sorensen (1973), Johnson and Szymanski (19735, and Sayer et al. (1975).

126,128 128,130
Ba

and Ce 1isotopes

Recehtly backbending has been observed in
(Flaum et al. 1974, Ward et al. 1975) to occur around spin 10+.

The present observatio; of this anomaly in the structure of the ground
state band (Chapter 1IV) is the firét to be reported for the xenon isotopés.
The backbending phenomenon has been explained by the éofiolis alignment
model of Stephens and Simon (1972) as the result of the crossing of the

'

ground band and a decoupled two-quasiparticle band.

)

The bands observed in deformed nuclei show certain characteristic
features, and a number of band classifications have been made. For symmetry
reasons, fn doubly-even deformed: nuclei the angular momentum of the

+
ground state rotational band follows the sequence: 0,2+,4+,6f,... Those

-
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(:} bands are characterized -by st'rongly enhanced E2 transitions betwaeﬁ

—y

L. sucéessive members of the band. Iﬁ these huclei electric quadrupolé
. . \
vibrational sfates occur at higher excitation energies (Nathan 1957), and
assoclated with these states rotational bands are found, each of which is

characterized by the quantum number K, which represents the projection of

o

the total angular momentum along the symmetry axis. A B wvibratioh is

-

one which preserves axial symmetry. -These yibrations have no angular

-~

momentum about the symmetry axis (K = 0) and the aasociated beta band will

contain 0+ + 4+,... tates. A y vibration, which causes a departure
o from axial symmetry, hasK = 2, and the states of the associated band will

be 2+, 3+, 4+,...: such a sequence is known as the y-band.

9. The low-lying evenrparity levels of even-even transitional nuclei

oF it ot

, have been classified into quasi-ground (O l’ 41’ 1
(23, 3%, 47, 5%, 67 7 and quasi-g (0, 23, 43) bands (Sakai 1967).

‘. These quasi-bands tend gradually to the ébrresponding rotational baﬁds in

..), quasi-y

the deformed région (Sakai and Rester 1977).‘ The experimental criteria
for calling a nucleus "transitionalf‘are the deviation frém the J(J+1)
energy spacing rule in the groundVLand, a sharp increase in the B(E2: )
ot » 2+) value, a sharp decrease ip the energy E2+, with the additional
requirement that.the B and Y—bands ?ust be low-1¥ing (Kumaxr 1970). The

‘neutron deficient even-even xenon nublei show clear quasi-rotational ground

v

I)/E(ZI) of the energies of the

122Xe and l3OXe; this indicates

et al. 1981) in which the ratio r = E(
. lowest 4+ and 2+ states 18 2.5 ~ 2.1 between
that these nuclei are far from the rotational 1limit where r = 3.3

(Davydov and Rostovsky 1959).




Y ARURRRETRTR T

v g et 7 3807

“

1

It is highly desirable to obtain information on the non-yrast level
properties of transitional nuclei since these provide a sensitive test of
various nuclear models. Information 1s availabie on the quasi-ground
bands and on the quasi-y bands.in xenon nuclei. However no information
has been available on the non-yrast levels in\these nuclei. The present
in~beam spectroscopy study reports on these non-yrast leyels in 122’124Xe
and confirms as weil the information on the quasi-ground and quasi-y bands
in_these nuclei. Throughout the present work the quasi-ground, y-, and
B bands are referred to for convenience.as simply ground, Y- and B-
bands.

Recently, high spin states of odd-xenon isotopes have beén extensively
studied (Gizon and Gizon 1978 , Helppi et al. 1979, Helppi et al. 1981,
Barci et al. 1981, Luukko et al, 1981). These studies have indicated
the existence of two kinds of bands in the level structure. The first
are calledkdeCoueled bands, with AJ = 2 type cascades which are interprefed
as arising from a rotationally aligned quasi-particle coupled to the even+
even coge; the second are AJ = 1 type negative parity bands th;t originate
from the coupling of an h11/2 quasi-neutron hole to the core. Both types
of bandsfégregwwith the predictions of the rotation-alignment model of
‘Stephens (1975), which states that for slightly deformed odd-A nuélei at
high spin, (i.e. with increasing Coriolié force) the extra particle tends
to decouple from the core and align its angular moméﬁtum along the axis of
rotation. It has been pointed out (Grosse et al. 1973) that 1f a particular
rotation-aligned particle prevents the occurrence of backbending in the odd-

mass nuclei, it is likely that this particle is involved in the backbending

in the adjacent doubly-even nucleus. The backbending and the side-bands
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observed in 122’124Xe in the present work are explained in terms of the |

Corlolis alignment model of Stephens and éimon, using the adjacent odd—‘
ma,ss xenon isotopes [V(A)].

‘ The experimental beta decay techniques as we}l as the in-beam spectros-
copy techniques are presented in Chapter ITI, and i: Chapter II a (%escription
of the Instrumentation is given. The results of the beta decay study as’
well as the in~beam study are presented in Chapter IV.

Recently the Interacting Boson Approximation Model (Iachello and
hrima 1974, Arima and Ischello 1975, 1976a, Otsuka etal. 1978)has bad consid-
erabie succegs in describing low~lying collective states in even-even nuclei
except thgse at, or adjacent to closed shells. These states are genmerated
as states of a system of N bosons where bosons are interpreted as pairs of
nucleons couplefi to angular momentum J = O (3~ boson) and J = 2 (d- boson) ’
(Arima et al. 1977). 1In t‘:/he ‘present work, the energy levels of the quasi-
bands of even-even xenon isotopes from 116-130 were fittéd using the IBA
modél (Chapter V). The IBA model has been extended to fit odd-mass nuclei
[The Interacting Boson~Fermion Model (IBFM)]. In this model the odd-A
nucleus is treated as a system of interacting bosons and fermions. This

model has been used in fitting low-lying levels in heavy xenon and barium

isotopes (Cunningham 1981) as well as high spin band structures in the

‘lighter xenon isotopes (Cunningham 1981). In the present work the low-

lying levels of lz'l“Xe were fitted using the Interacting Boson Fermion
; s

{
Model (IBFM). Fitting the low-lying level structure accurately is considered

< a L

to be a severe test of the model.

~
|

Finally a summary and conclusion of the present work as well as an

outline of contributions to original knowledge are presented in (g\apter VI.

’
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CHAPTER IT - INSTRUMENTATION

A. DECAY STUDIES )

i. Targets ' .

The target material of a 100% pure xenon gas, consistedhbf the followiag

percentage isotopic abundances: 124Xe(40.5£2§Xe(9.7),‘128Xe(12.5), 129

1 132 4 136

Xe (0.3), 13 Xe and

30Xe‘(l.O), 131Xe(l.l), Xe(<0.1). Since we were

M 7

using gas targets, the target material had to be encapsulated in a container,

made of a noﬂ;perous material. Hence, the target container (Fig. la) has

S

been made out of beryllium. The co téiner wall was made very thin Cb-% ™m
- ¥

thick) in\?rder to minimize absorption or scattering of the proton beam by

the wall. However the target container has to be strong enough to resist

breakage. Beryllium serves both phrposes. It also produces little back-

ground, since when’ bombarded by protons it does not produce short-lived
1 S~

—~

v-activity and it has oﬂiy a very short-lived positron activity (v 800 milli-

seconds). ‘A high grade‘of beryllium (99.88% pure) was used as the target

container material because it has a very low content of Be0O, minimizing aé\

. \

"much as possible activities produced from oxygen bombardmeqp by protons.

The target container was mounted on a target holder (Fig. 1). " The

target holder was made out of Delrin, a strong light plastic material that .

-

-can be accelerated eaéily‘to high speeds, and can withstand impacts during

the course of delivery in and out of the cyclotron. Delrin also produces

ii. Gas Filling Procedure

;
very little background.

The target container was filled with the enriched gas using the filling

system shown in Fig. 2. zThe filler and buffer volumes were first pumped

-9 -

Xe(34.9), -

(]
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Figure 1

(a) Target Container

(b) Target Holder System

©
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out. After evacuation the system was sealed from the pump. Then valves 2
v . )
and 3 were closed, the gas supply valve was opened and the gas was allowed

to expand to the primary buffer volume. Valve-l was then closed and the

—
=

gas was allowed to flow to the buffer volume. This procedure was repeated -

in c:rder to increase the_ gas pressure"in the buffer volume. This pressure
Pl was then recorded. The filler valve was then opened and the filler cold
finger was submerged in liquid nitroge;n until the pressure tran,sducer on
the buffer showed vacyum, indicating that all the gas had been frozen
inside the cold finger. The filler valve was then closed and the cold
finger was removed from the liquid nitrogen. After a period of time the
gas evaporated, and the line between the cold finger and the filler was
clo;ed by lifting the lower part of the filler by means of a setscrew. By
pushing the filler piston up;, the gas was compressed ir;side the beryllium
container and sealed with the container plug. The lower .part of the filler
was then pulled down ag‘fl the filler valve was opened. Thg\ buffer cold
finger was then immersed in nitrogen, in order to.retrieve‘all the gas no't
sealed in t;he container. After all the gas was frozen on the inner surface
of the cold ,'finger the filler valve was closed. The cold finger was allowed
to warm, peﬁitting the gas to evaporate in the buffer volume, and the
presm‘xre transducer reading P2 was. recorded.

»

The amount of gas transferred into the container, and also the effic-

iency of the transfer were calculated using the buffer pressure readings
P;L and P2. The gas pressure inside the target container was about 1.5

atmospheres, and the efficiency of the transfer obtained was 85%. This,
represents the percentage of the amount of;gas that was compressed in the

container relative to the amount of gas allowed into the filling system.

This improvement was obtained by minimizing the deadspace in the filler
¢ .
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Figure 2

Gas Filling System
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volume, and also by increasing the volume of the lower part of the filler.

$
High transfer efficiency is most important, since only ‘@ very small amount .

124 A g

(25 cm3) of the very expensive separated Xe isotope was available.

dnny

reasonably high pressure in the container is desirablé to obtain a moderate
: . \

effective target thickness. Also, several targets were needed in order to

\

reduce radioactive build up. ' .

The testing and improvement of the filling system vere carried out
using natural xenon gas. For more mechanical details of the filling system

the reader is referred to Bavaria (1975).

iii., Rapid Transport System

5 A‘ rapid pneumatic transport system (Bavaria 1975) has been used to
bombard the xenon-filled bullets. The bullet is first mounted in the
9-m delivery tube of a system which is isolated from the ;:yclotron vacuum by aclosed
_ghutter on the probe heaf—r The bullet is then blown down by gas pressure to
] the probe head,' which is 1ocated‘at the desired radiusl (and bombarding
energy) \inside the cyclotron. The O-ring on the target holder makes a seal
yith the probe head immer surface, and the area between the shutter and the
holder O-ring is pump%d out. When a good vacuum is achievedythe shﬁtter is
‘op;ned and the target is exposed to the cyclotron’vacuum. Th(la Eyclotron is
then triggered to st;art the bombardment for a predetermined period of time.
When the bombardment 1s over, the shutter is closed énd the bullet is blown

back to the counting position. The system will then reset awaiting another"

bombardment. The whole procedure is carried out in an automatic cycle.

1
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‘B, IN-BEAM STUDIES .
.
i. Alpha Beam .

i

A radial extraction ion source is used to inject particles into the
median plane of the cyclotron. This reduces the beam's radial oscillation
substantially and thus improves the external beam extraction efficlency.
The extra.ction efficiency for alpha pa'rticles with the vertical ion source
previously used was about 1%, while with the radial ion éource it is about
8%Z. A diagram of this radial ion source is shown .in Fig. 3. It'is a
Penning-type, .where the helium gas is fed tzxrough a hole on top of the
cathode which is mounted on a copper base (for good 'therznal‘ con;iuctivity)

that is cooled with water. A +5 kV pulse is applied to the anode while the

entire source is biased at about +3 kv with resped,lt to.ground. The helium

ions form a plasma inside the ion source, created by a discharge between tahe
anode and Ehe cathode wlzen the electrode system is exposed to the éyclotron
magnetic field; these ions exit through a vertical slit in thg anode wall.
The ef(ficiency of this ion squx‘-ce i1s affected by its inclination and relative
position with respect to ~thet-: main and dummy cyclotron dees.

The extracted AHe-H- beam has' an energy of 100 MeV, and an intensity of
about 40 electri/cal nanoamperes. The synchrocyclotron has a pulse rate of
500 PPS with exterqal beam bursts about 20 us long whi&h are modulated by a

radio~frequency microstructure. The pulsed beam is, however, poorly suited

.to in-beam gamma ray studies. When a Ge(Li) detector is exposed to a huge

N

flash of gamma rays during the beam bursts, pileup of pulses occurs causing

low useful count rates and poor spectral resolution. High current transients

‘can also damage the detector amplifier (Morinaga and Yamazaki 71976). To
. - |

overcome these problems, a beam stretcher was designed by ﬁr. L, Nikkinen
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of this laboratory (Tacik. 11980). This system randomizeg the extraction of
the beam so that it resembles a continuous one. The monitoring and adjust-

. .
ment of the stretcher were carried out by means of a NaIl detector that was
piaced close the beam path. Fig. 4 shows the radio-frequency (RF) envelope,
the ic‘m pulse and the monitoring detector's signal, prqduced by ‘sacattering
of the étretched beam from ahscreén placed in its path.‘ ‘The streteher is
capable of 'prO(Qucing macroscopic duty cycles close to 100%. The intensity
of the stretched beam iz about 10 to 157 of t:hat of the pulse& <beam.

The 4He beam energy was varied by means ;)f bell:ylllium beam degrader
discs of selected thickness' that wére intrpduced into the beam path at a
point where the beam comes to a focus. The loss in energy of the beam in
passing through the degrading material i1s a function of the i;coming beam
energy and the degrader thickness. The alpha beam energy (Fig. 5) was
calculated using stopping power tables (Barkas and Berger 1964). The
statistica;l. nature of the slowing down process causes a significant eﬁergy

spread in the degraded beam. The energy spread in the beam due to the

degrader and the target thickness in a typical éxperiment is estimated to be

approximately 5 MeV.

ii. Extérnal Beam Alignment

‘A passive sextupole magnet is used at the exit of the magnetic extraction
channél. This corrects fog second order distortions in the emirttance, of the
éxtr;acte;l beam. Hence, the beam is focused to a reas\pnable size in the §
middle vault ~hy using the 2" quaodrupole magnet in the cyclotrom vault. The-
beam is then guided to the ex‘ternal beam hall by means of téhe 30° and 45° -

magnet systems (Fig. 6) and is refocused by a pair of gquadrupoles, after it

passes through the degrader box. In the external beam hall, the switching

b e
—
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- Figure 4

-

’ Photograph of the radio—frequen&y oscillator's
amplitude envelope, the ion source voltage pulse,
and the output of the Nal detector viewing a target

being bombarded’b; a stretched alpha beam.,
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. Figure 5
) ) i
The energy of a degraded alpha beam' as a
: function of ‘the Be degrader thickness.
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Figure '6“

Beam Transport System
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magnet 1s used to direct the bsaam towards the taréet, and it is focused to
a spot on the 'target by a second pair of quadrupoles.. Experiments were

carried out to determine the best target position. Although the transport
effici\e.ujy of the ’100 MeV beam was about 857, the degraded beam efficiency
is lower. This is caused by the scattering of the beam in the degrading

material; some beam is lost outright, by scattering, while further losses
are caused by the increased divergence of the beam after it passes through

the degrader.

To align the beam, a phosphor screen is mounted in the target position.

The glow resulting from the beam hitting the phosphor screen is monitored
by a video camera. This camera, placed on top of the beam line, looks at
the tar“get position through the transparent window in the target chamber,
and its picture is transmitted to a video séreen in the control room. The
magnet power supply settings are then adjusted to focus the beam on the
pb@phor. The beam spot size on the phosphor can be made as small as 3 mm
in diameter.

*

iii. Targets And Target Chambers

The* target ‘material used was 96.5% enriched tellurium-122 for the
production of xenon-122 and 92.4% enriched tellurium-124 in the cas€ of
xenon~124. The tellurium i;otopes were in a pure metallic powdered form.

A die mounted in a hydraulic press ;v'as used to form the powder into a tablet
of about 100 mg/c:m2 thickness, The -tablet was then placed on a thin mylar
film (350 ug /cmz), and was glued in pla,ce1 by a thin layer of polystyrene
based Q-dope. The mylar £ilm was then attached to the target frame.

The target frame used for the singles measurements and also the angular

distribution measurements is shown in Fig. 8. The frame was machined out of
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aluminum, with an inner radius more than sufficient to clear the beam.

For coincidence measurements, a cylindr}cal copper frame (Fig. 9) was‘used.
The target chamber for y-singles and for y—angulér distribution

measurements is shown in Fig. 7. The cylindrical shape of the target

chamber was chosen to achieve maximum angular displacement of the detectors.

The target holder (Fig. 7, 8) was free to rotate}around its axis, permitting

adjustment of the target angle with the beam. The holder was also free to

3

move in the vertical direction. ,
The tarpget chambe‘r“for the ’Y—c:)incidence measurements 1s \showﬁ in

Fig. 9. It is a copper tube with a slot milled in the middle. The target

frame sits in this slot, which is closed during runs by a plastic window

cover. @:f wire is fixed th the outer surface of the frame, which

ensures that.the target does not get* displaced while the system is being

pumped out. An O-ring is placed on both sides of the slot so that a vacuum

seal is obtained between the window and the chamber.

iv. In-Beam Experimental Area

The target chamber was placed in the: beam line (Fig. 10). An elevated

stage was used as the experimental area, with the y-detectors mounted on
two rotating platforms, which were free to rot'att; around the target chamber.
A camera was placed on top of the beam line for beam alignment. It was
found that the whole area required shielding against both cyclotron radio-
freqﬁuency noise pickkup and the high ambient neutron background before exper-
iments could be performed. Without shielding, noise from both the synchro-

cyclotron's main radio- frequency oéillator and from the beam stretcher

" pscillator were picked up and amplified by the signal processing system.

The whole experimental area including the signgl processing system was
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Figure 9

¥ - Y Coincidence and Multiple Coincidence

Target Chamber and Target Frame.
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therefore housed in a closed aluminum box (Fig. 10) with dimensions

(1.85 m X 1.85 m{X 2.0 m). This effectivel; elimindtes neariy all electro-
magnetic pickup. , The electrical groimd of the power’ supply for the elect~
ronics system was allowed to float and a capacitor was placed ina parallel
with the incoming A.C. power line to bypass ,noise -signals vhich otherwise
could enter the shielding box. Since the noise could also be transmitted
into the housing via the external beam line, the experimental e:rea was

a

electrically isolated from the beam line by a lucite insulating flange. In
orde® to eliminate the possibility of noise pickup along the ‘signal cables h
that run between the experiﬁental area and tﬁe computer, doubly shielded

cables were used.

.

Although the improved beam emittance somewhat reduced the background

in the external beam hall, an unacceptably high neutron background whs still

o L

produced from the alpha beam's collision with the berylli'um degréder. The \
beam degrader also increased the beam'divergence, gausing beam ‘scattering
into the switching magnet; this produced still:hi:gher level fluxés of hi‘:gh
energy neutrons. In addition to the deterioration of resolution in the y
spectra, high neutron backgrounds can also damage the detectors thémselves -
(Kraner e;: al 1968). This problem was cured in part by shielding the

beam dump,the degrader area, and also tﬁe switcﬁing magnet by concrete i:locka,

sufficiently thick to th;armalize the high. energy neutrons. In additionm,

_ the sides of the aluminum.box housing the experimental area were shielded

. . g
against thermal neutrons by cubic foot-sized containers filled with a

-

o 4

mixture of water and boric acid. ‘
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CHAPTER III -~ EXPERIMENTAL TECHNIQUES

A. EXPERIMENTAL TECHNIQUES USED IN DECAY STUDIES

1. Production of Radicactive Samples -

Proton bombardments of 124Xe targets produced, lZACs, 12369, and 121Cs

via (p,n), (p,2n) and (p,4n) reactions respectively. As mentioned earligr
. A ’ '
(Chapter II) the gas targets were enclosed in the bullets, which consisted

of the target container and the target holder. The, bullets were pneumati-

™w

cally transported to the predetermined proton orbit radius of the internal.

circulating beam of the synchrocyclotron. For the production of 124Cs, the

-

targets were irradiated b& 15 MeV protons at 35.6 cm cyclotron radius. To

21

produce 123Cs, and ! Cs, the. targets were irradiated by 33 and 52 MeV

éroton§3 at 53 and 67.6 cm cyclotron radii, respectively. The targets

were ‘bombarded for approximately half the half-life of the isotope to be

‘

produced and were blown back to the loading breech following bombardment.

\ 1
The radicactive targets were then carried to the counting area, except for

124

*

Cs, where counting was done -directly at the receiving end of the pneumatic
probe - this procedure was necessary since the igotope's half-life was

ghort (30 s). Because of the high bombarding energies used and the mixed

isotopic composition of the ¥enon target material, several (p,sm) Cs, (p,pxm)

-

Xe and (p,axn) I isotopes were produced along with the isotoperf interest.

Hence, in the case of l2.30s (6 min) and 12103’(2 min), the activated targets

were cooled for approximately 30 seconds. This significantly reduced the

124Cs (30, sec) and 126Cs (98 sec).

ii. Gamma-Ray Méasurement Techniqueé

Detection of gamma transitions was ‘carried out using three large volume
v * Y

lithium~drifted germanium detectors: 1) an Ortec detector with a 96 cm}

]

~"27 -
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active volume and a relative efficiency of 18% (relative toa 7.6 X 7.6 cm
NaI(T1) crystal) and an energy resolution of 2.1 keV full width at half
maximum (FWHM) at 1.3 MeV; 2) a Princeton Gamma 'I.‘ech§50,cm3 detector of
9,7% relative efficiency and an energy resolution of 1.9 keV FWHM at 1.3 MeV;
3) a 157 efficiency hyper;)ure gérmanium detector made by Aptec, with a

66 cm3 active volume, and an energy resolution of 2.2 keV at 1.3 MeV.

X—i‘ays and low energy Y-rays in the range of 20 to 200 keV were detected

by a .022 cm3 hyperpure germaniun{ X-ray spectrometer with a resolution of

.500 eV at 100 keV.

The efficie;:xci;s ‘of these detectors vary with the solid angle exposed
to the crystal and with the energy of the wt):rane.:lt:ion detected. Fig. '11 shows
how the efficiency of the 18% detector varies with energy. The relative
efficiency was determined by using a set of standard radioactive sources with
known relative intensities. The spectra of 154Eu, 1333&, 56Co, 66Ga and
lazT,a standard sources weré obtained individually. These standard sources
were placed inside beryllium target containers ildentical to those housing
the xenon gas targets. This produced an efficiency curve which included the

. €
effect of the absorption in the beryllium contadiner on the detection effi-

ciehcy.
_ The energy pulses from the detector preamplifier were semt to a spect-
TOSCOPpY amplifier for shaping and amplification. The pulses were then fed

inEO a 100 MHZ analog-to~digital converter (@C), which was interfaced with

’ /‘;@.&PDP—IS computer. The digitized signals can occupy up to 8192 channels.

The data were ‘then transferred from the computer memory to be stored on
magnetic tape for later analysis. Standard sources were used to calibrate
the system to 1 keV per channel for y-transitions and 0.1 keV per channel

for x-rays and low energy Y-rays.




Figure " 11 . .

Efficiency calibration for the 18% Ge(Li)

detector with the source inside the beryllium

\ target container.
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Gamma transitions were identified mainly on the basis of tpeir half-
lives, Lifetime measurements of the decaying nucleli were carried out by
means of a multispectrum program on. the PDP-15 computer. With this program,
successive Y-ray spectra were accumulated for a preset time perilod, and were
then stored in the computer memory. The dead time of the electronic detection
system is a function of count rate. Since the (count rate of the radiocactive
nuclei decreases with time, a constant-rate pulser w:c.ls fed into the detector
preamplifier in order to correct for counting losses due to dead time. The
pulser voltage was adjusted so that the pulser peak fell at the high energy
end of the y-spectrum. Later, each spectrum was normalized to the intensi\ty
of the pulser peak. The multispectrum measurements were carried out using
a large volume Ge(Li) detector for intermediate and high energy transitioms,
and also an x-ray spectrometer for low energies. -

Two methods of Y-ray analysis were used. In the first, the spectrum
was viewed on the PDP-15 or PDP—l} computer screen, and an analysis routine
was used. This routine is linked to the light pen which is coupled to the
computer screen. The peak area and centroid were calculated us:‘tng this
rout"ine. This method works fairly well for single, well separated peaks. )

As mentioned earlier, many isotopes of Spsium, xenon and iodine were produced,
generating very complicated épectra. 1;or this reason, the.computer analysis

code "Sampo" (Routti and Prussin 1969, Bavaria 1975) was used on the McGill IBM

System. The program fits the peaks with a gaussian curve plus exponential

r

tails, and 1s "capable of analysing closely spaced y-ray lides and multi-
component peaks. Dedﬁcing,the intensities of different components in a multi-
component peak was also done by fitting the time decay of the photOpea{k to

the half-lives of the components, or by accounting for the intensities of

g
-~
4
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.411. Gamma-Gamma Coircidence Measurements

Once a set of y-transitions is identified as belonging to the nucleus%

of interest, a decay scheme can be constructed, if the order of the transi-
tions is known. , )
Since the life-time of non-isomeric' nuclear states for y-decay is very
short compared to 'tl}e resolving time of Ge(Li\) detectors, two gamma rays emitted
in cascade are detected simultaneously in coincidence counting experini\ent:s
by two different detectors. Fig. i2 gshows the circuit diagram of the system
used for these measu'rements. In coincidence experiments, the .18% and 10Z
Ge(Li) detectors were placed nearly 90° relative to each other, with the
gsource at the centre, to avoid 180° coincident/: events from annihilation
quanta. The interscattering between the two detectors was minimized with
radiation intercepting graded absorbers. The energy pulses from the detector
preampli%iei‘s were first passed through an amplifier and then fed into two
analog-to-digital converters (ADC's). The timing outputs of both detectors
were sent to timing filter amplifiers (TFA) for shaping and an}plification,
then passed through constant fraction discriminators (CFD) where the dis-
qriminatiax; levels were Adjusted to be slightly above the noise level. The
two pulses were fed into the "start" and the: "gtop! inputs of the time-to-
amplitudgiconverter (TAC). On the "stop" side the ptlse was delayed (=50ns)
in or’der. to compensate-for systematic timing asymmetry: The pulse generated
by the (TAC) has an amplitude proportional to t}'ne time difference between
the "start" and the "stop" pulses. A single channel analyzer was thensused
to set a window through which only pulses with a certain amplitude,/ (and
hence time difference') can be accepted. The output of the SCA was used to

gate the ADC's.

The random concidence rate is proportional to the product of the count

]
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rates In both detectors as well as to the resolving time of the coincidence

3

circuit. Therefore the count rates in both detectors were controlled and

the resolving time of the system, determined by the window width, was set

between 30 and 60 ns. ‘ *

The data were recorded on magnetic tape event-by-event, and were later

analyzed by setting digital gates on the y~ray peaks of interest in either

detector spectrum. The coincident events from the other detector were then
recorded as a seg;ai'ate spectrum.

Each y-peak sits on a background which contains events due to the
Compton sc;ttering of««sﬁigher energy gamma rays.- Therefore, when a gate is set
on a Y-—r:'ay peak the resﬁ?[’":ting coincident spectrum will contain events in )
coincidence with the peak of interest as well as with higher energy Y-rays. ¢

This was corrected by setting a gate on the background in the region of each

peak gate, The two resulting spectra were then compared. Coincidence

-
e

measurements were also carried out, using the 187 Ge(lLi) detector and the
hyperpure germanium x~-ray spectrometer, to detect coincidences between low

and high energy <y-transitions.

iv. Beta Fnd -Point Energy Meagurements

Between two neighboring isdbars, the one with the larger atomic mass will

b
decay by a beta process to the lighter one. In beta decay by positron

-

emission, the decay energy Wu’ which 18 the energy equivalent to the difference
of the two nuclear masses involved, is carried away by a positron and a
neutrino. The energy of the emitted positron displays a broad continuous

e

spectrum with a maximum energy E y which 1s called the end-point energy,

" where F‘:o is the total kinetic energy of the decay products. &
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2
Eo = QB+ W0 - ch

Z+1

! o = MAc2 - zHAcz - 2m°c2‘
‘In an.allowed beta decay, in which the positron and the neutrino are

both emitted with zero angular momentum with respect to the nucleus, the beta

spectrum is predicted to have the shape (Wu and Mosczowski. 1966):.

N(E)dE = Ao W F(Z,E) (}s:0 - E)zpdE

L] “

where N(E)dE is the probability of emitting a positron with kinetic energy
betv;een E and E+dE, Ao is a constant, F is the Fermi function, W is the total

positron energy (W= E + mcz) and p is the positron's momentum.

For a precise determination of the end-point energy Eo’ it 1s conven-

~
<

tional to plot the quantity K(E), where:

.

L8

K(E) = /N(EY/pWF = A(Eo - E)

] . .
This is called the Kurie plot, wmﬁh should be a straight line intersecting

the energy axis at the end-point ene;rgy. 8
After.a beta decay, the daughter nucleus i3 often left in an excited

state. Hence, the beta spectrum generated will contain several branches.

Therefore, to separate various beta branches, it is desirable to'collect

.beta spectra gated by the detection of subsequent gamma rays. ' In these

measurements of B - Y coincidences, a vertical superconducting solenoid
(Fig. 13), which is kept at lniquid helium temperature, was used (Moore et
al. 1976). The superconddcting  solemoid, with.l20. amperes curre;}t, sets
up an axial magnetic field of 4.4  Tesla along its inner bore. The detector

- I
used was an intrinsic germanium crystal with.d 30 nnn:Z surface area -and 1 cm

~ -
. 4 ey
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Figure 13
# .

Sectional view of the superconducting solenoid.
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¢

depletion depth. Such a detector has both large energy range and 'good\
'resolution. In th‘is arrangement, gositrons'emitted by the source travei‘l in
helical orbits along the bore to vthe detector. ‘Therefore the solid ang‘\.le
‘for positron detection (23%) is greatly enhanced ove; the solid angle .f‘or
gamma ray detection. A vertical 8%. ée(L?) detector, below the source, was
used as the Y-ray spectrometer with 2‘.4 keV FWHM. 'The c;oincidence circuit
used is similar to that of the tx;o pa:fameter gamma—gamma coincidence arrange-—
ment discussed earlier. Pileup effects were eliminated by using a pileup °
rejector on'thé preamplifier output. Although the Yy-rays are suppreaséd in ‘
the B-spectrum, the stirong ones are sui'table for calibration. Hence, the
B—desector was cgl!.ibrated using the known y-rays: in the standard sdurces..

T~ -
The data were later-analyzed by placing a gate on the gamma ray and on

the neighbourir;g b}ckground. The distortion in the background-subtracted
positron spectrum, caused by backscattering, bremsstrahlung and summing with
the annihilation\quhnta was corrected usiné the c'omputer code "BETABRAR"
(Hetherington 1981). Although th‘is computer code was ;:l'esigned to correct
for distortions specifically in "elgctron'spectra, the correction for positron
gpectra should be simi:lar; some added distortion i’s, however, expected
arising from the summing with the asmihilatiqn quanta.

Cdrrjections were made for the loss of enmergy of tihe positrons in passing
through the tii; of 1:-he beryllium container of the gas target which is about
47 'mg/cm2 thick. Since the stopping power of material for electrons with
.energies greater than 2 MeV is essentially constant (1 keV/mg/cmz) » the beta
end-point shif;cdue to_ the container is estimated,‘ to be al%but 50 keV. The

energy loss due to the beta detecj:or's aluminum window (10 mg/cm2 thick) was

also corrected fors




e L

Vo

v. ‘Det.ermin'ation of Internal Conversion Coefficients °

Aanucleus in an excited state usually deexcites to a lower state either
by gamma emission or by internal conversion. In the int;amal conversion
process, an orbital electron, which will acqﬁxire the available energy, }s .
ejected. In this process the internal conversion coefficient o is defined
as the ratio of the probability for emission of a conversion elect’rt';n Ac

to the probability for emission of a gamma ray AY.

P

,

o= )‘c/)‘Y

Since the probability for emission of a conversion electron is the sum of the

probabilities of ejettion of K-, L- and M- electr?ne etc.:

G“CIK+0.L+(1M+......

For a given transition energy, the conversion coefficients depend on the type
of transition and the multipolarity. The measurements of internal conversion
coefficients is} therefore, used to find the brder of the multipola/rity of -
tl}e transition and to identify the spins and parities of tllxe nuclear states
involved. .

The :I:ntemal convefsion coefficlents are usually ;let:ermineﬁd by. measuring
gamma ray and .elecéron‘\éfansition rates. Intermal conversion electron spectra
are often measured using ‘a conventional ‘beta ray spectfometer or a solid state
silicon detec'tlor. The beryllium container of t:hé xenon gas target, 47 .mg/cmz..
thick in the tapered end and 140 mg/cm2 thick on the sides, stops internal

v

conversion electrons with energies < 175 keV. ‘Energy loss and straggling

'pe;:s:l.sts up to 500 keV resulting in broad lines .ahd large'low energy tails.

For this reason the common methods of measuring intermal conversion coeffi-

4 ©

clents cou.'l,.d not be used. fnstead, an indirect method oﬁ determining the
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3 ) : L
number of K-shell vacancies caused by the ejection o\f K conversion electroms

v B ! \ . ‘ ’
per unit gamma ray intensity was used, o : ‘

‘ot
X-rays in coincidence with any Y ray are due to internal conversion and
r o P

electron capture, If a gate :Ls/placéd on the annihilation quantum (511 keV)

in a gamma-gamma coincidenced experiment, only x-rays that are due to the
internai cogwersion process are presen; in the resulting spectrum. )
After an’;.ntemal conversion process the dtom is left Lwith a vacancy
and is therefore in an’excited staté. Transitions between varicus atomic
states could be carried out by emission of “x~rays or by other radiationless
processes. The fluo'rescence'yield. of an atomic shell is defined as the

probability that a vacancy in that shell is filled through a radiative tran-

sition (Bambymek et al. .1972). Therefore, for the case of the K-shell of

an atom: \
W = i
x = Tx/mg : .
where: L . : ~
Wy = The fluorescence yleld of the K~gshell -

IK = Total number of characteristic- K x~ray photons emitted from

a sample

n, = The number of primary K-shell vacancies ' .

By correcting 'for the fluorescentce yield of the K-—she}i and the primary

’

K-shell vacancies, the K~-internal elect;:on ti'ahsiqion rate could be calculated

from the intensity of the observed ,K x-ray in coincidence with the annihilation

quantum. The values of the K x~ray fluore}scence yield are tabulated for
‘ W M

different ;lements (Lederer and Shirley 1978).

> -
’ i

- 2 -
2

- 3 «




ta

- 39 -

.vi. Angular Correlation Techniques

e

Gamma rays emit;:ed from a radioactive source are isotropic, since the
nuclei are randomly oriented. Gamma‘rgys emitted from'nuclei with a pre-
ferred direction are é.nis?tr_opic. The gamma-gamma a‘ngular’correlation is
a method of picking out only those nuclei whose spins lie in a preferred
direction.

Nuclei in a state J; may be observed to decay to a state J which in
turn goes to a state J £ t;hrough successive emission of two gamma rays
Yl and Y, The observation of Y1 in a fixed direction then selects a group
of nuclei which has a nownisotropic distribution of spin orientation. Hence,
theré is a corr lation between the direction of Yy and ¢hat of Yqe

An angulag) correlation measurement is carried out by using two detect[:;)rs
which observe gamma rays in coincidence. One of the detectors is held in a
fixed position and the other detector is moved about in a plane containi;lg
the target. The coincidence rate between Yl and YZ is then recorded as a ,
function of the angle © between the two detectors. The shape of the angular

correlation observed between"yl and 2 can be described by the formula:

W) = A + A2 (Cose) + A' (Cose)

= Ao a4+ A2 (Cose} + A4 P4 (Cosb))
" where s .
‘ A A
4 -
: A, = — A, = —
2 4
Ao A0

P(Cosf) = Legendre polynomial 5

# W(#dR = The probability of finding Y, within a solid

angle QQ. at an angle 6 from Yy

.
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This angular correlation function W(8) depends on the angular momenta

J 1 J, J £ ‘Therefore information can be obtained about the spins of nuclear

.8tates by observing the angular correlation of successive gamma rays.

This method was used in the present work to determine the position of -
1

1:MXe. 122CB was produced by the

the first excited 0+ states in 122Xe and
(P,3n) reaction on 124Xe, using a 45 MeV proton beam. A total of about 2000
samples were used in each experiment. The angular correlation set-up consisted
of a fixed 187 Ge(Li) detector and a movable 7.5 cm X 7.5 cm NaI(Tl) detector.
The two detectors were kept at fixgi distances of 7 cm and 10 cm respectively
from the cent‘re of the source. In the case of 122Xe.a 15% Ge(li) detector

was used as the movable detector. A coincidence circuit, similar to the one
discussed earlier (Sec. iii), was used. The resolving time of the circuit

was about 15 ns, and the count rates were kept low in order to keep the random
rate at a negligible level.

Normalization of the data at various angles was carried out by accumula-
ting a singles spectrum simultaneously with the coincidence spectrum. In the
analysis, gates were set on the movable detector and intensities of the
Y rays of interest in the resulting spectrum were normalized and plotted as

a function of the angle between the two detectors. The data points were then

fitted to the function W(8) and the values of % apd Al; thus obtained were

* v

compared to the theoretical values.
An additional correction on thHe experimental values of A2 and A4 is

required to account for the solid anglés subtended by the detectors.
, AKgxg
' QK

where QK is the solid angle correction factor. The method developed by

Krane (1972) was ‘employed in calculating these correction factors,

£

t4

&
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(V’; B. EXPERIMENTAL TECHNIQUES USED IN IN~-BEAM STUDIES
i. Production of 12?Xe and 124Xe Isotopes
122 124
High spin states of Xe and Xe were populated via (0,4nY) reactions

122 124

on Te and Te respectively. Enriched (96.4%) lzzTe, and (92.4%) 124Te

targets were bombarded with'a 4He stretched beam with a typical intensity of
2-3 nA. The excitation functions were studiegpht 49, 54, 59, 64, égsand
76 MeV bombarding energies. The beam energy was varied by introducing

different thickness degraders into the beam. Analysis of excitation functions

of 1lines that were assigned to lsze and 124Xe in earlier works, indicated

that the maximum production for 122Xe and 124Xe is achieved at 54 MeV B

bombarding energy. The other significant reaction channels observed at this

energy were found to be the (a,3n) and (¢,2n) reactions, Therefore, in the

case of the 124Te target, levels in 125Xe and 1263e were also populated. .

[
It was also found that the (a,p2n) channel is significant in the case of the

J
more neutron deficient target of 122Te. Hence, when the 122Te target| was

bombarded, 124Xe, 123X£ and 1231 were produced along with 122Xe. Leveis in-
some other iodine and tellerium isotopes were weakly'populated in both casés.
The trends of the excitation functions were found to agree with the theoret-
ically predicted ones. Those were preéicted on the basis of fusion evapora-
i’ tion reaction calculations using the computer code ALICE (Blann. 1978). -

Because of the complex nature of the gamma-ray spectra, the excitation
F 4

functions were used as a preliminary study to determine a set of transitions

that could possibly belong to the isotope studied. The final identificationm,

however, was mainly based on coincidence results. .
. 2 -

Singles spectra were also recorded with and without the beam present.

Comparison of the two spectra was used to identify.beta-delayed gamma rais.
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The multiplicity filter set up which will be discussed in section [B(iii)]

of this chapter was a very useful tool in reducing the intensities of gamma

rays that were due to radioactive devay of the prd&uct nuclel,

°

-

~

11. On-Line Gamma-Ray Measurement Techniques

The (a,xn)} reaction on medium-heavy deformed nuclei leaves the residual
nucleug in a highly excited state. These high spin nuclei deexcite by
emitting unresolved and discrete gamma rays to “khe yrast levels. As' a result

.

a high background is character:lstil of in-beamgamma ray spectra. The gamma
measurement techniques are basically similar to the ones discussed ear]:ier
in the chapter iA(ii)]. In addition to the 10% and the 18% Ge(Li) detectors,
a 167 hyperpure Ge detector made by Aptec, with 2.3 keV resolution at 1.3 MeV,
was aldo used.

The bombardment of Ge(Li) detectors for a long time with neutrons results
in damage to the intrinsic region of the Ge(Li) crystal (Kraner et al. 1968).
The most pronounced effect is the deterioration of the energy resolution of
the detéctor after it has been irradiated with 1010 neutrons/cmz. In order
to avold radiation q%mage to\the detectors and also to reduce backgl;ound, the
detectors wére housed inside the cage which was shielded as described
earlier (Chapter II). The detectors were always placed at a backward angle
with respect to the beam direction. TIn addition the crystals were also shiel-
ded with layers of cd,Pb, and Cu. In spite of all these precautions, a few -

detectors suffered from deteriorating resolution accompanied by ‘a tail on t:he”’

’

high energy side of the photopeak. The neutron damage of these detectors
might have been caused by their usé in a low neutron flux area for long

periods of time. At the late stages of this work, an n~type coaxial Ge

[
'Y
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detector (19% efficiency, and 2.1 keV resolution at 1.3 MeV) having a

reverse electrode conf}guration compared to the conventiongl one, was uged.
It was recently foundsth;t this tybe of detector is about 60 times less
sensitive to radiation damage (Pehl et al.. 1979). While accumulating gamma
ray singles the count rates were kept reasonably low, since the detector's
gesolution\is a function of count rate. The shielding layers around the
detector crystal bloc# out x-rays, and hence assistgd in keeping ;he count \
. rate reasonably low. Maintaining good resolution was very useful in
separating éomponepﬁs of multiple peaks.

In order to calibrate the system and determine the relative efficiency
of the detectors at different energles, spectra from the standard sources ;f
152Eu and 5600 were accumulated before and after each experiment. The
standard sources were mounted on target holders and placed at the target
position in the target chamber. i

Gamma ray analyses were carried out using the techn%ques diséussed in

the earlier part of the present chapter [A(dii)].

1ii. Gamma-Multiplicity Filter

-

High-spin states populated in the residual nucleus will deexcite to

the ground state through a long cascade of gamma rays which is capable of

removing the angular momentum of the system. 6n the other hand beta

~ decay usually feeds low-lying levels. The spectra accumulated in an in-beam

experiment contain a considerable number of lines from radicactivity which ]
often intgxfere with the aﬁhiysié of the in-beam ‘y-rays. Ong’yay of over- .'Q.
coming ghfs‘ﬁ?ggiaﬁr;zaucing hackground,-anh enhancing members. of bands , L

that form long cascades is té'set up a coincidence system which will only

J
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record events when at least three gamma rays are detected simultaneously.

Long cascades will thus have a much higher probabiliéy of being detected

than cascades which contain few gamma rays as is tlie case with radiocactivity.
One could even get rid of more radiocactivity and reduce the background even
further by only accepting events which were detected when more than three \
gamggkrayg were detected sipultaneopsly; this procedure will of course
reduce the coincidence count rate cons;derably. Preliminary experiments
indicated that the decision of which res;riction to place on the recorded

events varies from one nucleus to another depending on the spin of the

populated levels, the deeicitation process and the relative intensity of

the members of a cascade. They also showed that one might even need to
place different restrictions on different cascades in the same level scheme.
It was therefore decided that the best technique would be to record the
multiplicity’of each event along with the energy. The multiplicity filtér
set-up s shown in the photo in Fig. 14. In this measurement 10% and 18%
Ge(Li) detectors were used to detect Y -y coincidences. Two 5 in X 5 in
and four 3 in X 3 in Nal detectors were used to obtain information on the

multiplicity of each event recorded as a coincidence by the two Ge(L1)

detectors. The two 5 in X 5 in detectors were placed on the top and

_bottom of the beam line, sandwiching the target chamber, while the 3 in X 3 in

- ones were placed on the sides looking at the target. The analysis of the

data obtained from this measurement indicated that the scattering d% gamma
rays from one detector to another was causing false multiplicities to be
recorded. In order to cure this problem the detectors had to be shielded
from each other, Hence, a newy y-multiplicity set-up:was designed (Fig. 15).
Inhthis arrangement a 167 thype Ge detector and a 19z'n-type Ge detector

with resolution 2:3 and 2.1 keV at 1.3 MeV, respectively,'were used. The
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Figure 14 S

A photograph of the set-up of the early

version of the gamma-multiplicity filter.

.
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angle between the detectors was fept at 135°. Both detectors were placed
at a backward angle to the beam to avold radiation damage. Six 3 in X 3 in
NaIl detectors and one 3 in X 3 in BGO detector were used for registration
of coincident events. The seven detectors were h;used in cavities that
%er; drilled in two hemispheres of lead. These hemispherés were place&
facing each other with the beam'line and the coincidence target chamber in
the middle, centered about the t;rget position. The Positions of the
cavities were chosen in such a way that the lead would shield the detectors
from one .another and hence avoild cross~talk. The seven detectors were
placed equidistant from the target.” The two lead hemispheres were connected
together with threaded steel bars so that the size oﬁ the gap between them
could be adjusted. Layers of Al and Cu absorbers were placed between the
NaI detectors (and the BGO) and the lead in order to block lead x-rays.

!

The two Ge crystals were also shielded in the same fashion.

The signal processing circuit is Shown in Fig. 16. It contains a
gamma-gamma coincidence set up between the two Ge detectors. The arrange-
ment is similar to the circuit discussed earlier [TII(A(141))] e;cept that
an ARC (amplitude and rise-time compensated) timing unit is used to do the.
job of the timing filter amplifier (IFA) and the constant. fraction discrim-
inator (CFD) used in th; earlier set-up. In order to ééi;et pileup pulses),
the SCA output was fed into a linear gate stretcher which was gated in the .
anti-coincidence mode with the pileup rejector pulses from both amplifiers.
The six Nal and the BGO detectors were ;sed only for timing, and provided
no information about the energy of the events. Pulses from the seven,
detectors were first fed “into a LéCroy 12 channel amplifier, and then into
a LeCroy 8 channel fast discriminator for shaping and amplification. The

output pulses were then fed into a LeCroy 16~fold register through some
LY * f//”
' : ' /
| /
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Figure 15 .

Diagram of the new gamma-multiplicity filter.
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' . _ Figure 16
' Circuit diagram of the y-multiplicity filter.
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delay lines. The lengths of the delay lines were adjusted to ensure that
all signals reached the coincidence register module at the same time.

The negative fast timing pulse from the 16% detector was split into four
iy

components. One was used in the gamma-gamma set-up, while the second was

delayed\and used af’ an inpiut to the register. The third was fed into .a ”
fast gate str»etcher whose output was adjusted to = 70 ns to gate ‘the
register. The last component was deleyed about-10 ns from the-end of the
gate and was used as a clearing pulse fer the register, resetting it ‘10 ns
after each gate pulse had terminated. The register vould only give an
output when one or more gamma rays arrived within the- gate period (i.e.

at the same time as a gamma ray is detected by the 167 detector). The-
voltage of the output pulse of the register was proportional to the number
of signals arriving simultaneously within the gate. T’he negative outi)ut
og the register was then passed through a dyal summer and inverter and

a linear gate stretcher to obtain a positive pulse with approximately 1, us
width. This pulée was used as the inpui: to the third analog-to-digital
converter (ADC). The other two ADC's registerec} the gamma energy from the‘
two Ge detectors. The gate obtained from the (TAC) on the gamma-gamma side

~

was used to gate the three ADC's. - In the third ADC spectrum, the channel

'
.

number represents the fxeight of the register output (i.e. the number *of

»

detectors triggered simultaneously). Since we were t'riggering the third

ADC with the gamma-gamma gate, the multiplicity was recorded for only those

events that triggered the two Ge detectors simultaneously. The multiplicity

* oy

spectrum (Fig. 17) contained eight well-*reféolved_peaks. The first peak

represents those events when no Nal (or BGO) were triggered (i.e. simply

<

two gammas in coincidence). The second peak contains events when one Nal
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g} detector was triggered along with the two Ge detectors. The third peak
dorresponds toJa’ cascade of four gammas detected by the system, and so
on. Although the lead shielding “hemispheres could accommodate up to 10

detectors, only seven were used in this measurement. Increasing the

e

pumber of detectors embedded in the lead shields would increas;a the solid .

¥

angle and hence the efficlency of the system.

The data were written on magnetic tape event by event, where each event
was written as the energy of Yl’ the energy of YZ in coincidence with 1it,
and the multiplicity of the casc;de to which Yl and Y.2 belong, as seen by
the system.. The data were later sorted using a special program (XMSRT3) .
on the PDP—l]: computer which was designed for th;eefold coincidences. The

. data were analyzed several times by demanding different numbers of Nal
i @ w

4 (or BGO) detectors in coincidence with the gamma pair in the Ge detectors.
Background gates were set along with the photopeak gates on one of the Ge

H % b
detectors and the resulting spectra were compared. Fig. 18 shows the

(gating) total spectrum on the 19Z n-type Ge detector obtained with diff-

¥

erent numbers of gammas in coincldence. It 18 clear that demanding that

5 ¢

one or more y-rays be detected along with the gamma pair reduces the !

intensity of lines due to radicactivity along with the general background

.

’ level-and it also enhances the in-bezam lines which belong to.long y-cas-

r

cades.\y‘From these spectra one can draw conclusions about the actual
multiplicity of the caqcade to which a certain ‘gamma ray !be'longs. This b
is a very useful tool in constructing level schemes. ‘ .

In the case of 122Xe and 124}&2, it was found that demanding at -least’

4

one gamma in addition to the pair in coincidence gave the best results.

.

The multiplicity filter arranged in the fashion described above is a

i .

0 very pov}erful experimental tool; the data accumulated contain information
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' Figure 18 ,

The gamma-multiplicity filter gating -
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usually obtained from three or more experiments.

iv. Neutron-Multiplicity Filter

The 4He-induced reactions below 25 MeV in medium and light nuclei
proceed wia the foxj:t;nation of compound nuclei. It has been noted by
Sarantites et al.. &\19.78), that above 25 MeV the coﬁpoun:i ;nd precompound
process compete. At/'SO ‘MeV, though, the compound nucleus process dominates
and the x:eaction cétjxld proceed via the combination of the two processes;

a number of fa;t neutrons are emitted at the pre-equilibrium stage and
later some slow neutrons are evaporated at the equilibrium stage‘ (Sakai

et al. 1979, Ejiri et al. 1978). These evaporated neutrons are presumed
to have energies corresponding to the nuclear temperature (= 1-2 MeV)
(Johnson and Szymanski 1973)., 1In the p(:’fe—equilibrium process the tieutrons‘
are emitted preferably in the forward angle while the neutrons evaporated
after the formation of the compound nucleus are isotropic.

A vefy useful technique of eliminating tadiocactivity transitions from

a singles spectrum is to count the gammas in coincidence with the emitted

neutrons. Such an experiment will also enhange transitions tlm: belong
to reactions with higher numbers‘of ev;porated neutrons. Transitions that
follow an (0,4n) reaction, for example, will have a hﬂighet probability of
bging"ébtecte& than those following an (o,3n) of’(a ,p3n) reaction.
Dema:'xdh;g two neutrons in coincidence with the gamma detected instead of
one further enhances those transitions.

A gamma-neutron multiplicity experiment was therefore carriled out.
The set-up is shown in Fig, lé. The gammas were detected by the 16% Ge

detector. Six liquid scintillators (NE213) detectors on loan from the

. Uniirersity of Manchester were used to detect neutrons. Since these neutrons

b
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Figure 19 .

The ne\itmn-mltiplicity setup.
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are expected to be emitted preferably in the forward angle, four of these
Y
detectors were placed downstream from the target covering an area of 0.5 m

around the beam line. Those detectors were about 5 cm thick quadrants,
while the other pair had a cylindrical shape and were about 12 cm thick,
with 100 cm2 surface area. The two detectors were placed on opposite sides

of the beam pipe, to observe the target at a 90° angle. The aim of the

experiment was to accumulate ganmma spectra in coincidence with different

.numbers of neutrons. For this reason the neutron multiplicity of each

~ -

event was recorded along with its gamma energy. The schematic diagram of

the set—up 18 shown in Fig. 20. The ;nergy output pulse of the Ge detector
was first amplified, and then fed into-the analog—to-di;gital cc;nverter (ADC) .
Since gamma rays wil]‘. also be detected1 b}ﬁthe l1iquid seintillators, the -
pulses from the photomultip]ziez,]s of these degectors were fed through pulse
shape discrimators (P.S.D.ﬁ“("Link Systems"i)iscriminator model 5010) to

differén’tiate beﬂtween neutron and gamma ray pulses. Such discriminators

¥

exploit the digferent decay times obs;arved in liquid scintillat:or; when
irraciiated with neutrons and gamma rays. Their principle of operation is
based on the comparison of two weighted time integrals of the detecgtor
signal over periods of 25 ns and 500 ns. Their output puls;s‘ vere then
de}ayed, to arrive simultaneouslly. This was done by feeding the pulses

into a discriminator, whose output varied from -lv to zero, so that when

this was used as an input to a afecond discriminator m(which triggered on the
negativé slope) the output pulse cbtained was delayed by the adjustable
width of the first output. These output pulses were E:hen fed through a

disérimirfatoi' and the '16-fold register. The reglster was gated with a

signal derived from the t/i\niitig output pulse of the preamplifier of the Ge

-
e
L0

detector. This pulse was also used to reset (clear) the registér. It was
. \

B

——




) . =56 - \
— A
: i
: - ) / «
LY . @ ) 5
o
e - £
- * ‘ ‘ !
. |~"
' - ' “yr
¥ .
Figure 20 .
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delayed so that it would arrive a few nanoseconds after the end of the gate
pulse. Gating the register with the Ge pulse ensured that the output of
the regis}:er was in coincidence with the gammas detected, The register's s
negative output was amplified, inverted and then fed intosa linear gate
stretcher ‘'which adjusted the pulse's duration to 1 us, suitable for an
input to the ADC gate. ) The inhibit pulse from the gamma amplifier and the
register's inverted and delayed output were f‘ed into a slow coincidence
unit, set on anti-coincidence mode, and the output was used to gate “the

two ADC's. The ADC's could therefore count when the register gave an out-

put excluding pulse pileup. The register output's height was proportional

to the number of pulses 'a;:riving simultaneously within the gate (i.e.

the numbér of meutrons detected). Since the ADC's were gated with this
pulse, only gammas in coincidence with any number of neutrons will be
accepted. The second ADC Spéctrum 'containld the neutron multiplicity. \
Since the highest number of neutrons came from the (a,4n) f'eaction, five -
peaks appeared in the multiplicity spectrum, with the fifth peak due to
random events. The data were sorted on-line during accumulation by setting
gates on the neutron multiplicity peaks, and the resulting spectra were;then
written on DEC tapes. TFig. 21 shows a ga@a\singles and the éannna spectra
obtained in coincidence with one, two and three neutrons, These spectra
were obtained from the (o, é4nY) reaction on 122Te. The figure shows clearly
the large r;tttenuation of the Intemsities of ,the radiocactivity gamma ray:s.

The intensities of various gamma rays were then plotted as a function of

the number of neutrons in coincidence. The results are discussed in

z

Chapter IV.
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V. Angular Distribution o

As mentioned earlier in this chapter [B(iv)] the (onY) reactions proceed

mainly via the formation of the compound nucleus. In the case of an even-
L .

even target with spiri 0, the spin vector introduceqd by the alpha particle

is well aligned in.a direction perpendicuylar to the beam axis, producing a

®

completely aligned compound state (Eié.mond 1966,,” Morinaga and Yamazaki

1976) . The spin alignment at the inditial st;ge of the (q,m’y) reaction has,
been reported by Ejiril et al. (1965, 1966, 1972), Halperm et al. (1968),

and Williamson et al. (1968) to be preserved. The original orientation is
retained to a conmsiderable extent by the residual nucleﬁs, since the angular
momenta carried away by thei evaporated neutrons and early gamma rays are too

,/
small to disturb.the spin alignment greatly. Because of the alignment the

gamma r¥ays emitted from tgxclear states display characteristic angular
distribution patterns with respect to the beam direction. This angular

distribution has the following form: # } .

W() =1 + A2 Pz(cosﬁ) + A P4 (cosb)

vwhere: 0.ls the angle between the incident particle beamdirection and the
direction of the gamma ray emitted.

Pk = the Legendrée polynomial.

Sinceathe alignment of the populated states 1s partial, the angular

distributions are attenuated

.

P
The theoretical coefficients A::ax for complete alignment have been tabulated
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(Yamazaki 1967). The attenuation coefficients a, express the degree-of

alignmment of states in the regidual nucleus. The attenuation coefficient

b
¥

is defined as the ratio of the actual statistical temsor to the istatistical

’ [

tensor for complete alignment;: (Yamazaki 1967), If the evaborated neutrons
take out angular momenta at random, then the prulation of magnétic substates
is Gaussian with respect to the beam (i.e. about the m = 0 substate, taking
the beam direction as the’axis of quantization) with width ¢g. This was

!

experimentally confirmed by Diamond ‘et al. (1966). It was also experiment-—

ally found (Kitching 1981) that for any partially aligned level:

1.8
J4+0.5

o

“~ |a

The attenuation coefficients a.k are tabulated versus, o/J (Der Mateoslan and

o4

Sunyar 1974).

In the present work, angular distribution measur;ments were carried out
using an 18% coaxial Ge(Li) detector fixed at a 90° angle with the beam. A
10% coaxial Ge(Li) detector was placed on a rotating platform 12 cm from.the
_ target, which wasnplaced at 45° to the beam direction. Spectra were accumu-
lated with the movable detector placed at 90°, 100°, 110°, 120°, 130° and
140°, .with respect to the beam. Later the photopeak intensities were nor-
malized using the corresponding peaks/ in the fixed detector. In cases vwhere
the gamma ray under consideration was very weak, the intensity was normalized
to the E2 2+ + 0:'. transition intensity in the monitor, in order to‘reduce'
the uncertainty in the measurement. The normalized intensities were then

fitted by least-;squares analysis to the Legendre polynomial expansion. The

exPerimental coefficients A;"P and AZxP were then extracted. Because of the

[N
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v

finite solid angle subtended by the-.detector the observed angular distribu-

tion is different from that expected with a "point" detector, and has the
form:

! Ll

W(e) = T P, (cos®
S Q Ay Bylcosd)

where Qk is the correction factor, hence:
v »

exp ”
A

%

where Qk is a function of the gamma ray enetgy, source-to-detector distance
and the detector dimension (Krane 1972). Duesto the large size detector
used and the relatively long distance, the finite solid angle corrections

L]

were kept small. The corrected coefficients A, thus extracted were then used

to obtain :Lnformat?.on on the multipolarity of the transitions and hence the

\

spin of different states. This was done By comparing A.k with the tabulated

max max
4 and o (A = oy A
by the level scheme. Information on the degree of alignment of different

states In the residual nucileus was also obtained by empirically determining
A .

Sy
) for different podsible spins that are suggestefl

[y "]

az(az = ) for established transitioms.

N>E I
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CHAPTER TV - EXPERIMENTAL RESULTIS

A. RESULTS OF DECAY STUDIES
3

-
a) Decay of 124C3

i. Previous Work

The decay of 12 4Cs was first reported by Chaumont et al., in 1969.

v

g
Using the on-line mass-separator technique they measured the half-life of

the beta decay of 124Cs to be 26.5% 1.5 sec. In 1972, Droste et al.

produced 124Cs via the llsln (120, 3n) reaction. They observed a 354 keV

transition which decayed with T1 /2 = 34 * 6 gec. The ttansition was

attributed to the decéy of l?'l'Cs based on excitation functions. They also

produced 12I‘Ba sources via the l]'6Sn(120, 4n) reaction, and studied levels

populated in the 124Ba + 124Cs +> 124Xe decay chain. Another two transitions

of 492 and ;847 keV were assigned to the decay of 124Cs and a decay scheme °

was proposed, with two excited states of energies 354 and 847 keV. Westgaard
et al. (1975) measured the total beta decay energy of 124Cs to be

= 5.92 + 0.46 MeV. This result was obtained from their measured end-

QEC
point‘énergies for the branches to the first and second excited states in
124Xe. 4

1

Using atomic beam magnetic resonance techniques at the ISOLDE isotépe

separator at CERN, Ekstrom et al.(1977) measured the ground state spin of

12Z’Cs to be I = 1. Even parity was assumed consistent with the cesium

ground states from A =="‘{9122 up to A = 130.

Following the completion of the present work, a study of the decay of
12409 by Charvet et al. (1977) was published. Separated %2405 sources
were obtained, following the bombardment of a lanthgnum target with 600 MeV

protons. These data led to a decay scheme of fourteen excited states.

#
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Subsequently, Droste et al. (1978) published their own findings on the decay .

of 12403 which was produced in the 12 qu (p,n) reaction with Ep = 9 5 MeV..

Their group proposed a decay scheme with“four excited states, but neither

the ha,alf—life nor b'eta end-point energy wére measured. The results of both

publications will later be compared with those of'. the present work. A

detailed' in-beam study was carried out by us, and the results will be )

presented in part (B) of this chapter. We also performed angular ‘correl-
ation measurements on 124Xe, in order to identify the position of the excited
0+ states. These results wil’i be presented in section (d) of this chapter.
14
.
ii. Gamma Ray Spectroscopy

Levels of 124Xe were populdted in the beta decay of 12403. Radioactive

gources of -124C3 were produced in the (p,n) reaction on 124Xe targets using
15 MeV protons with a bomba%:dment time of 30 sec. The gamma spectrum of the
decay of 124Cs was measured,l, using the 18% Ge(Li) detector (Fig. 22). The

124Ce’., while the unlabelled ones

y-rays labelled belong to q/he de;:ay of.
mainly arise from the deczy of cesium isotopes with mass number 123, 126,
127 and 128. The enérgies and intensities of gamma rays assigned to the
decay of 12408 are given in tabl® 1. The 492 keV gamma peak is a“ doublet,

produced in the decay of both 124 126

I3

Cs (492.6 keV)' and Cs (491.2 keV)

(Pathak et al. 1976). This was accounted for in the intensity calculation.

12405 decay was measured using the multispectrum

The half-life of tHe
technique described earlier [IITA(11)]. Sixteén consecutive 10 second

groups were accumulated. The rapid pneumatic transport system enabled us

“to start counting only a few seconds after the end of bombardment. The

measured half-life is 29,7 + 0.2 sec. This value was obtaim/ad from the
- - - N

time decay of the 354 and the 915 keV gamma rays, shown in Fig. 23.

7

¢
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a

TABLE 1. ‘%cs (29.7 * .2 _s%c) Gamma-Ray Energy and Intensity
S
: N [
EY(keV) R ‘ I.Y% )
354.4 £ 0.1 i} 100
359.5 * 0.6 <.3 . v
401.2 t 0.3 0.3 £ 0.1
422.7 + 0.2 0.9 + 0.1
7 492.6 ¢ 0.1 7.0 & 0.3
524.5 ¢ 0.3 0.7 + 02"
846.9 + 0.2 2.89 * 0.16
. 893.7 £ 0.2 “ 0.6 £ 0.1
915.2 ¢ 0.1 9.7 * 0.6 ’
1274.7 + 0.3 1.59 + 0.12 ’
1336.0 + 0.3 1.52 t 0.14
| 1629.1 + 0.4 2.13 t 0.13
. 1689.8 * 0.4 1.15.¢ 0.13 l

2020.4 t 0.4 1.54 * 0.14

4

Intensity deduced from coincidence measurement

o

G




‘experiment are given in table 2. Fig. 24 shows the background subtracted

the 492.6 keV gate are the 388.6

. r .
and sups and differences of gamma ray energies were used.” In the present

transition an inconclusive value of QE = 6.1 % 0,5 MeV was obtalned due to

. - 66 -
' ! ) . ) i
In the gamma-gamma time coincidence measurement, two coaxial Ge(Li)

detectors, with 102 and 187% efficiencies, were used. The results of this

spectra which were obtained by setting gates . on: the 354:4, 492.6, 846.9:

.

e two unidentified 1lines, /ﬁh?.&h appear in

and the 915.2 keV gamma rays.

d the 434 KeV y-rays, in coincidernce with

the 491.2 keV transition of 126Cs deca (Pathal.c et all i976). The 524 keV

Y-ray is identified mainly from the coincidence measurements, since in the

125

singles spectrum it falls between the 526 gamma peak of the Cs decey

(Jha et al. '1972) and tﬁe tail of the 511 annihilation peak

L]
®
¢

1ii. Decay Scheme and Discussion .'J

\

The 12405 decay scheme deduced from the present} study ils shcfwn in

Fig. 25. 1In order to comstruct thls decay scheme, the measured half-life of

= 5.92 MeV (Westgaard et al. 1975), c¢oincidence results,

T,,, = 29.7 sec,

1/2 Qpc

v

work a B - Y measurement was carried out to determine the end-poin& energy.
! !

However, from the bet.a spectrum obtained in coincidence with the 354 keV

-

1

poor statistics.

” .
The beta feeding to the ground state of 4Xe was calculated by

-

accounting for the feeding to excited states in ti?e total beta activity due

to the decay of 1240s. The intensity of the positron activity of 12 ACs decay

was .calculated from the multispectrum data accumulated with the copper ¥
positron annihilator around the source, The annihilation quantum (511 heV)

time decay was then fitted to a mixture of four hdlf-lives (29.7 sec, 45 min,

98.4 sec and 234 sec) representing the half-lives of 12409, 125«09, 12663

\
v

“
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TABLE 2.

12403 Gamma-Gamma Coincidence Results

Gate

Coincident - Gamma Rays, Ey(keV)
EY(keV)_
354.4 422.7, 492.6, 524.5, 915.2,11274}7, 1336.0, [1689.8], 2020.4
492.6 "354.4, 422.7
846.9 422.7 :
‘:
915.2 354.4 ’
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and 12803 isotopes, respectively (Fig. 26). A correction for both absorption

and annihilation-in-flight was then applied (Azuelos et al. 1977). All the

12405 on the basis of half-life were

45

placed in the decay scheme. The levels at 354, 846, 878 and 1248 keV were

gamma rays assigned to the decay of

. {
observed earlier in‘-an in-beam study by Kusakari et al. (1975) and were
+ .+ o+
assigned 21, 22, 41
(2;:) and (31-) 1248 keV levels were interpreted as members of the quasi- ‘

gamma band. The 354 keV level is fed from the 124C3 (1+) parent by a beta
e :

branch of 19.4%, yielding a log ft value of 5.3. This allowed beta transi-

and 3-{ spins respectively. In their study, the 846 keV

tion is therefore consister’lt with the 2+ spin astsié’;unent. This level and

+
the 878 keV'level were confirmed to be the 21- and 41 states of the ground
-

state band from our in-beam measurements, as well as the earlier one by
K;sakari et al. (1975Y. The Yog ft value of 7.1 for the 878 keV level there-
fore seems low. This could be the result of unobservable gamma transitions
feeding that level from higher ones. In the recent study by Charvet et al.

. (1§77) three weak gamma transitions did in fact appear to feed this level;
these were not observed in the present work. The R-feeding to the 846 keV !
level has a log ft of 6.0, suggesting an.allowed or first~forbidden transitionm.

The spin assignment I = 2+ is also consistent with the relative intensities

of the deexciting gamma rays of 846,9 and 492.6 keV to the 0+ ground state

'
i
1
P

and 2; state., This assignment was also confirmed by our angular/correlation

results [IV(d)]. The 3+ spin assignment of the 1248 keV level was made on

the basis of the jin-beam measurement and from the decay of this level to the

2+ and 2; states. Although the measured log ft value of 7.1 is low for a

1
-+
3 assignment, this level may also be fed from higher levels through very

-~

weak gamma transitions. Since the state at 1269 keV 1s fed by a beta transition

-, / .
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Figure 25
Decay scheme of 124Cs. Transition intensities

shown are per 100 decays of the 354 keV transition.
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~ .
(“) with a log ft of 5.8 from a 1+ parent, its possible spins are: (0,1,2)+.

However the level is strongly connected to i+ states with no transition to

o e o ot r———

the d+ ground state and was therefore proposéd to be the'first excite§'0+

: ) state. This assignment was later éonfifgggzgn the basis of results of the
angular correlation of the 354 -,315/1;; transitions. The detalls of this
measurement will be presented in séction (d) of this chapter. The level at
1629 keV was assigned J" = (1,2)+ on the basis of its log ft value 4nd the
fact that it feeds the ot ground state. The level at 1690.4 KeV has a log
ft value of 6.4 and therefore has (0,1,2)i possible spins. However, the 0+
assigﬁment was confirmed from the angular correlation results of the 354 -
1336 keV cascade [IV(d)]. Hence; the observed 1689.8‘keV transition
(table 43 could not be depopulating the 1690.4 keV-level to the ground state as
was later suggested by Droste ét al. (1978). Charvet et al. (192?) placed
the transition as feeding the (2+) 846 keV level., Im our Y = Y coincidence

measurement we did not observe the 1689.8 keV y-ray i the 492 keV gate;

however it did appear weakly in the 354 keV gate.

| b) Decay of 123C8

' i. Previous Work

The decay of 123Cs was first studied*iu 1966, by D'Auria and Preiss.

They produced 123Cs via the decay of its precursor lzaBa, which was obtained

through the 115In(l4N,6n) reaction with a 140 MeV‘h%Nion beam at the Yale

., Heavy Ion Accelerator. A 98 keV transition was assigned as the decay of the
first excited state. They measured a Tl/2 = 5,6 * 0,1 min for the décayeof i
123CS, w%th a positron end-point energy of 2L6 + 0,4 MeV. This was obtained

from a Fermi-Kurie analysis of the beta spectrum, although imn that study,




R

k/(1972).' 123Cs wag produced via 115Inflzc,4n) and

-

[

branches to the ground sfaté;aqd the 98 KeV level were:not clearly separated.

A -
The measurements yieldéa a K-conversion coeggicient of the 98 keV transition

4

of 0.8 £ 0.02, and 3 lifetime of ‘this first excited state < 13 nsec. A spin

123 125Xe

1/2+ for the ground state of Xe was aséigned in analogy with the

127

Xe and 129Xe isotopes, and a spin assignment of 3/2+,for e first excited

state was made aésuming a spin of 1/2+ for the ground state of ;ii9s in

127 29

analogy with Cs and ! Cs. In 1969, using an on-line mass spectrometer,

Chaumont et al. measured the half-life of the EZBCS decay t¢ be 352 + 3 sec.

123 2

Later, Kerek et al. §1970) populated levels in Xe in the 1 2Te (a,3ﬁ)

4

reaction at a bombarding energy of 43 MeV. They asgigned three transitions

83.2, 97.3 and 180.5 keV to 123Xe. Their results indicated that these

trangitions are composed of a delayed and a weak prompt component. '’ On this

basis they reported an isomeric state in 123Xe with a T1/2 = 6.3 % 0.5 us.

No isomeric transition was observed, and hence they concluded that its energy
must be so low (<70 keV) that it mostly proceeded via internal conversion. .

Thelr proposed decay scheme contained a 3/2+ first excited state at 97 keV

and a 5/2+ excited staté at 180 keV. They also proposed a 9/2 isomer (6.3 us)

at an energy <250 keV which decayed to the 5/2f state through an M2 isomeric

transition. The 9/2 assignment was made on the basis of systematics, since

125Xe and l27Xe both have 9/2° isomeric state. The half lives of these states,

both of which decay by E3 transitions to a 3/2+ state, are 60 and 70 sec

respectively (Rezanka et al. 1970). These.results will be discussed in vieﬁ '

. [
An isomer of Tl/2 = 1.6 + 0.2 sec in 123¢s was reported by Droste et al.

10

of the present work.

9Ag(lBO,lm) reactions.

Two transitions of 63 and 95.3 keV were attributed to’the decay
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of the isomeric level in 123Cs to the ground states. ‘

Mass separated sources of 1236§ were produced at the ISOLDE on-line
separator at CERN by Westgaard et al# (1975): They performed B - Y
coincidence experiments and identified seven transitions belonging to the
dec;y of 123Cs. The uncertainty in the gamma ;;y energies y§s~estimated
to be 1 keV, buE;ih fact, some of these energles differed from the present
result sy 2 - 3 keV. From the B-spectrum in coincidence,with the most
intense Y-ray they measured a total decay Rnergy of QEC'- 4,10 £ 0.31 Mev,
which is in agreement with the result obtained by D'Auriagand=2;eisa_llgﬁé).
No decay schemé was established.

Ekstrom et al. (1977), using an atomic beam magnetic resonance apparatus

-

connected on-line with the ISOLDE isotope separator, measured the spin of the
J
123

ground state of Cs to be U ¢ 1/2. i
The present work represents the first detailed study of levels in 123Xe
populated in the decay of 123Cs. The results were summarized in a publication

(Sofia et al. 1981) which is included in the Appendix. SPbsequent to the
¢

completion of the presentAﬁork, a detailed study of the decay of 123Cs was

123

published by Marguier et al. (1981). Tth produced Cs in the La(p,3p lé4n)

reaction, with 600 MeV bombarding energy, using on-line mass separated sources.

23

They observed the isomeric transitionsof 61.7, 64.0, 94.6 keV of 1 cs® decaying

to 12‘~‘3ng (1.7 sec) and reported no significant direct feeding from the

123, m 123y - 123¢q

level to states in Xe. Theit results concerning the isomer in

are in ag%eement with those of Droste et al. (1972). Recently Luukko et al.,

123 e in the 122Te (3He, 2n) and 123Te

(1981) populated high-spin states of

14 - 27\MeV. ‘'Using in-beam y-ray spectro-
123

(3He, 3n) vreactions with E(3He)
.scopic meth ds they constructed a level sc eme of Xe which will be dis-

cussed later in connection with the present\work.




ii, Gamma Ray Spectroscopy v
123

—

123

Leﬁels of Xe weré populated in the beta decay of Cs, which was

produced"in the 124Xe(p, 2n) reaction. The bombarding.energy for the

optimum production yield for 123Cs was found to be 33 MeV. The y-ray - “

\
spectrum of the reaction product was recorded with an x-ray detector

[Fig. 27(a)], and Ge(Li) detector. Spectra collected with and without a
positron annihilator around the sample are shown in fig. 27b and 27c¢”

respectively. This annihilator was a 4.267g/cm2 copper jacket around the
123

rl

source. The\gamma rays associated with the decay of Cs are labelled by

their energies. The identification of these Yy-rays was made on the basis of

half-life and threshold productiom energy. Other gamma rays in the spectrum

belong mainly to 12865 (3.8 min), 127Cs (6.25 hr), lzsCs (45 min) and 123Xe

(2 hr) decay. Cooling the activated targets for about half a minute reduced

24 126

the short-lived activities of 1 Cs (30 see¢) and Cs (98 sec) significantly.

The energies and relative intensities of 39 transitions assigned to the decay
of 123 are given in table 3. a . i

The time decay studies of the gamma rays were carried out using the

multigpectrum .technique explained in [ITIA(ii)]. 1Imn these measurements, an

x-ray detector as well as a Ge(Li) detector were used, to extract a more

precise value for the half lives of low energy transitions, and 30 consecutive

groups of 30 seconds were accqgulatedl An exponential fit to the time decay ,
of the 97.39 keV and the B3.38 keV transitions is shown in Fig. 28. These

measuremerfts yielded a half-life of 365 * 4 sec. To search for a short-lived

isomer in 123Cs, we performed a multispectrum experiment by accumulating

- \

's
10 groups of one second. However no transitions with a half-life of the order

c

of 1 secogﬁ (ax suggested by Droste, (1972)) were observed.
e '




St

Figure 27

1

123C8 y-ray spectrum recorded with::

.

(a) an x-ray detector.
(b) a Ge(Lf) detector with a positron
annihilator around the source.

£

(c¢) a Ge(Li) detector without the annihilator.
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. - ( o s
Ey(keV) "Lz EY““V) ’ ]Yz ’ Coe ﬂ'.‘
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Gamma —-gamma coincid’ence experiments were performed using either two
large volt;me Ge(Li) detectors or an x-ray detector and a Ge(Li) detector,
to observe coincidence relations between low and high energy transitions.
Gates giere placed on y-rays as well as on the adjacent Compton background.
A sample of coincident y<ray spectra for- a flew significant gates is shov;n
in Fig. 29, and the coincidence results are summarized in table 4.
Coincidence results require the 610 keV y-ray peakti) be a doublet consisting
of 610.3 £ 0.2 and 610.9 keV components, whose relative intensities were

deduced to be as given in table 3. V.

1i4. Determix}atién of Internal Conversion Coefficients

The most highly in;:ernally conve}'ted transitions of interest in the
decay of 123Cs, are the 83.38 and the 97.39 keV ones. The indirect -)Y(—ratio
method, which was explained earlier [IIIA(V)], was used to determine the
value of the K-conversion coefficient for these transitions. The annihilation
quantum (511 keV) gate, in the two parameter Y - Yy coincldence data, was used
to bypass capture x-rays. The resulting x-ray detector spectrum (Fig. 30)
shows Xe Ko.’ KBl’ and KBZ x-rays and the 83 and 97 KeV y-rays. Therefore:

Pt

183 OLK(83) + 197 aK(97) = q

83’ 197 are the intensities of the 83 and the 97 keV y-rays in the

511 gate

vhere I

<

IK = The intensity of the Xe K x~ray in "the same spectrum

W = The K shell fluorescen;e. yleld of the Xe atom (= 0.889).

(Lederer and Shirley .1978).
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Figure 29

Y - Y background subtracted coincidence

spectra of 123Cs.
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123

TABLE 4.

Cs Gamma-Gamma Coincidence Results

Gate
EY(keV) Coincident Gamma-Rays, EY(keV) :
!
83.38 71.26, 97.39, 261.9, 430.3, 667.6, 945.0
97.39 83.38, 209.7, 261.9, 498.9, 644.1, 667.6, 750:7, 1355.6
261.9 83.38, 97.39, 180.77, 405 ) .
304.0 209.7, 307.1
307.1 304,-434.3, 540.5, 610.3, 725, 819
498.9 97.39 o
gig:g; 307.1, 841.9 g ’
644.1 . 97.39, 711
667.6 83.38, 97.39, 180.77 Q
?41.5 711 :
97.39 ’

750.7




Figure 30

Low energy Y-spectra in

coincidence with:

(a) 511 keV annihilation quanta.

(b) 261.9 keV y-ray.
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Therefore:
Cy
Clo.K(83) + O.K(97) GK- cressane 1)
where :
{
I

Cl = -I—B—é' = 0,085 + 0.005

97

C2 = %- 0.86 £ 0.02

At least one more coincidence relation between the 83 and 97 keV °t:ramsit:ion

is required in order to solve for their O.K's. The 261.9 keV 7y gate
°«
(Fig. 30) provides this needed relation. In that gate the transition

intensity of the 83 and 97 keV transitions should be equal and hence

[
”

f
! ?

Igq (1 + O.T(83)) = 197 1+ aT(97))

. 0t (83) 0 (97)
Igy 0g(83) (or.K(83)) = Iy; o (97) (%(97)) = Ig; = Igs |

From the theoretical values for the internal conversion coefficients !
(Hager and Seltzer, 1968), it can be shown that if one takes a pure M1 limit
(which is very close té‘ what is expected) that the two ratios are equal, -

even though the a's themselves are different.

o.K(83) OLK(97)
o, (83) = 0 (97) ~

‘R |

where R is 0.86 in the M1 limit.

o
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’

Tgy % (83) = Ig; a(97) = R(Iy; = Igy)

if C, = == = 0.79 * 0.03

C3 d.K(83) - U.K(97) = R(1 - C3) (2)

A contour plot of equations (1) and (2) gives R = 0.80 * 0.01. Solving the
two coincidence relations gives the results: dK(83) = 1.3+ 0.1 and

U.K(97) = 0.9 £ 0.1. The latter value agrees with the resultwobtained by
D'Auria and-Preiss, (1966) ‘within the uncertainty. Comparison of the
experimental result with the theoretical a.K's (Hager and Seltzer 1968)
of 1.20 (M1) and 2.12 (E2) for the 83.38 KeV transition suggests that it has
a 907 Ml + 10% E2 multipolarity; a similar comparison for the 97.39 keV
transition, where the theoretical aK's are 0.77 (Ml) and 1.32 (E2) suggest

80% M1 + 207 E2 multipolarity. . -

t
it

iv. Beta End-Point Energy Measurement

'

The decay energy of 12303 was measured by means of the two parameter
r
B - v coincidences described in chapter ITI. Accumulation of ‘beta and

gamma activities started about one and a half minutes after the end of

'

bombardment, in order to reduce the interfering activities of the short-lived

1sotopes of 124,126

so that pileup and cha::\é\toincidences could be minimized. The data analysis

~

was similar to the two parameter gamma-gamma coincide;:lce measurement, using
digital gates on the gamma ray peaks as well as on the neighbouring Compton
background. The positron spectrum obtained in coincidence with the 596.4

keV y-ray should contain only one branch, since that level does not seem to

[

Cs(30, 98 sec), and to maintain reasonably low count rates

e -




Ll i e S e e

- 86 -

be fed through other y-rays. A Fermi-Rurie plot made of that spectrum after
background subtraction (¥ig. 31), yields a value of 2.37 + 0.14 MeV for the
end-point energy. From the proposed decay scheme, this end-point energy. >
corresponds to a decay energy of l23Cs of QF;C = 4.0 £ 0.1 MeV., The background
subtracted spectrum in coincidence with the 596 keV y-ray was corrected for
the respole of the detector which causes distortions of the spectrum due to
bal:kScatteriﬁg, bremsstrahlung, and summing with the annihilation quanta.
This correction was carried out using the computer code "BETABRAN" [chapter
IIT A(iv)] and & Qq, of 4.1 0.1 MeV was obtained, which is within the error
of the one obtained from the Kurie plot of the unfolded spectrum. This decay

23

energy corresponds to a mass excess of 12305 of -81.19 # 0.14 MeV if the mass.

excess of l23}(e is -85.29 £ 0.1 MeV (Wapstra and Bos 1977). Thé measured
value of the total decay energy is in agreement with the earlier result of

= 4.1 + 0.3 MeV obtained by Westgaard et al. (19755.

v

QEC

v. Decay Scheme and Discussion

The decay scheme of 123Cs, shown in Fig. 32 was .constructed on the basis

of sums and differences of gamma ray energies and gamma~gamma coincidence

results. The log ft values were calculated using the measured total decay

.

energy of QEC = 4,0 £ 0.1 MeV and half-life of T1/2 = 365 *+ 4 sec, and the
theoretical electron ¢apture to positron emission ratios (Lederer and Shirley
1978).’ The transition intensities shown in parentheses. are gamma ray

intensities per 100 disintegrations of 123
) o
moment of npo= 1.389 £ 0.016 n.m. was assigned to the ground state of

by Ekstrom et al. (1977). The ground state of 1?3Xe has been inferred to

Cs. A spin of 1/2 and magnetic
123C

be 1/2+ since it has an allowed beta decay to a 1/ 2+ level, but.no beta




()

‘%{/—"’
Figure 31
\ 123

. Fermi~Kurie plot of Cs positron spectrum

in coincidence with the 596.4 keV y-ray. The

1id line is the least-squares fit to data
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feeding to the 5/2+ ground state of 1231 (Tamura et al. 1980). The Ge(Li)

multispectrum measurement with the positron annihilation jacket in place
yielded 6.5 units for total intensity of positrpns emitted in th;a 123&9

decay compared to the intensity of the ?Z keV y-ray (100 units). This was
deduced by fitting the decay of the annih;l.lation quantum ~(511) to a mixture

of half-lives representing the different isotopes produced in the reaction

et

(Fig. 33). It was also deduced by accounting for the ¢ontribution to the

annihi:!.ation quantum from isotopes other than 123Cs.‘ These contributions

were deduced from the published results of the relative intensities of the
annihilation quantum and the prominent y-ray in the isotope in question.
The two procédure_s agree reasonably welfl. The positron feeding to the

ground state of 12‘3Xe was then calculated by subtracting the amount of

»

positron feeding to the excited states from the, total positron intensity“

of 123Cs decay. The beta feeding to the ground state of b123Xe has a log

ft value of 5.2 * 0.2 which supports the l/2+ assigmment (Tamura et al.

1980) of the state. The 97 keV level is fed by an allowed beta transition
3

with a log ft value of 5.8 and is thus assigned a J = 1/2 or «8/2 . The

measured K-conversion co%fficient of the 97 keV t;ransition of 0‘[2 = 0.9 £0.1
requiring a multipolarity of 80% MI + 20% E2, supports. these spin and f)arity

assignments. The final assignment of 3/ 2+ for this level was made on the -

125,127

basis of systematics of Cs (Jha et al. 1972, Gelletly'et al. 1976).

‘The 180 keV level is fed with a log ft value of 6.3 % 0 1, characteristic

qQf an allowed or first—forbidden beta transition. This level decays to the

P

97 keV 1eve1 through the 83 keV transition whose measured Oy requires a

90% ML + 10% E2 multipalarity; it also decays to the 1/2 ground state

“through the 180 keV transition. The deduced 8pin of this level is thus.

@ »
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Transition intensitiesshown

A

are per 100 decays of the paren_t.
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I = 1/2.‘B or 3/2+. As me::ntioned previously this level had been assigned
aJ" = 5/2+ by Kerek et al. (1970), who assumed that it was fed from an
(unobsérved) ,9/2  isomer. The 252 keV levél has since‘-been considered to
be tha;: 9/2? isomeric state [Lederer and Shirley 1978, Tamura et al. 1980].
However the present experiment indicates that this J" assignme;lt cannot\

be correct. The state is fed by .a beta transition from the 1/2+ parent

" with a log ft of 7.4 * 0.6. This corresponds with an allowed or first-

forbidden transition. Furthermore it decays through the 252 keV gamma ray

123

to the 1/2+ ground state of Xe which likewise forbids a 9/2° assigmnent'

to that level. The previous observations suggest a spin and parity assign-

ment of J" = 1/27 or 3/2% for the 252 keV level. Since the states of 596,
L)

741, 1273 and 1452 keV are all fed b& an allowed beta transition they were

assigned spins and parities of 1/2+ or 3/2+. The other levels are fed by
an allowed or first—forbidden transition and thus their J" assignments are
1/21 or 3/2i. In some cases positive parities only were assigned on the basis
of deexciting y-rays. The measured value of the total declay energy
corresponds to a mass/ e:;;:ess of 123Cs of -81.29 * 0.14 MeV agreeing well with
the previously reported value of -81.19 * 0.3 MeV (Wapstra and Bos 1977).
The recent in-beam study carried out by Luukko et al. (1981) is in
agreement with our conclusion ‘that the isomeric assignment 9/2” for the

I3

252 keV level was an error. This conclusion was also reached in the recent
123Cs decay study by Marguier et al. (1981). However the in<heam study
assigns a 7/2+ spin forthe 252keV level based on the fact that a AJ = 1 band
was observed, similar to the 87/2 one observed in lste (Belppi et'al. 1979).
Consequently a spin 5/2+ was assigned for the 180 keV level. Both of

these assignments are implalisible. The log ft value of 7.4 * 0.6 for the

v
4
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Figure 33

Time decay of the 511 keV

annihilation quantum.
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\

252 keV level is not possible for a second-forbidden transition; also

the assignment of a spin 5/2+ for the 180 keV level is very unlikely

P\the other levels

since its log ft value is 6.3 + 0.1. Since the spjas
in the same work were based on the 5/2+ and 7/2+ assigmlents of the 180 and

252 keV levels, they are probably in error o~three spin units.

123

7uifne

The recent decay study of Cs (Marguier ¢ . 1981) is in agreement with
most of the results of the present work. The)lr tentative decay scheme is
very similar to ours, except that they propuse levels at 437 and 585 keV
which are not included in our decay scheme. "A¥so the levels that we proposed
at 917, 1125 and 1?73 keV are not seen by them. The oﬁly level that may be

in doubt is the 917 keV level since only one gamma ray has been observed to

deexcite it. In the case of the other two levels, at least two gammﬁ rays

have been observed. Their spin assignments of 3/2+ for the 97 keV, (1/25% or

: N\
(327 far the 180 keV level, and (l/2)t or (3/2):t for the rest of the levels

are in agreement with the results of the present work,

c¢) Decay.of l21Csm’g

Ve b

i, Previous Work

In 1966 D'Auria and Preiss reported that cesium samples from the -

120 MeV carbon bombardment of 1131n targets emitted gamma rays of energiles

154, 180 and 195 keV which decayed with 2 - 3 min half-life. They suggested
that these gamma rays must belong to the decay of a cesium isotope with mass

1

less than 123 and greater than 118. Their conclusion was based on Q-value
calculations. Later Chaumont et al. (1969), using an on-line mass separa-
tor measured the half-life of the decay of the beta activity of 121Cs to be

125.6 + 1.4 sec. Using the ISOLDE on-line isotope separator facility at




‘.{/p-:
[l 2

CERN, Westgaard et al. (1975)iidentified further gamma rays belonging

121

to the Cs decay; this study confirmed three transitions suggested

earlier by D'Auria and Preiss (1966). Their Fermi-Kurie analysis on the
beta spectra in coincidence with the most intense y-rays gave a Zlower

limit on the total decay energy of QEC > 5.65 + 0.49 MeV.‘No gamma-gamma
coincidence experiments wer;>performed and consequently no decay scheme

was proposed.

~

A hyperfine structure measurement using an atomic beam magnetic

résonance apparatus was carried out by Ekstrom et al. (1977). They

observed two isomers of 121Cs of similar half-lives having nuclear spins

J = 3/2 and J = 9/2.

Recently Chowdhury et al. (198l) studied high-spin states of IZIXe

that were populated in the (laN, P2n) reaction on 110Cd. A detailed in- '

beam study of l21Xe was also carried out by Barci et al..(1981), in which

121Xe levels were populated in the llZCd(lzc, 3n) reaction. The connection

-

hetween the results of both in-beam studies and the present work will be

discussed.

-f

The .present study establishes the first decay schemes of
121Csm

121053 and

. The results have been summarized in a publication (Sofia et al.

1981), a reprint of which is given in the Appendix. .

ii. Gamma Ray Spectroscopy

Radloactive sources of 121Cs were produced via the 124Xe (p, 4n)

reaction at 52 MeV. Energies~§£d relative intensities of Yy-rays were ’
determined from y-ray spectra obtained using the x~-ray detector [Fig.‘34(a)]

and a large volume Ge detector [Fig., 34(b)]. Gamma ray multispectrum data
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Figure 34
121

Cs y-ray spectrum recorded with:
(a) x-ray detector.

(b) Ge(1l) detector.
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d

obtained with the x-ray detector and with the 15% Ge detector were collected
using 10 groups of 36 sec. The results of these measurements suggested the
existence of two distinct groups of y-rays from the 121Cs decay. The group
of y-rays of energies 179.4, 196.1 and 234.5 keV havg a 121 + 3 sec half life

(Fig. 35); this group has been reported to belong to the high-spin~band

121

) parities of

structure of positive (37/2) and negative (b Xe by

11/2
Chowdhury et al. (1981) and Barci et al. (1981). A second group of y-rays

of ‘energies 85.85, 153.75 and 239.6 keV with 136 + 3 sec half-life (Fig. 35)
was also observed, which 1is assocdiated Jith a d3/2 band structure (Barci

et al. 1981). The first group of y-rays is due to 12'-I?:sm(Q/Z-’-) decay, and

the second one is due to 121ng(372+) decay. The previous half-life measure-

ment by Chaumont et al. (1969) reported a T1/2 = 125.6 + 1.4 sec for 121Cs

121

without 121Csm and ng distinction. The observation of two isomers of

12108 of almost similar half-lives is in agreement with the findings of the
spin measurements carried out by Ekstrom et al. (1977). There aré more

than 25 other y-rays with about 2 min half-life identified from multispectrum
analysis as belonging to 121Cs decay [Fig. 34(a,b)]. These gamma rays were
;ssigned to either the decay of 121Csm(9/2-'--) or the decay of léleg(3/2+)

on the basis of half-life, coincidence results, and the Ritz combination
pridciple. The energies and intensitiles of gamma rays belonging to the two
separate decay modés are given in tables 5, 6. There are a few other low
inténgity y-rays, such as the 90.6 keV y-ray in Fig, 34(a), which have a
half-life oflabout 2 min, but which could not be definitely placed in either
of the decay modes. The unidentified gamma rays in gig. 34 belong to

1
123"|128C.*5, 121’123’125’127Xe and 121’1231, which are produced in the reaction

along with 12109. Radiocactive sources were cooled for about half a minute




Figure 35

Time decay of two ‘distinct groups

of y-rays of -21Cs with 121 # 3

and 136 * 3 sec half-life.
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TABLE 5. 121(;am(121 + 3s) Gamma-Ray Energy and Intensity

. Ey‘(keV) I X Ey(kevi I,%

38.38 + .02 3.8 * 414.6 * .2 19 % 5
159.8.  * .3 4 % 427.3 * .1 -39 = 4
179.4 % .1 9% t 459.8 * .1 51 % 3
196.1 * .1 100 554.0 * .2 8";:‘;-1 -
234.5 * .1 20 # 684.5 t .3 1.9 £.5 o
235.2 * .1 6 * _701.0 * .5‘ 1.5 £.5 %
280.4 * .5 16 * '706.6 * .3 3 1 u
281.0 + .5t s'l t 733 t 1 2 1

287 * 1 2 % £ 1 1.0 *.5

1418




.~ .TABLE 6. '121093(136 + 38) Gamma-Ray Energy and Intensity
’ E, (ke) I E (kev) L2
38.38 + .02  0.009 + .005 29%.2 + .1 10.6 +. .5
85.85 + .05 1.4 + .6 321.5 + .1 10 &+ 1-
153.7 + .05 73+ 2 450.5 + 5 9 & .1
179.4 & .1 10.37 & .3 563 & 1 13 &+ 2
196.1 + .1 0.33 + .16 620.0 + .5 3+ 1 -

8
210.2 + .5 0 + 2 836 + 1 0.4 3+ .2
234.5 + .1 0.07 + .04 915.1 + .2 "1.8 & .8
239.6 + .1 500+ 1 1070 & 1 0.7 & .4
270.5 & .5 11,37 .3 . @ a
. : ,
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126

in order to reduce activities of 12403(30 sec) and

Cs(98 sec). The

production of these undesired isotopes resulted in a very complicated
singles spectrum. The identification of y-rays was done using half-lives,

coincidence results and relative intensities of known transitions from

published studies of these isotopes.
The existence of a Y decay branch for 1T"‘Csm is confirmed by the

observation of Cs KBl and Cs KBZ x-rays, of about 2 mid half-life [Fig. 34‘(a)] .

The Cs I(B x-ray intensity 1is 3 0 £ 0.5 times that of the 38.38 keV y-ray.

Based on the Weisskopf estimate, the photon transition probability for an

M3 transition is equal to:

A=1.1X 101 A4/3E$ B

!

(Wapstra et al. 1959, Blatt & Weisskopf 1952). The transition proba-

L] -

bility is defined as: : ’

o= 5 9;112 - -
T1/2 (%1 + a) o

(Meszkowski et al. 1965), whefe the factor (1 + o) accounts for the“effect

of internal conversion in speec{ing up transitioms. Therefore, an M3 isomeric

transition with a half-life of 2 min would be expected to have an energy

¥

" of about 36 keV and a total internal conversion coefficient of aT = 11100

(Hager and Seltzer 1968). The isomeric y-ray intensity of O 0065, relative
to the Cs KBl x-ray [Fig. 34(a)] would thus be below the _:I.imits of dbservation. -

A two paraméter Y - Y coincidence experiment was performed using the “

kY

157 Ge and the 18% Ge(li) detectors. In another Y = Y coincidence experi-

ment, the x-ray detector and the 187 Ge(Li) detector were used, .The results

+

Py Y

v
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\
\ .
\coincidﬁme with the annihilation quantum (511 keV) could not be used to

T T T T I A TP TRy

< -100 -

of these measurements were obtained by setting digital gates on either

the x-ray detector or the large volume detector and are presented in table 7
t

and Fig. 36. The 38.38 keV and the 196.1 keV were observed in coincidence,

and the most intense Y-rays of energies 153.75, 179.4 and 196:1 keV were

not observed in coincidence in any pairwise combination.

Ay -~ v in-beam coincidence experiment was carried out, to ensure that

the 38 keV transit:i.on does appear in high-spin band structure, and to deter-

mine its internal conversion coefficient. This will be.discussed in\detail
1’ M - -
in section (iii). 1In this experiment, we populated high spin states of 12]'Xe

in the 122Te (5nyY) reaction. The 38 iceV transition as well as the

>

196 keV line were observéd. However we did not observe the 69 keV Y-ray

121

(Fig. 37) reported in the Xe, .in-beam studies of Chowdhury et al. (1981)

:l[@) Barci et al. (198l). From our data we conclude that if the 69 keV

Y-ray does exist it would be very weak, having less than 37 of the intensity -

of the 38 keV Y-ray.

ii1. Determination of Internal Conversion Coefficlents

In order to construct a decay scheme for 121{25, the internal conversion

13
"coefficlent of the highly converted 38.38 keV transition had to be determined.

The :spectrum obtained in coincidence with the 196.1 keV y-ray (Fig. 36)
contains the Xe K x~rays and the 38.38 keV y-ray. This gives, through the
»n

X/y ratio method [IIIA‘(v)], only an upper limit of G.K<27, because Xe K x-rays

arise due to both K conversion and K capture proceéses. The spectrum in

ypass capture x-rays because of the vez:y low Intensity of the 38 keV y-ray.

For thisreason, and to establish the fact that the 38 keV transition belongs




/ ~
TABLE 7. 121Csm,g Gamma-Gamma Coincidence Results
GATE
EY(keV) Coincident Gannnf'l Rays, Ey(keV)
38.38  196.1 .
85.85  153.75, 210.2, 321.5
153.75 85,85, 296, 915 .
. 179.% 235.2, 270.5, 280.4, 554
196.1  38.38, 159.9, 281
235.2 179.4
239.6 210.2, 321.5
270.5 179.4
ggg.ag' 179.4, 1%.1, 427.3
321.5 . 85.85
554.0 179.4

ey
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Figure 36 ' -~

y - y background subtracted coincidence

spectra qf 121Cs.
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to the high-spin band, an auxiliary in-~beam two parameter vy — y coincidence
experiment was performed. In this experiment, 121Xe high-spin levels were
populated in the (a,5ny) reaction on isotopical:ly enriched (96.45%) 122Te
targets. An x-ray detector and a 167 Ge detector were used. The :Ln~be5m
excitation does not genera;te any xenon capture x-‘-ray's. The Xe KBl and

I(62 x-rays are well resolved in the gating spectrum rejcorded with the x-ray
detector (Fig. 37). These are mainly due to the dominant internal conversion
of the 38 keV transition. From the relative intensity of the Xe KB X-ray
and the 38 keV y-ray, the K conversion coefficient o = 11 * 1 18 deduced
for this 38 keV transition, using the fluorescence yield (Lederer and
Shirley 1978) for the K shell of xenon, W = ’0.889, and the KB x-ray to
total K x~ray intensity ratio of 0.155 (Lederer and éhirley 1978). Theor-
etical O values (Hager and Seltzer 1968) for various multipolarities of

a 38 keV tramsition in "-Xe are 2,44(E1), 11.51(M1), 10.4(E2), 263(M2),
18.2(E3) and 1230(ﬁ3). From the comparison of the experimental and

theoretical OLK's‘, the 38 keV transition is inferred to be 40% MI + 60% E2.

iv, Beta End-Point Energy Measurements
121

The decay energy of Cs was measured from the y-ray multispectra which
were obtained with a large volume Ge detector. A positrl:n spectrum follow-
ing a half-life of 2 min was observed in the 1 to 4 MeV energy range.' The
region of 3.5 to 4 MeV of this spectrum was free from gamma-ray disturbance.
From the multispectrum measurements, carrie;l out with a copper annihilator

around the source, it has been -established that the 121Cs -+ 121Xeg positron

.spectrum (927 of all positrons from 1'2]‘Cs decay) dominates all other positron

components- in this energy f:egi'on. Hence the continuum observed above is

considered to be due to the 121088 + 12]’)(eg positron component., .A Fermi-




Figure 37

121'Xe in~beam vy - ¥y colncidence gating spectrum
recorded with an x-ray detector. The arrow points

to the position of a proposed 69 keV transition.
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Kurie analysis of the continuum taken at 2 and 5 min after the end of
bombardment is shown in Fig. 38. The weighted mean value of 4.38 % 0.02 .
MeV was obtained for the en(:‘point energy.. Only the standard deviation from
the least squares analysis is quoted. Since the response function of the

Ge detector to positrons is not known, no correction for it was made.
Therefore the end-point energy value is estimated to have an uncertainty

of = 0.2 MeV. The end-point energy obtained corresponds to a decay energy
of 121ng of QEC = 5,4 + 0.2 MeV, in comparison with the pre;rious result of
QEC > 5.65 % 0.49 MeV obtained' by Westgaard et al. (1975). If the mass
excess of 12lXe is taken as -82.33 £ Q.11 MeV, then the mass excess of

121ng is -76.93 * 0.23 MeV in comparison with the previously reported -

value of -77.15 MeV (Wapstr'a and Bos 1977) which was estimated from

4

systematics.
v. Decay Scheme and Discussion v
The decay of 121Cs (Fig. \39) was sepal.:'ated into 12]‘Csm (9/2+) and

121ng (3/2+) decay schemes [Fig. 39(a,b)] based on the 121 * 3 and 136 * 3 sec

half-lives, respectively, and using the coincidence results and sums and diff-~

>
erences of gamma ray energies. The transition intensities shown are per 100

decays of the parent. The Cs KB x-r_a;f intensity relative to the 38 keV
Y-ray, in the same gpectrum, together with the fluorescence yield for Cs

(wK= 0.895)and K x-ray to KB x-ray intensity ratio of 5.2§7 (Lederer and

121

Shirley 1978), require cs™ to have (60 + 4)% isomeric transition to

‘]121ng and (40 + 4)% positron emission and electron capture to 12,1Xe. The
branching ratio of the capture and positron mode to the isomeric mode has

b?en included in obtaining the log ft values. This branching ratio together

121 121

ng suggest

with the fact that Cs™ activity (B + EC) was oply 5.7% of

-~

'
!




}

Figure 38

Fermi-Kurie plots of the B spectrum of
121ng > 121Xeg observed at 2 and 5 min.
The solid lines are the least squares fit
to data points. The end-point energy is

the weighted mean of the two results.
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knowing tﬁpir transition intensities. As mentioned previously, the Oy

- 107 -

121, g . 121, m

that the ratio of the activation cross-sections of is
) =« 6.

312/%2 1 |
The intensity of the annihilation quantum, due to all positrons of
12108m 1

= (o

21Cs , was calculated to be 12360 + 770 units relative to the
intensity of the 196.1 keV transition (100 units). This result was obtained

from the y-ray multispectrum data, taken with the positron annihilator. The

2 min component was extracted through least squares analysis (Fig. 40) to

overcome contributions from other Cs, Xe and I isotopes which were produced

along with 121 Cs. The feeding gﬁ 121ng to 121Xe8 was calculated to be

98 * 7% corresponding to 89% positron branching. There is no observed

121 B

decay branch to 1ZlXeg (5/2 ) from (9/2 ) decay.

The ground state of 121Xe has been assigned a 5/2 spin (Minnich et al.

1972) from its beta decay, which feeds 3/2+, 5/2+ and 7/2+ states in 1211,

with very little feeding observed to 1/2+ and 9/2" states. This assignment
is supported by the results of the present work, which indicates that the )

121Xe is fed by a 98% branch from 121ng (3/2+) with a log

ground state of
ft value of 5.20 + 0,07, appropriate for an allowed beta transitiom.
The\gamma rays of 196.1 and 38.38 keV are in coincidence, but which of

them directly feeds the ground state of 121Xe can only be determined by

measured for the 38.38 keV transition implies a 40% M1 and 607% E2 multi-
polarityL\ This multipolarity requires a total internal conversion coefficient
\ :

(ICC) of O, = 43 '(Hager and Seltzer 1968) so that although the 38 KeV y-ray

has only 3.8 * 0.5% intensity relative to the 196 keV y-ray, the 38 KeV total
transition intensity 1s 167% of that of the 196 keV trarsition. This would imply
that the 38 keV transition should be below the 196 keV transition in the

cascade. However, it should “be noted that the standard-deviation of the
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- Figure 39
Pecay scheme of 121dsm’g. Transition

intensities shown are per 100 decays of
parent. The cireular insert ghows the
alternate level ordering reflecting the
uncertainity in the intensity of the

'
38 keV transition.

il
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Oy value for the 38 keV transition does not rule out pure M1 or pure E2

PN

"multipolarities. Pure Ez.multipofarity would require a total ICC of

Oy = 62.6, which would make the 38 ke{l transition intensity 242% of the

196.1 keV transition. This would imply higher feeding and a lower log ft
vqj.ue for the B transition to the 38 kKeV ievel. Pure M1 multipolarity, on
the other hand, would require a total ICC of oLT = 13.4, 80 that-the 38 KkeV

transition intensity would be 51% that of the 196 keV tramsition. In this

‘case the 196 KeV transition would b& below the 38 keV ome. Without an -

»

extremely precise value of the O of the 38 keV transition, no certitude
can be associated with the ordering of these transitions. The recent in-
beam study of Barci et al. (1981), placed the 38 keV above the 196 keV

transition on the bakis of coincidence data.

In the decay scheme of 121Cs (121 + 3 sec) the 38 keV state is fed
by a 7.2% positron and electron capture branch with a log ft of 6.3 + 0.3.
This allowed or first-forbidden transition “and the multipolarity of 40% Ml ’
+60% E2 of the 38 keV transition, require the first excited state at 38 keV
to be 7/2+. The beta transition from ‘the 9/2+ parent state to the 234 keV
level has a log ft of 6.16 * 0'83.2 characteristic of an allowed or first-
fotibid“den transition. The possible spin and parif:y assignments for t}xe
234 keV level are thus 7/2't, 9/2i. In in-beam measurements on 121 Xe
Cyowdhury et al (1981) and Barci et al (1981) observed a negative parity;
thus the 234 and the 196 keV tran‘sit:io;ls from this level to the 5/2+ and
7/2+ levels are both of E1l multipolarity. Thi‘.s: is consistent with the,
angular distribution measurement carried out by Chowdhury et al.(19_81)
whic;h indicated a dipole character for the 196 keV gamma ray. The
234 keV level 1s thus assigned a spin " = 7/27, andis

»




JUNPIPT Sol
»

Q)

‘EB - - 111 -

- identified as the negative parity bandhead. Chowdhury et al. (1981)

assigned a spin 9/2  to this state. The present result of a spin 7/2" for
the bandhéad: agrees with the systematic observation of a negative parity
pandhead in odd-Ba nuclei (Gizon and Gizon 1978), with J' = 11/27 at
N=77, 9/2” at N =75, 73 and 71 and 7/2" at N = 67. This band head
could also possibly be 7/2° at N = 67 in Ba and Xe nuclei.

\The 179 and 414 keV levels were observed in the positivé parity band
(Chowdhury et al, 1981) connected by AJ = 1 transitions. 1In the present
study, the two levels are fed from 121C8m by allowed or first-forbi?den
transitions (log ft = 6,17 # 0.08, 6.6 + 0.2 respectively). These observa-
tions coupled with the fact that the 179.4 keV gamma decays to the 5/2+
ground state imply that the 179 and 414 keﬁ,levels have J' = 7/2+, 9/2+
respectivély, Although Chowdhury et al.(1981), assumed that the ground

state of 121Xe was the head of a strongly coupled band built on a 87/2

-

“

neutron hole, the present experiment shows that this cannot be correct. The
interpretation of the band structure by Barci et al. (1981) is however, in
agreement with the prese?F result; the 179 keV line represents a 7/2+ + 5/2+
out-of-band transition. A structure similar to this is seen in 117’119Te
isotopes with 65 and 67 neutrons (Bagemann et al. 1979). The level at‘394
keV is fed by a beta trénsiﬁion with a log f; of 7.2 + 0.1 and it deexcites
to the (7/2%) 234 KeV level through the 159 keV transition-and to the (7/2+)
38 keV level through the 356 keV traneition. This level is thus assigned

a spin and parity Jﬂx= 7/27 or 9/2—7 Finally, the 1evei; at 459, 515; 701,
733, 866 and 1418 keV are assigned‘7/2i or 9/2i on the basis of their log

— *

In the decay scheme of 121ng (3/2+) (Fig. 39) the 153 keV level is

ft values.
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fqd By an allowed or first-forbidden beta transition (log ft ='7;37 + 0.09).
This level de-excites to the 5/2+ ground state through the 153 keV transi-
tion with no branching to the 7/2+ state of 38 keV; 1t therefore appears
to be a 1/2+ state. The 239 keV level was assigned as 1/2+ or,3/2i on‘

the basis of its log ft value (7.12 # 0.06)4and the fact that it deexcites
to the 153 keV level,with the crossover transition of 239 KeV to'the 5/2+
ground state. The spin assignment for the levels at 450, 562 an& 1070 keV

»

were made on the basis of log ft values and deexclting yY-rays.

&) The Position of the First Excited ot States in 122Xe and 124Xe
The positions of the first excited 0+ states in 122Xe and 124Xe have
been postulated from beta decay studies on 12203 and 12405 isotopes. A

122

"level at 1149 keV in Xe was thought to be the o* quasi-B state by

»
Genevey-Rivier et al. (1977). 1In the present work the level at 1269 keV in

124Xe wag proposed to be the first excited 0+ state. These determinations

were based on the fact that these levels deexcite to 2; and 2; statéﬁ'bnt
not to the 0+ ground state. The purpose of the present investigation is to
confirm these 0+ assignments by the gamma-gamma angular correlation techni-

122 4Xe were populated

22

que described earlier [IIIA(vi)]. Levels of Xe and 12

122 24 124

following the decay of Cs and 1 Cs respectively. Cs and 1 Cs were

produced in the (p,n) and (p,3n) reactionms, respectively, by irradiating
124%e enriched targets with 15 Me€ and AS.MQV protons respectively in the

fashion described earlier [IIIA(i)]. A total of about 2000 samples was-
1
used for each of the experiments. Targets were irradiated for a period of

10 sec and their activities were counted over a period of one minute. For

1¥g03;decay, coincidence data were accumulated with 90°, 135°, 157° and

L3

-’
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*

180° angles between the two detectors. In the 12403 experiment an addi-

tional angle of 120° was used. The data were sorted by placing a digital

gate on one of the gamma-rays in the cascade of interest as well as on the

adjacent background. The intensity of the other coincident y-ray in the

»

cascade in the resulting béckgxound—subtracted spectra of the fixed detector

¢

was obtained. The normalized intensities were then plotted as a function
of the angle subtended by the two detectors. The data points were then
fitted usinf the least squares analysis to the function:

W) = A+ A;xP Pz(cose) + Azxp Pz(cose)

The values of A;xp’ Azxp obtained were first corrected for solid angle

effects
exp

(A, = ——)
A %

The solid angle correction factors Q2 and Q4 were 0.86 and 0.59 respectively.
The angular correlation pattern obtained for the 331-818 keV cascade of

122Xe is shown in Fig. 41. Solid lines are the result of a least squares

fit of the data points to the function W(B). For l%4

Xe, the angular correla-
tion of the 915-354 keV cascade and the 1336-354 keV cascade were studied.
The‘normalized intensities of the 915 and 1336 keV y-rays in the spectra
obtained iﬁ coincidence with the 354 keV Y-ray are presented in Fig. AZ and
43 respectively as a function of éhe angle O subtended by 'the two detectors.
The correlation of the 492-354 keV cascade for the aiready known 2+)+ 2+ >
0+ cascade in 124xe were also obtained (Fig.‘éh). The valu;s for thel

A2 and A4 coefficients after correction for solid angles are listed in

table 8. The curves for the '818-331 keV cascade cf “’Xe and the 915-354 keV,

)
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Figure 41

Angular correlation pattern of the

331 - 818 keV cascade ofh%ZZXe. Solid

lines represent least-squares fits to

data points.
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Figure 42

Angular correlation pattern of the

354 - 915 keV cascade of “2'Xe
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Figure 43

.

Angular correlation pattern of the

354 - 1336 keV cascade of lzl'Xe.
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TABLE 8. Summary of Angular Correlation MeaSurements in

-

i

| Nucleus Lewel Cascade y-ray A2 ; A Spin Sequence
T (keV) energies (keV) . ’
! ) — 1
-
[
T y w
122 1149 818-331 0.2 + 0.2 1.1 -+ 0.4 ot-2*-o* '
1245 847 493354 -0.16 '+ 0.04  0.32 & 0.05 2-2"-0t -8y .,
b i - \ e
| 1269 : 915-354 0.23 + 0.12 1.14 + 0.18- ot-2*-o*
—— ) " : + .+ +
' . 1690 1336-354 .0.10 + 0.20 1.0 + 0.3 ’ - 0'-2"-0
1 .- -
‘r A!) \._._.. - Kl °
: % //
¥r
A J ‘t 0 ” < ! f
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' was observed to follow the half-life of 12

- 119 ~

o

124Xe are characteristic of a O+ -+ 2+ »> 0+.

dfrectional correlation pattern, The large A4 value obtained uniquely

implies.a zero spin assignment for the level at 1149 keV in lszXe and

1124,

1269 keV and 1690 keV in ““'Xe. The experimentally obtained coefficients

are in.good agreement with the theoretical coefficients for a0 + 3+ 0

€

cascade: A, = 0.357,"A, = 1.108 (Taylor et al. '1971).

12

The 0F assignment of the 1149 keV level in 2Xe is in agreement with

the prediction; of Genevey-Rivier et al,(1977) and that of the 1269 keV

level in 1241{e 18 in agreement with the predictions of the B-decay study

[

of the present 1worka. , ’ \

Although the error bar is fairly large in the case of’ the 1336-354 keV

-cascade, the large A4 coefficient cannot be explained by other possible

.spins (1, 2). TIn the decay study part of this vork a transition of 1689 KeV

4Gs decay (29.7 sec). In view of

the 0+ assignment for the 1690 KeV level, no direct gamma transition to the
3 * - . f

, - "
' ground state is possible; our observed 1689 keV transition therefore lies

~
i

elgewhere in the decay scheme. . R ¢
The above result:s* are consilstent with the features of Xe nuclei
previously noted by Kl;sakari et al, (i975), who pointed out that the first
excite.d b+ level is located near the 3; level and that its posit\ion drops-
as N decr’eases; The present results have been summarized in a puplic\at:ion,

(Singh et al. 1979) ;which is included in the Append:lx:
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B. RESULTS 0% IN-BEAM STUDY '

a) Band Structure in “2%Xe . . e

i. Previous Work

122

The ground state collective band in Xe was first observed by

Morinaga and Lark in 1965. They populated the levels in 122Xé in the

(3,4ny) reaction on lzzTe targets using a 52 MeV alpha bean. Memgérs of )
the ground state band up to the 84‘- state were identified, Si‘.'nce they
detected gamma-rays by using NaI(TL) scintillatit;n counteré, the error in
the energy determination was large. Also, their Y-ii‘iay assignmenéé were

based on relative intensities, and y - 7y coincidgnce techniques were not

employed. .In a subsequent lséudy made at Berkeley, Clarkson et al.(1967)
115

- produced 122Xe' in the In(mB, in) reaction, using the heavy-ion linear'

. L4 .
accelerator (HILAC). Thelr results agree with the results of Morinaga

" and Lark (1965), although the use of lithium-drifted germanium detectors

allowed Clarksen et al, (1967) to ‘fmake a better engrgy determination. Their

- spin and parity assignments were based on the energy and observed intensities

of the y-rays. The lifetimes of the levels in the ground-state band in

- )
122Xe were measured by Kutschera et al. (1972) to be of the order of few

. ) o
picoseconds. In the decay study of 12203 carried out by-Genevey-Rivier

et al.in 1977, high-spin states wére populated in the decay of the high
122 '

spin’ isomer of Cs (I = 8). A level scheme containing the ground state

rotational “band up }:o the 10+ level and the quasi-gamma band up to the 7+ level

~

wag proposed. Spin and parity assignments were based on values 6f the

g

measured electron conversion coefficients and decay patterns.

?’#
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(r} ' 1i. Gamma Ray Spectroscopy Y
- * The in-beam singles spectrum recorded with the 10% coaxial Ge(Li)

detec'tor}s shown in Fig. 45. The labelled gamma rays belong to gamma

transitions in ;122&2; The unlabelled y-rays are mainly gamma transitions

between levels of 123Xe, 124Xe and 1231 which are produced in the (o,3n),

122

(a,2n) and (o,p2n) reactions respectively, along with the Xe of interest.

The identification of gamma rays was done on the basis of excitation func-

tions and gamma-gamma coincidence results. ThW

- 152

carried out with the beam off, using standard sources of ~>“Eu and 5600.

The relative intemmasmmre performed at an angle eof 125°— |

with the beam in order not to introduce errors due to the P2 tef‘ni: in the
vy angular distributions. The gamma ray energies and relative intensities

are given in table 9. Singles spectra were also recorded with the beam

Q

. off in order to~'id%_ntify gamma éé.y's following the beta decay of the product

nuclel and also to correct for rédioactivity contributions in multicomponent

P

gamma lines which were not easy to separate. Gamma singles spectra were

analyzed by the computer code SAMPO [IIIA(1i)]. The contribution to the

"

‘-n .
331 KeV line from the decay of 1‘23Xe (330 keV) was accounted for in the
_ intensity calculation. The 815 keV line {s a doublet, with a’.815.9-keV

122)(e and a weak 816.9 keV £omponent of 124Xe. Similarly the -

component of
" contribution to the 838 keV line from the 840.5 keV gamma ray of 1245¢ vas

taken into account. Since the 512 keV gamma ray is buried under the 511 keV

‘annihilation quantum, its in-tensity was determ_ineé from the gamma~-gamma

coincidence results. The intensity of the 512 keV transition relative to

the 843 keV transition which depopulates tyhe same level, is in agreement
\

wvith the results of the decay study of Genevey-Rivier et al. (1977). "The =

A gamma multiplicity filter tec;'m:lt'me discussed -eatlilér [IIIB(i1i)] was very
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( } TABLE 9. lsze Gamma-Ray Energy and Intensity )
E, (ke¥) L. . E, (keV) I, ;
331,31 * .03 100 757.13 + .04  11.1 * 0.4 *
371.0 + 0.1 3.1 £ 0.3 -~ 769.65 * ",03 3.9 * 0.4
386 + 0.5 <«* © 779.65 * .04 12.2 + 0,05
466. + 0.5 3.0 + 0.3
468 + 0.5 3.0 + 0.3 792.3 + 0.3 3.4 t 0.3
) 471.5 + 0.4 2.2 t 0.2 803.4 * .2 2.5 t 0.4
497.35 + 0.3 86 24 815.89 *+ .05 9.4 * 0.4
512 £ 0.4 21 ¢+ 2 822.35 * .03 204 t 0.7
‘ ) 553.12 * .05 6.0 + 0.4 838.7 + 0.1 4.8 £ 0.4
_ T 560.37 * .04 16 t 1.0 842 . t 0.5 .50 1
)/ 5744 £ .06 7.5 t 0.4 843.6 * 0.2 ”s.\o £ 0.5
638.59 * .03 73 & 2.4 883.0 't 0.1 . 7.3 t 0.5
643.7 + 1.0 3 & 1 (962 % 0.1 (26 * 0.2
. 649.07 = .0% 6.8 + 0.4 \ 993.5 % 1.0 0.77 TI5
‘ 654.2 + 0.2 4.8 & 0.6  1098.1 % 0.2 ‘e t 0.5
677.5 (£ 0:2 4.3 & 0.8 I )
684.57 *+ .08 9.1 + 0.7 | : R
744,19 + .05 6.2 1+ 0.4 -
‘ 750.68 . + .04 49 & 1.6
| . * intensity obt‘ained from coincidence dgta. ’
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useful in reducing the radiocactivity lines in the coincidence spectra and
enhancing members of long cascades. The gamma multiplicity data were
recorded on magnetic tape event-by-;event aiong with the multiplicitf of

each event. The data were then sorted according to multiplicity. Most of- -
the useful results were obtained by analyzing events having a multiplicity
of three of more, two .recorded by the two Ge detectors and one or more by-
the six NaI(T1l) or the BGO detector. For some weak pamma rays, only the
minimum coincidence requirement of two gamma rays was used in order to

gain statistics. The results of the multiplicity filter measurements are
summarized in table 10, and Fig. 46, where the background subtracted spectra
of " some pertinen(t Y~rays are shown. As can be seen from these spectra,
there remains a background which is in relal coincidence with the y-ray

gate. This background arises from the y-rays forming the side-feeding

into. the rotational states above the gate, yhich fulfill the coincidence

_requirement. In the 3i'pund band all transitions foliowing the gating

transition have constant intenéity since the side~feeding into the lower
states is not iin coincidence with the gating transition.
, ‘The neutron-multipliciéy filter measurement was carried out using the

technique gutlined in chapter III [B(iv)]. In these measurements y-ray

spectra, in coincidence with different number of neutrons, were accumulated.

The neutron multiplicity of each event was recorded along with the

-

Y-ray energy/;‘ and the data were sorted by placing digital gates on different
f ) .
neutron multiplicity peaks. As mentioned earlier, (a,2n), (&,3n) and (@,p2n)

reaction chapnels are also open at the 54 MeV bombarding energy. ‘The
neutron multiplicity filter technique proved useful in reducing radioactivity
and in differentiating between various reaction channels with different

numbers of outgoing neutrons. J Fig. 47 shows the intensity of gamma rays
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Figure 46

' B§ckground subtracted coincidence spectra

for 122Xe obtained in the y-multiplicity
: ) filter measurement.
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TABLE -10. Xe Multiblicity Filter Results

GATE

E (keV) Coincident Gamma Rays, E (keV) :

331.3 497.4, 512, 553.1, 560.4, 565, 574.4, 595, 601,638.6, 643.7; 649.1,
654.2, 677.5, 684.6, T4b.2, 750.7, 757.1, 779.7, (813), 815.9,
838.7, 822.4, 842, 883.0, 1026

371.0 331.3, 512, 560.4, 684.6

471.5 497.4, 649.1, 792.3 -

497.4 (222), 331.3, 553.1, 601, 638.6, 649.1, 677.5, 684.6, 744.2;
750.6, 757.1, 769.7, 779.7, 815.9, 822.4, 838.7, 842, 1098.1

553.1 331.3, (453), (497.4), 512, 638.6, 677.5 )

560.4 331.3, 371.0, 386, 512, (6011, [614], 654.2, 684.6, 684.5,
757.1, (803.4), 883.0, 993.5

574.4 31.3, 454, 497.4;.586, 671

638.6 331.3, 468, 497.4,.553.1, 565, 601, 643.7, 649.1, 677.5, 744.2,
750.7, 757.1, 769.7, 779.7, 815.9, 822.4, 838.7, 842, 1026,
1096.1 | o

643.7 331.3, 497.4, 560.4, 638.6, 750.7, (757.1), 822.4

649.1 3313, (466), (468), 497.4, 558, 638.6, (643.7), 750.7, 157.1,
815.9, 838.7, (1098.1) “ ' "

654.2 331.3, 497.4, 512, 560.4, 576.4, 739

677.5 3313, 497.4, 553.1, 638.6, 741, 750.7

684.6 331.3, 497.4; 560.4, (638.6), 757.1, 883.0, 946.2 .

744.2 331.3,,49?‘4’ 636.6, 750.7, 779.7, 822.4

.750.7 331.3, (J65), 497.4, 601, [618], 638.6, 643.7, 649.1, 677.5,
74,2, 757.1, 769.7, 779.7, 815.9, 822.4, 838.7, 920, 1026

[

&
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‘ 'TABLE 10. 122Xe Multiplicity Fill’:er Re.sults - (continﬁed)
GATE | - |
E (keV) Coincident Gamma Rays, E (keV)
757.1 331.3, 471.5, 497.4, 560‘.4-, 638.6, 649.1, 684.6’,‘750.7, 815.9,
838.7, (883.00 -
\769.7 331.3, 497.4, 638.6, 750.7
779.7 331.3, 497.4, 638.6, 744.2, 750.7, 754, 822.4, 878,
803.4 497.4, 638.6, 752 - |
815.9 331.3, [354], 497.4, 638.6, 649.1, 750.7, 757.1, 769.7, 838.7,
993.5 |
822.4 331.3, 497.4, 638.6, 643.7, 744.2, 650.7, 757.1, 779.7, “(838.7),
842 . ;
838.7’ 331.5, 497.4, 560.4, 638.6, 649.1, 684.6, 750.7, 757.1 )
842,843 331.3, 497.4, 560.4, 654.~2, 638.6, 744.1, 1750.'7, 779, 822.4
883.6 331.3, 560.4, 684.6 ° |
946.2 331.?, 497.4
1098.1 331.3, (497.4), 638.6, 750.7
o,
( ) Uncertain i
[ 1:° Belonés to another isotope b
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Figure 47

The intensity of géma-rays in coincidence

!

w:l.tjh two neutrons relative to.that in éoinci—

. dence with _one neutron for different reaction

channels.
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(S in coincidence with two neutrons relative to that.in coincidence with one*

1231 (a,p20). This

neutron for 122Xe(oz,4n), 123Xe(cr.,.’in), 124Xe(ot,Zn) and
relative ir;tensity inc;:ea‘ses as the number of outgoingineutrons increase
"I'herefore one can easily conclude the type of reaction[to which a gamma

ray belpngs. However the ‘efficiency of the system i“ low since the y-ray
intensities of y-rays in coincidené:e with one neutron are higher than those in coinci-
dence with two neutrons for all reactions. The solld angle covered by the
neutron detectors is estimated to be about 25%. The (0,4n) reaction
especially :Bhould have reached maximum cross-section with two to three
neutrons in coincidence. This low efficiency could be the result of several
factors: the thickness‘ of the four—quadrant liquid scintilators might have'
been insufficient to stop all neutrons; a microstructure in the beam could

have caused too much pileup; the random rate might have been excessive.

iid. Angular Distribution Results

Gamma-ray spectra of the angular distribution experiment [IIIB(v)]

were analyzed and the intensity of the gamma rays as a function of the
detector angle were f‘itted by least squarses 1‘:0 the Legendre polynomial
[w(se) =‘Ao + AZI:Z(cose) + A4P4(cose)]. Examples of the results from the
angula; distribution measurements are shown in FIg. 48 and 49, The A2 and
A4 values thus obtained (corrected for solid angle effects),are listed in
table 11. The correction factors Q2, Q4 for the solid angle effect for
these measurements wexe calculated to be 0.984 and 0.946 respectively.

I3 These results wer°e interpreted by using the table of Yamazaki (1967) of

angular distributions of y-rays from aligned nuclei following (particle,

xn) reactions. As mentioned earlier [IIIB(v)], the expe‘rimental AK

. e v mUreENE w n K amd AN B swieess eV aldeii fx e e e N BENTAS L D ¢ amis s A s el bt i b
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' Angular distribution patterms
° for some gamma-rays emitted in
the 1224, (o, 4ny) reaction. )
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Figure 49

K

Angular distribution patterns

for some gamma-rays emitted in

the lzz’l‘e (ou, 4nY) reaction.
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TABLE 11.

¢ 122 ) -
Xe Experimental Coefficients A2 and A& and Attenuation Coefficients‘a2

: Ey(keV) A, VoA, o, '
*331.3 +.35 (&) +.10 (&) .48 ( 5) ‘
497,35  +.39  ( 4) +.07 (&) 750
560.37 +.40 ( 6) +.13 ( 6) R
% 638.59 +.38  ( 8), +,02 ( 9) .83 (17)
649,07 +.59  (25) +.16. (29)
654.2 +.35 AN ,
684.57 .31 (17) -.01 (18) o ‘
744.19, +.32 (14) ‘
750.68“ +.41 (5) +.07 ( 6) .96 (12)
757.13 \ +.34  (16) +.05 (16)
770 +.30 (15) - -.08 (18) ”
779.65 +0.23  ( 6)
815.89 <41 (9) +.08 ( 9) 1.00 (20)° '
822.35 +.43- (10) A
T 838.7 +.29 (1) +.18  (15) |
843.6 -0.33  ( 8)

1098.1 +.28 (17) -.07 (20)

The attenuation coefficients are calculated as the ratio of

experimental and theoretical A2 coefficients. .
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coefficlents are the product of the attenuation coefficiént of alignment
qK(Ji) and. the theoretical AK coefficient for complete alignmént. The
attenuation of the expected anisotropy depends on %he spin of the level
feeding the transition. . In the present measurement, thé att;;uation co~
efficients o, have been determined experimentally, and the values obtained
have been used in making’ spin assignments. Fig. 50 represents these o
coefficients as a function of spin. We Ean conclude from these data that

the attenuation is largest for small spin values and approaches unity for

high-spin states at the top of the band, in agreement with the calculation

of Yamazaki. (1967). This decrease in the value of the dnitial attenuation

factor is a natural consequence of the stretched E2 cascade in the ground
band (Yamazaki 1967) and is due to the direct ''side~feeding” into the
rotational levels (Draper and Lieder 1970).

Pure electric quadrupole (E2) tramsitions have positive A2 values,

" while pure dipole transitions have negative A2 values. The anisotropy

“y

'y
$3T s Se frdedBhlatet s 6T w0 WbEENC. 8 ko T e eany gg6 L

pattern of the dipole transition would vary depending on the amount of
mixing of other radiaticns; therefore a positive Aé value excludes only
pure dipole radiationm. Trangi;ions wit@ multipoles higher than dipole or
electric quadrupole have been assumed to be too slow compared to the spin
relaxation time - therefore the attenuation coefficients should be equal

to zero and the angular distribution isotropic. The angular distribution

/ 122

measurements carried out for Xe indicated patterns characteristic of

v

pure E2 transitions. !

iv. Level Scheme and Spin Assignments

The level scheme of 122Xe [Fig. 51] was constructed on the basis of

regular spacing of the transition energies, relative intensities of

-
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Figure 50

The attenuation coefficient Ay 5 for

S

Y-rays deexciting‘ the ground band of

122Xe, as a function of spin.
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transitions, aﬁd“from the cascades revealed by the gamma multiplicity filter.
Due to side-feeding the inQensities~of the ground band transitions increase
with decreasing spin. This fact has been’used/to determine the order of

the transitions. The spin and parity assignments were based on the angular

!

distribution results and ‘deexciting gamma rays. \

Members of the ground band were observed up to a spin of 14+ (and
possiblyol6+) with the backbending occurring at the spin of 10+, where “the
transition energy starts to decrease. This is the first backbending to be
observed in very neutron-deficient xenon nuclel since earlier studies’
identified levels only up tg those with a spin of 8+ or 10+. This is also(

122

the first angular distribution measurement to be carried out for Xe.

The present results on the ground band up to the 2217 keV (8 ) level are

" econsistent with those observed in the in-beam study by Clarkson et al (1967),

and are in agreement with the decay study of 122Cs (Genevey—-Rivier et al.

1977). The spacing of the 750.7, 822.4, 779.7 and 744.2 keV transitiong
varies smoothly and shows a steady decrease in intensity with increasing
excitations. The cascade structure’of these transitions was revealed by
the multiplicity filter results. From coincidence relationms, relative
yields and the anéular distribution coefficients, the levels at 3040, 3819
and 4564 keV are assigned a 10+, 12+ and 14+ spin and parity. The decay
study of l22Cs'(Genevey—Rivier et al. 1977) assigned an 813,0 keV transi-
tion as the 10+ -+ 8+ transition. This assignment is in error since this
transition is not observed as the member of high multiplicity transitions
;n the present in-beam s&udy. —

A Al = 2 band is seen in coincidence with the 815.9 keV transitions,

which has a negative Az angular distribution coefficient. Members of this

%
i
|
)
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( ’ : : band were found to have high multiplicity in the y-multiplicity filter

.

measurement. Sinc;e the 815.9 keV ttansition, as well as other members of -
¥ .

the band were observed in .coincidence with transitions depopulatit‘xg levels

of the ground band up to 8+, the band head ‘is ldentified to be the 3033

~

keV level with (7,9)1 possible gpin. Even though the 'intensity of the 757 keV‘
transition i1s higher than-that of the 649 keV transition in the singles
Spectrum, itsc—cintensity in the gpectraobtained in coincidence with the

750 and 815 keV gamma rays (Fig.,46) is less than that of the 649 keV
transition. This supports the’ order of these transitions in the level

scheme. ) l/ ' . ‘
. The present results on the quasi-—gannn,a band are consistent with the

B finding of the decay study of 1'22Cs by Genevey-Rivier et al. (1977). 1In T

the present work, the 843 keV level assignment of 2; is consistent with

the E2 angular distribution of the 843 keV transition. The aséignment of

the 512 keV transition as the 2; > 2-{ by the decay study is confirmed in

the present in-beam study on the basis of coincidence results, The 1214

keV level is assigned a spin of 3+ based on the fact that f& decays to

2-{, 2t and 4+ levels. The l++ assignment to the 1403 keV level is based on

2
the deexciting gamma-rays and the fact that the 560 keV transition exhibits

=~

E2 type angular distribution, while the 574 keV t;ansition to the first

4+ level is isotropic. The level at 1774 keV feeds 4+ and 3+ levels, so

its possible spin is “5+. The 651; and the 684 keV transitions have AZ vaiue’s
characteristic of E2 transitions. Thereforea the levels of 2057 and 2459

keV are assigned 6+ and 7+ spins respectively.

\

\ N

N

.~
°
/




R

F wppeem qeq&;&w\'m%-g*m:m AT LAY PATVPALIINEIT ¢ B PRLNENE I IR VRGN R M dmesy " gty . .
A b ) 7 4 SO % ARG

’

v

-

»

- 138 -

2}

¢
b) Band structure in 124Xe .

1. I{revioué' Work

In 1965 Morinaga and Lark observed the ground state rotational band

24 124,1,e N

in 1 Xe by studying the gamma-rays following the (a,4n) reaction on

and reported levels.up to the 8+ state. As in the 122Xe case, their
energles had a large uncertainty due to the fact that they used low resolu-
! S
w
tion scintillation counters. No gamma-gamma coincldence measurements were
&y

carried out. Later, Bergstrom et al, in 1969 studied collective levels in
124 122

Xe which they produced in the (a,2n) reaction on enriched Te targets.
From intensity and angular distribution ;neasurements, they proposed a level

scheme up, to the 10+ state and suggested the position of the second excited

2+ state. Droste et al in 1972 identified the position of the second

excited 2+ state from the study of 12405 decay, obtaining a result in disagreement

with that of Bergstrgm et al. (1969). The quasi-~gamma band in 124Xe was

Ffirst studied by Kusakari et al. (1975) by means of in-beam y-ray spectros-
1272 124

copy in the I (p,4ny) Xe reaction, where angular distribution and

gannna—éamma coincidence measurements were carried out. They proposed a

.level scheme containing the ground-state rotational band up to 8+ and the

quasi-gamma band up to 5+. Their 2; position is in agreemgnt with that of

£l

Droste et al, (1972).

-

ii. Gamma Ray Spectroscopy

The techniques used in the accumulation and the analysis of gamma

singles, gamma-gamma cbincidence as well as angular distribution measure-

2

(=
ments are similar to those used in the study of 122Xe which ‘was explained

earlier (B(a)). These techniques were also outlined in chapter III.

o
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The singles in-beam spectrum, recorded with the 10% coaxial Ge(Li)

124

detector, is shown in Fig. 52. The labelléd gamma Trays beloné to Xe

125Xe (a,3n) and

while the other lines in the spectfum are mainly due to
Xe (0,2n) nucleil produced and to radioactivity. The energies and relative
intensities of transitions assigned to 124Xe are presented in table 12,

Only 14 of these transitions were identified in the earlier results of
Kusakari et al,(1975). The 590 keV line is ‘é doublet comprising a 589.4

and 591.2 keV transition of 124Xe. The two components were separated with
the use of.the computer code SAMPO [ITIA(ii)] which _was used to analyze the

gamma ray spectra. The 775 keV line is a mixture of two components of 124Xe

and 125Xe. Since the informatiocn in the literature about 125Xe was obtained
through a different reaction, the relative intensities are likeiy to differ
from those in the present work., Therefore the contribution to the 775 keV
line from 124Xe was determined from coincidence results. Similarly the
486 keV line has some contribution from 125Xe; hence its intensity was also
obtained from coincidence results.

The gamma multiplicity filter technique [ITIIB(iii)] was employed.
As with lZZXe, most of the useful results weré obtained by analyzing events
in which three or more gamma rays were observed in coincidence. Table 13

includes the results of these measurements and Fig. 53 contains the spectra

obtained in coincidence with some key gamma transitions.

iii. Angular Distribution Results

124

The angular distribution measurement analysis for Xe were carried

out in a fashion similar to that used in the case of lZZXe. The results of

these measurements are summarized in table 14 where the A2 and A, coeffici-
J :

ents are corrected for limited solid angle. Some of the distribution

1
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Figure 52

Spectrum of gamma-rays emitted

in the 124Te (o, 4ny) reaction.
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TABLE 12. l?‘l’Xe Gan&na—Ray Energy and Intensity
.
E'Y (keV) IY EY (keV) IY
184.44 + .03 18,5 * 0.9 711.88 * .06 7.0 + 0.3
301.91 + .02 7.5 * 0.2 729.48 % .05 5.9 + 0.3 '
354.17 + .02 100 738.3 t 0.4 C 6 & 2
386.9 + 0.3 0.5 t 0.1 753.68 * .05 5.3 £ 0.3
399.3 & 0.1 3.3 % 0.2 © 769.0 t .2 4.1 + 0.5
) 401.3 + 0.1 3.7 * 0.2 775.2% & .4 6.3 * .5

43.6 + 0.1 1.7 *+ 0.1 782.84 + .03 43.0 + 1.5
472.3 + 0.1 4.7 t 0.3 816.93 + .04 10.6 £ 0.4
486.2° £ 0.5 5 ¢ 1 835.2% + .4 4.8 + 0.3
492.5 % 0.1 7.7 t 0.4 840.51 + .04 18.8 + 0.7
524.98 & .03 83 + 2.4 847.1% £ .4 4.5 + 0.5
559.1 + 0.1 2.5 % 0.3 852.5 * .2 2.5+ 0.3
589.4 + 071 6.3 & 0.7 893.9 * .1 5.3 ¢ 0.5

,, 591.2 * 0.1 8.1 % 0.7 943.0 + 0.1 3.8 + .2
615.88 + .07 4.7 % 0.2 957.6 * 0.3 2.8 + 0.3 ‘
669.8 + .03 69 t 2.3 1077.5 + .05 15.4 + 0.7
675.15 + .06 11.2 * 0.6 1127.97 £ .05 7.2 + 0.4 | )
704.9 + 0.1 9.4 £ 0.5 -

;

*Intensity obtained from coincidence results.
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TABLE 13. 124Xe Gamma-Ray Energy and Intensity

GATE .
o EY(keV) Coincident Gamma Rays, Ey(keV)
184.4 301.9, 354.2, 450, 472.3, 525.0, 651.9, 669.8, 675.2, 753.7, -
1077.5 L
301.9 184.4, 354.2, 447, 525.0, 547, 669.8, 675.1, 684, 874, 1031,
1077.5

354.2 184.4, 301.9, 401.3, 472.3, 486.2, 492.5, 525.0, 559.1, 589.4,
. .
591.2, 651.9, 669.8, 675.1, 711.9, 729.5, 738.3, 753.7, 782.8,
803, 816.9, 840.5, 852.5, 893.9, 1077.5, 1128

399.3,401.3 1354.2, 559.1, 589.4, 769.0

472.3 354.2, 525.0, 659.8, 675.1,11128.0

486.2 210, (301.9), 354.2, 525.0, [644], [774], 893.9, 1077.5

492.5 (301.9), 354.2, (382), 401.3, 589.4, 591.2 ]
525,0 184.4, 354.2, 623, 651.9, 669.8, 675.2, 704.9, 711.9, 729.5,

782.8, 803, 816.9, 840.5, 852.5, 1077.5, 1128 ' !
589.4,591.2 354.2, 399.3, 401.3, 492.5, 704.9, 738.3, 769.0, 847.1 é
651.9 354.2, 669.8, 1077.5
669.8 184.4, 301.9, 354.2, 486.2, 525.0, 576, 597, 621, 651.9,
675.1, 711.9, 729.5, 775.2, 782.8, 816.9, 835.2, 840.5, 852.5,
.1077.5, 1128 |

675.1 184.4, 301.9, 354.2, 525.0, 669.8, 704.9, 740, 775.2, 782.8,

816.9, 835.2, (847)

704.9 354.2, (381), 492.5, 559.1, 591.2, 847.1, (957.6)
711.9 354.2, 516, 525.0, 669.8, 729.5, 782.8, 840.5, 852.5
( 729.5 354.2, 525.0, 588, 669.8, 711.9, 782.8, 840.5, 852.2
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TABLE 13. 124Xe Gamma-Ray Energy and Intensity (econt'd)
GATE g
Ey(keV) Coingident Gamma Rays, EY(keV) ,
738.3 354.2, 525.0, 573, 589.4, 847.1
755.7 525.0, 782.8, 1077.5
775.2 354.2, [486], 525.6, [644], 669.8, 675.1, 782.8, 816.9, 835.2
885 )
782.8 354.,2, 525,0, 651.9, 669.8, 675.1, 711.9, 729.5, 775.2; 816.9,
840.5, 869 \
816.9 354.2, 525.0, 599, 669.8, 675.1, 684, 775.2, 782.8
835.2 354.2, 492.5, 525.0, 558, 669.8, 675.1, 775.2, 782.8, 816.9,
962 !
840.5 [331], 354.2, 525.0, 669.8, 711;§, 729.5, 769.0, 782.8, 835.2,
852.5, 893.9 -
847.1 401.3
852.5 354.2, 669.8, 711.9, 729.5, 782.8, 840.5
893.9 354.2, 589.4, 671
943.0 354.2, 525.0, 669.8 s
957.6 354.2, 525.0 ’
1077.5 184.4, 301.9, 354.2, 486.2, 525:0, 651.9, 669.8, 753.7
1128.0 354.2, 472.3, 525.0, 669.8, 675.1
( ) Uncertain
[ }: Belongs to another isotope
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- TABLE 14. 124Xe Expeﬁental Coefficients A, and A, and Attenuation
¢ Coefficient o, - = - -
Ey(keV) A + A + Oy
‘ 184,46 ~=30 ( 8) ~.00  (8)
\Q\/,p“ ) 301.91 -.80 (15) -.17 as)
/j 354.17 +.21 ( 3) -.09 ( 3) .29(4)
399.3 -.68 (27) -.15 (26) i
401.3 +.11 ( 8) ;
: 524.98  +.27 ( 5) ~.06 5 L -53(10) j
L 589.4 +.41 (16) : ) 3
651.88 +.48 (12) |
669.8 +.29 ( 4) -.15 ( 4) .64(9)
675.15 +.51 (17) +.13 17
704.9 +.49 (8)  +.17 ( 9
o 711.88 +.35 (9 )
729.48 +.21 (10)
753.68 +.33 17) +.00 (18) ' : :
775.2 458 (15) +02 (16 :
782.84 +30 (5  -.05 ( 6) .70(12) f g
816.93 ~.22 ( 8) 0 K :
840.51 = +.24 (9 +.02 (10) .59(23) §
894 +.31 ( 8) |
N 957.6 +.35 (21) +.18 (21)
| | 1077.5  -.26 ( 8) _.13 ( 8)
‘ 1127.97 -.16 (11)
’{& . The attenuation coefficients o, are calculated as the ratio of eﬁ;erimental

and theoretical A2 coefficients.




/“\

- 146 -

Patterns obtained in these measurements are presented in Fig. 54 and 55. The ’

measured a2 ttenuation coefficients are plotted versus the spin of the
122

level feeding the transition (Fig.56). As in the "~ Xe case, @, increases

with the spi\L of the y-ray emitting level and approaches a value of unity
0

(‘;gqmplete alignment) for high spin states. However the attenuation in the

case of 124Xe‘ is stronger than that of lZZXe (Fig. 50). Th“:{;s/could be due

to long-~lived states partly feeding the transitions. The degree of |

attenuation along with the A2 and A‘4 experimental and theoretical (Yamazaki
, I

©

1967) values were used in making spin assignments.

For some weak y-rays, and for those y-rays that form part of a multi-
component peak and which were not easy to separate, the large error bars on
the intensity prevented a spin assignment from the angular dilstribution
study. Most of the tramnsitions observed in 124Xe have distribution patterns
characteristic of pure E2 transitions; however there are a few that have

-

negative A2 value characteristic of dipole transitionms,

iv. Level Scheme and Spin Assignments
24

The proposed level scheme of 1 Xe is shown in Fig. 57. This décay

scheme was constructed on the same general principles used to construct

[
the level scheme of l22)(63 [a(iv)].

The ground state band is observed up to the 14+ level and possibly
the l6+ level. The backbending oc%urs at a spin of 10+ where the transition
energies are smaller than those depopulating the next lower I level. The
+ 4+ L+ +
spin-parity assignments of 2 , 4, 6 and 8 to the 354, 879, 1549 and
2331 keV levels '.respectively are in agreement with the previous in-beam studies

of Bergstrgm et al, (1969) and Kusakari et al.(1975). TFrom the regular

spacing of the energies of the 840.3, 711.9 and 729.5 keV transitionms,
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Figure 56 '

\
The attenuation coefficient az, for y-rays deexciting

the ground band of

124)(e, as a function of Spi;.'l.
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1)

their intensities and the-coincidence results as well as multiplicity
information, the levels at 3172, 3884 and 4613 KeV are assigned a 10+,
12+ and l4+ spin—parity, respectively. This assignment is consistent with
the angular distribution results.

A cascade of y-rays of 675, 7"{‘5 and 835 keV which were identified in
the multiplicity filter measurement as belonging to long cascades, was
observed to be in coincidence with the 816.9 keV transition and with
transitions between yrast levels up to 8+. The 816.9 keV transition was
also observed in coincidence with those ground band transitions. Both
the 675 and 775 keV transitions exhibit E2 - type angular distributionms;
therefore the cascade is proposed to be a Al = 2'band based on the '
3148.7 keV state. Since the 816,9 keV transition has a negative A2
coefficient it is most likely a pure M1l or El transition. Therefore the
state at 314.8 keV, the sideband‘ﬁhead, has a spin of (7, 9)1.

The gamma band observed in the prl‘eéent work is ;onsistent with that of
Kusakari et al.(1975). The angular distribution of the 492 %eV tramsition
is isotropic, which confirms the second 2+ assignment made in the decay
study of 12l’Cs of the present work. The 401keV line was previously identified

as the 2+ - 2+ transition by Bergstrgm et al. (1969). From the coincidence

2 1
results of both decay and in-beam study and the fact that the 401 keV

_transition has a positive A2 value, this assignment is incorrect. Thew

level at 1248 keV is assigned as 3+ on the basis of its decay to 2*7, 2;. \

and 4-{ levels and no feeding to the ground state. This is supported by

the positive A, values of the 401 keV and the 894 keV transitions which

2
exclude a 3 assignment. Since the level at 1438 keV decays to 4-{ ar{d 2;
levels and the 559 keV transition to the 4; level is isotropic its spin is

proposed to be “4+. Based on the deexciting gamma rays and the angular
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distribution of both the 589 and the 957 keV transitions the level at
1837 keV is identiffed as the 5 level of the gama band.

F The 184 keV transition has a negative A2 value (-0.3 + 0.077):, and
feeds a 6+ level; therefore the 1733 keV level has possible spins of
5i or 7i. The large negative A2 value of the 301 keV transition
(~0.805% .153) implies that the transition is of (M1 + E2) multipolarity
which restricts the spin of the 2035 keV level to 4~ if the 1733 keV

+ + +
level has a spin 5  and to a 6  spin if that level has a 77 spin and

parity.
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CHAPTER V -~ THEORETICAL DISCUSSION

A, EVEN-A ISOTOPES

o

a. i. Description of the Interacting Boson Approximation

In the framework of the Interacting Boson Approximation (1IBA) the
collective nuclear states of even-even nucleil are constructed as states of
N bosons. These states are described by symmetric couplings of proton and
neutron pairs. These J = 0 and J = 2 pairs are represented by s~ and d-

bosons respectively, where the boson space is constructed by using boson

creation and annihilation operators with L = 0 and L = 2 (Arima et al.1977): .

'@, @ x 0@, W@ xalP, @ xR o

s

@t x d>53), @e) P and (s*a)jz)

u (1)

o

The Hamiltonian of the system includes one-boson terms [the scalars in
(1)] and two-boson interactions [thé scalar products of the operators in
(1)] and the total number of bosons N[ = ng + nd] (which is conserved).

The operators in (1) are the generators of U(6): therefore the eigenstates

-are symmetric irreducible representations [N] of SU(6) in the space of s-

and d- bosons. The spectrum of the nucleus 1s defined by the single boson

energy difference (g = €4 —eg) and by the two-body matrix elements:
<«a’1|v|a®> (L.= 0,2,4), <a’o|v|s%0>
<ds2|v|ds2>, <d52|v|d22>, <320.]vlszo>

and by the partition [N] of SU(6) to which it belongs, and the Hamiltonian

is given by: (:

- 153 - -
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With different choices of parameters the Hamiltonians produce both vibra-
tior;al and rotational spectra.

In the vibrational limit, interactions which change s- bos?ns into
d- bosons are negligible and the system is mostly defined by the single
boson energy difference €. The Hamiltonian is then constructed from
operators in (1) that conserve nd (the number of d~ bosons) and n, (the
number of s- bosons) separately (Arima and Tachello 1976a). By eliminating
the degrees of freedom of the s- boson, the states in the case are character-
ized by the number of bosons occupying the I = 2 level (nd). Thess} states
form the basis for the symmetric irreducible representations of the group
SU(5) and they are classified by five quantum numbers: the number of d-
bosons n a° the angular momentum L and its third component M, nB - the number
of boson pairs coupled to zero angular momentum (V = ng - ZnB) when v is

the boson seniority and Dy s the number of boson triplets coupled to zero

‘ angular momentum. The Hamiltonian in this limit is written as:

o

= + 1
_H= El% dmd{n, + E 5 Y2L + 1 CL[(d+d+) (L) (dd) (L)](O) 3)
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" As the single boson energy difference € decreases a transition from a vibra-
tional to arotational spectrum occurs. The Hamiltonian in the rotational \
1imit is constructed from operators which are the generators of u(3). \

5
Theréfore, the eigenstates are characterized by the irreducible representa-
\

3
tions\ef SU(3) in the one-boson space. ) ‘

\ii.\\ Calculation of Collective States of Even—A Xe Isotopes \\if

\
In the present work we present the results of the calculations of the \

properties of positive parity collective states in even—even Xxenon isotopes.

In the IBA model, an even-even nucleus with Nn(Nv) proton (neutron) pairs

bosons (N = NTT + Nv)' When the major shell contains more protons (neutrons)

than proton (neutron) holes, Nn(Nv) represents the number of proton (ﬁeutron)

hole pairs. For example 116Xe has NTT = 2, Nv = 6 and N = 8, while for

130Xe N_= 24 Nv = 3 and N = 5. The energiés and eigenvectors were calculated

with the use of the computer code "PHINT" written by Scholten (1979). The

full IBA Hamiltonian (eq. 2) was used, which can be rewritten as:

H = HBAR x ng + Ty, 3 V2O ¢ [@tah® (aay W12

LN D @@ 4 (@ (dd)(2’1° ' :

re[@aH @ (56) (@ 4 (gteH© (dds(o)]°

b

S A S L R AT C R CORGS N O

where the parameters HBAR (= € = €4 ES), CL’ F, G, CH1 and CH2 refer to
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variable names used in the program. In calculating the Hamil:::§an the

spherical SU(5) basis was used:

Iw > = I[N]’ nd’ nB’ nA’ Ld’ >

N = total number of bosons = nS + o4 - !

j=]
n

d number of d- bosons

nB = number- of pairs of d- bosons coupled to L = 0
n, = number of triplets of d- bosons coﬁplqd toL=20 * .
Ld = total angular momentum of d- bosons |

L = total angular momentum of the state %

For each value of L, the program finds a set of spherical basis states that

have a totai angular momentum of L, and it then calculates and diagonalizes

o
\ the Hamiltonian matrix. ' £

[

The level spacings of the ground band in even—even nuclei can be

written as:

» 2 ) . . 3
AEexP(n) = A+Bn-Cn n=0,1,2,...... 5

The variation of the constant, linear, and quadratic terms as a function of .
the mass numb&r A of the xenon isotopes is shown intFig. 58, 59 and 60
respectively. For a vibrational nucleus the value of HBAR (the single

boson energy difference) is very close to the energy of the first excited

+ .
2 state and it decreases for nuclei having more rotational spectra.

¥
]
4
!
;
s
4
§
,§

Nuclei in the transitional region could be fitted using the parameter

( HBAR, Cl& and G. » However as the nuclei vary towards rotational-like spéctra
. r
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Variation of the constant term in AEe

as a function of the mass number.
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@ Variation of the linear term is AEexp
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Variation of thé quadratic term in

AEexp as a function of the mass number.
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<¢ ) the parameters CH1 and €H2 have to be included. G, the strength of the ¢

interaction(<d20|H|520>)Whhj1changes s~ bosons into d- bosons, adds a

~ constant linear and a quadratic term to the level spacing of the ground
band. HBAR adds a constant term and‘C4(<d24|H|d24>), ; d- boson = d-boson
interaction adds a linear term to the level spacing. In fitting the
experimental spectra, a set of HBAR, C4 and G which Gould reproduce A B,

- ‘fnd C (eq.(5)) was determined. The calculated, conétant, linear and
quadratic terms are linear functions of G. Therefgre from the experimengal
value of the quadratic term the corresponding valud of G.was obtained. From
this value the corresponding constant and linear terms that G adds to the

' level spacing were determined. Finally from the experimental values of

the constant and linear terms (A,B in eq.(5)) the values of HBAR and 04

were obtained. This set of estimated parameters was adjusted slightly dp
and CHl was included. CH1l, which depends on the number of s- bosons, adds
a linear term to the level spacing of the ground bdnd and its effect is

. dependent on the value of G.

In the vibrational limit, the analytic“formula for the excitation
energies of the Hamiltonian given in eq. (3) .(Arima and Iachello 1976a)

is:

. E([N], nys Mgs Tpo L) = ¢ x n, + %-and(nd - 1)
+ 28 0y (2ng - 2np + 3) + Y(L(L + 1) - 6ny) (6) |

where 0,B,Y can be expressed in terms of CO, C2 and Caz g

R
It

(402 + 304)/7

>™
|

= (7C0 - 10C21+ 3C4)/70

Y = (CA—CZ)/14 : : »

LR
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The inverse relations are:
C4=o¢+87
C2=0L—6Y~
C0=a+106—12Y ,
/

Different states obtained from this analytic formula are arranged into bands.
\ . -

The important bands are called Y, X, Z and B4 which are defined as follows:\\

-

Y - band Ind, ng=0,}n,=0, L=2n,, M > ny >0
4 X - band ’nd, nA=0, L=2nd—2i M > ny >2
z - band . |ny, mg=0, n\=0, L=2n,-3, ¥ > a, >3

8 - band lnd, ng=l, n,=0, Le2n;—4, M > ;> 2

where the Y.~ band is the ground - band and the X and Z bands combine to
form what is known more conventionally as the gamma band. The positions of
the states in the bands can be calculated from eq. (6). In Fig. 61 the
energy differences AE = E(nd+l) - E(nd) of various bands are plotted as a

‘function of spin (number of d- bosons), where:

: AEy =g + C4 n, : ny >0
AEx=E+C4nd-8Y nd_>_2
AEz =e+C, nd'— 12y ny >3
AEB =€ + C4 ny + 48 ~ 16Y n, > 2

v . ! ,

The different bands are parallel,ﬁ{tﬁ an equal slope of CA' Therefore for
\
vibrational-like nuclel the y band depends only on € (HBAR) and C@ while the

X, Z bands depend on €, C4,and Cz. When € and C4 have been determined by
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Figure 61
The energy difference AE for the
’ Y-, X-, Z- amd B~ bands as a function
of the number of d-bosons (nj).
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fitting the ground band (Y - band), éhe X and Z bands could be used to
extract the third parameter CZ’ However in the change from vibrational
towards rotational nuclei the effect of the interaction which changes s-—
bosons into d- bosoné becomeg important. The most effective term in the
interaction i; <320|H!d20> (b parameter). The effect of the interaction

on the X and Z bands is shown in Fig, 62. This effect is dependent on the
energy difference between single s~ and d- bosons (HBAR = €). The parameter
CH1 (<520|H|520>) has the same effect on the E, and E, band energies as it
had on the main band, adding a linear term (Fig. 63). Therefore once the
ground band is fitted the calculated Ex and Ez band energles were close

to the experimental ones., The € and C4, parameters were obtained and

the Ex and Ez values were used to adjust the G and CH1 parameters. It is
then possible to adjust the C2 parameter to reproduce the experimental
energies Pf the gamma—band.' However in the present work the best fit to

the gamma band was obtained with a value of zero for the Cy parameter.‘ The .
parameters used in fitting the ground and gamma-band of even xenon isotopes
are listed in table 15 and their values as a function of the neutron number
are shown in Fig. 64 and 65. The parameters vary in a smooth and predictable
way from one nucleus to another. As the neutron nu;ber decreases nuclei
changg from vibrational-like structure to rotational-like structure in the
middle of the region (N = 66), and again move towards vib;ational structure
as the neutron number decreases from N = 66. The single boson energy
difference (HBAR) is maximum for nuélei close to the vibrational 1limit (Fig.éﬁ).
Its value then decreases as the neutron number decreases and the transition O
from vibrational to rotational structure occurs; it increases past the

middle of the region as vibrational structure is again approached. The
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Figure 62

of the X and Z bands as a

of the Hamiltonian parameter G.
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Figure 63
Position of the X and Z bands as a function
'

of the Hamiltonian parameter CH1.
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TABLE 15. 116_130}(e Hamiltonian Parameters
A HBAR c, -G CH1
116 0.22 0.07 0.12 0.015
/ -
118 0.10 0.07 0.14 0.017
120 0.04 0.08 0.15 0.02
122. 0.05 0.09 0.15 . 0.02
124 0.14 0.108 0.14 0.02
126 0.27 0.11 0.122  0.02
y
. 4
. 128 0.40 0.105 0.Q96 0.013
130 0.51 0.08 0.09 0.008

In fitting the ground band the results .were found

i most sensitive to the parameters HBAR, G and CHI.

<

best fit té6 the y-~band was obtained by choosing C
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Figure . 64
Variation of the HBAR and G Hamiltonian parameters
as a function of neutron number.
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Varlation of the C 4 and CH1 Hamiltonian
parameters as a function of neutron number.
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( l interaction which changes s- into d- bosons (G) follows the changes in the

‘single boson energy, as the neutron number decreases from N = 76 and €
. /

decreases. The results of the present calculation are given in Fig. 66 /
where the calculated energies of members of the ground band are compared

with the experimental ones. In Figs 67 to 71 the calculation of the

118'126Xe are compared with the experimental ones. The

;122,124

gamma-bands for

Xe were taken from the present work. The
118,120Cs

experimental data o
118-120

£y

Xe information was obtained from the decay study of by :

Genevey-Rivier et al.(1977), and the information on 126Xe was obtained from
the work of Kusakari et al.(1975). Experimental information on 128’130Xe
was obtained from the recent study by Goettig et al.(1981).

The calculated and experimental systematics of the grounc/l band and of

- the gamma—band in even xenon isotopes are shown in Fig. 72 and 73 respect~ \
ively. The agreeiment with the experiment 1s véry good and the changes \\
observed” from one nucleus to another are reproduced by a smooth variation \
of the Hamiltonian parameters (Fig. 64 and 65). In these systematics the \
energy of the first 2+ level decreases with decreasing numbers of neutrons; \‘

then at N = 66, in the middle of the shell, it starts to increase as the

neutron number further decreases. The position of the second 2+ is below

that of the 4; one for 124'-13%(& and above it for 118_122)(9. ;
Finally a comparison between the experimental levels of l22’}(e and !

124Xe obtained in the present work and the IBA predictions are presented

in Fig. 74 and*75. From these figures it is clear that the IBA model .
does reproduce the ground band, gamma-band and the position of the first
excited 0+ state which is the head of the beta-band. However it does not

reproduce the backbending observed in these nuclei. The fact that the

L S ~ energy levels of the xenon nuclel were reasonably reproduced by the IBA
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Figure 66

Comparison between the theoretical and

experimental energy levels of the gro?nd-

state band in l16-130Xe
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Figure 67 "

Comparison of the experimen'tal and

theoretical X and Z bands in 118Xe.
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Comparison of the experimental and
X theoretical X and Z bands in lzoXe.
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. ' Figure 69 . .
Comparison of the experimental and

theoretical X and Z bands in 122Xe.
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Comparison of the experimental and

124Xe )

theoretical X and Z bands in
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' Figure 71
Comparison of the experimental and
theoretical X and Z bands in
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3
;;htematics of the ground-state band in
xenon nuclei,
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Figure 73

Theoretical and exerimental systematics
116--130Xe

of the gamma band in

PN
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Figure 74

Comparison of the experimental and

theoretical level schemes of lsze.

- ——




AN
| 144-
4.\0 B 12*
>
() +
10
230}
o
% 7
> 8"
TR
20+
5
6+
o* 3"
10| 4% 2
2+
O+




- 179 -

| 10

v B
{ -
Figure 75 .
i .
Comparison of the experimental and . s
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model indicates that the symmetries in these energy levels could be

reproduced by a group theoretical approach.

2. Interpretation of the Backbending and the Side~Bands in Terms

of the Rotation Alignment Model

In 1970 Newton et aljsummarized the information then available on

v

high-spin yrast states. They reached several conclusions on thedpopulation

and “deexciting mechanisms. In particular they pointed out that the feeding

point of the ground state band was near its intersection with other bands

o

which implies a major change in the nature of the yrast levels above this
spin value. Shortly after, the backbending phenomenon was discovered by

Johnson et al.(1971, 1972). This phenomenon was observed in the present

work in both 122Xe and 124Xe (Fig. 76, 77). The name "backbending" refers

L4

to the unusual shape of the plot of the nuclear moment of inertia versus

the square of the rotational frequency Chw)z. A sudden increase in the

moment of inertia is accompanied by a decrease in the rotational Ffrequency,
causing the backbend in the plot around the spin I = 1d+. Since hw is

nearly half the rotational transition energy, the backberiding shape results

from the fact that several transition energies around the critical spin
value (10+) are lower than those for spins just below this value. This
changefin the nature of the yrast levels at high spin was efplained in terms

of the rotational alignment picture of Stephens and Simon (1972). In their

$usoom

investigation of the Corolis effect, they showed that as the angular momentum

Sz

of the system increases particles (particularly those in a high j sheli)

Bkl

tend to decouple from the core and add their rotationally aligned angular

momenta (2j-~1) to that of the core. Enough energy is gained at about

I > 10 that these states become lower in energy than those states which

3
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Figuré‘%6

1

Backbending plot for the ground-state

band ‘'of 12%e. The dotted line indicates

the position of the side-band. .
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Backbending plot for the ground-state
. band_of 12l'Xe. The dotted line indicates
: . the position of the side-band.
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involve only the rotational energy of the system. The band formed by these

states intersects with the rising ground state band causing the backbending
122

. (Stephens and Simon, 1972). The effect obsexved in the case of Xe

24

n
and 1 Xe 1s dillustrated in Fig. 78 and 79 respectively.

The investigation of high-spin states in even-mass rare earth nucledl
and transitional nuclel with small deformation revealed the existence of a
negative parity band which has a spin sequence AT = 2 and deexcites by

means of El transitions into the ground state band (Lieder and Ryde 1978).

126,128

Negative parity bands of this kind have also been found in Ba (Flaunm

et al. 1974 and 1976) and in 2°Ce (Miller-Veggian et al. 1975). These

<

bands have been interpreted as two-—quasiparticle aligned bands din the frame-
work of the rotation alignment model (Flaum et al. 1976) and (Vogel 1976),
similar to the rotation alignment of two particles discussed above which is

responsible for the backbenging. The side bands observed in the present

2 24

Xe and L

work imn both 12 Xe (Fig. 51 and 57) have E2 interband transitions

and feed the ground state band through a dipole transition.
The single particle levels 351/2,2d3/2,2d5/2,1g7/2, and lh’llmmake up
the neutron 50 - 82 major shell, In the odd-A neighpouring nuclei decoupled

bands ‘built on the h state were observed (Barcil etfal. 1981, Helppi et

11/2
al. 1979, and Gizon and Gizon 1978) with the favouyed and unfavoured levels

only a few keV apart. These bands arise from the Corieolis effect on an h11/2
neutron which partially aligns its angular momentum with that of the core

(Stephens and Simon 1972). The energy spectrum of the bands can be

do

calculated in the framework of the rotation-alignment model from (Stephens

1975, Stephens et al. 1973): VT

t
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Figure 78
The intersection of the ground band
122

of Xe with the two-quasiparticle

band.
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The intersection of the ground band

\ of 124Xe with the two-quasiparticle

bang.
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where 1 - o must be even, and o isthe projection of the particle angular
momentum j on the rotation axis. The moment of inertia is that of the core.
Therefore for each value of o, a ATl = 2 band occurs which has the core
energy spacings and deexcltes by stretched E2 transitions (Stephens 1975).
The main bands arev classified as the "favoured" band (¢ = j = 12—1) having
spins I =3, § +2, j + 4.... and the more weakly populated unfavoured one
(a=3j-1-= -g—) with § -1, § +1, 3 + 3,....spin sequence.

The backbending observed in the even-even adjacent nuclei is the result
of the rotation-alignment of a pair of hll/2 quasi-neutrons. This is
supported by the fact that the h11/2 decoupled bands observed in the odd-A
Xe nuclel backbend at a rotation, frequency much higher than the even-even
nuclei (Grosse et al. 1973) where the occupation of a level by an h11/2
quasi—neutron hinders the rotation-alignment of a further pair of quasi-
neutrons derivea from the same orbital. "

Aligned pairs of 0'11/2 . h11/2) quasi-neutrons provide states with
I = 10" (Sims et al. 1980). Therefore the backbending observed in 1223124y,
could be explained as follows. The ground étate band (vacuum Btat‘e ].3>)
is crossed by the two quasi-neutron rotation aligned band where the first
quasiparticle has the maximum angular momentum projection on the rotation
axis a = j = 11/2 and the second quasiparticle has the. maximum remaining

i

+ + v +
projection @ = j-1 = 9/2 (a11/2 Cg/2 |0 >) where a” is the quasiparticle

creation operator (Stephens 1975). The aligned angular momentum c;mld be
obt;ained erom the experimental data by subtracting the spin of the ground
band (no quasiparticles) from the .spin of the two quasiparticle- band at -
the same rotational frequency (v EY/z). If data are available from the

neighbouring odd-A nucleus, it 1is possible to verify that quasiparticles

L

i
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in a particular j-shell couple to form the 2~-quasiparticle- band; the
. &
aligned angular momentum’should be the sum of the aligned angular momenta

of the favoured (a = 11/2) and unfavoured (o = 9/2) bands. This idea is

illustrated in Fig. 80 and 81, where AE/2 (hw) is plotted versus I for
122

o~

Xe and 124Xe respectively. The angular momentum of the two Q.P band is

matched with the sum constructed from the h11/2 decoupled bands in 121Xe

{(Barci et al. 1981) for the case of 122Xe and 125}(& (Gizon and Gizon

1978) for the case of 121“Xe. \

Similarly the side-band could be explained as a Coriolis - decoupled
two quasinestron band. Simms et al. (1980) have found that the condition
of high - j, unique parity orbitals in the rotation-alignment model of
Stephens was unnecessary. It was also found that featurt;s of transitional
nuclei with low -] and or mixed ~j orbitals can be understood in a general
rotational treatment (Smith et &l1. 1976, Samuelson et al. 1979, and
Popli et al, 1979). This is in accordance with the observation of d3/2

121-129

decoupled bands in Xe nuclei (Barci et al. 1981, Luukko et ‘al. 1981,

Helppi et al. 1979 and Helppi et al. 1981). Therefore the side band could

be the result of an aligned neutron pair of (h11/2’ d3/2). In the case of:
124

o

Xe (Fig. 81) the aligned angular momentum of the side band matches that

obtained by summing the aligned angular momenta of the h11/2 (¢ = 11/2)

125

and d which 1s obtained from the decoupled bapds observe?d in Xe

3/2
(Helppi et al. 1979) by taking the even-even nucleus ground band (no quasi-

particle) as reference. This (h11/2’ d3/2) pair alignment produces a

7,9, 117, ...band, which is in agreement with the experimental predictions

[{Iv B(b)]. In the case of 122Xe (Fig. 80) the aligned angular momenta of

) &é not match that of the side band. This band could be

¢

the h and d

11/2 3/

ey,
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. Figure 80

¥

The angular momentum as a function

of the rotational frequency for

122x9_ yrast and side-bands and the

‘ 12
hyp/g» d3/p decoupled bands in lye. o
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. Figure 81

The angular momentum as a function of the
rotational frequency for 12["Xe yrast and
side-bands and the h11/2’ d3/2 decoupled

bands in lste . <
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the result of an aligned pair of neutrons in other shells, possibly an
1 3
(h11 j2° 87 /2) pair. This, h\owever cannot ‘be verified since no decoupled

bands built on the 8; /2 state are observed in the neighbouring 121Xe

/
nucleus. j
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a. i. Description of the Interacting Bosoi-Fermion Model 4

( The spectra of t)ians:l.t:lonal oddFA nucylei are difficult to 'interpret '

* gince these nuclei cannot be gxpla ned with simple theoreticalsmodeis sych
: as the Nilsson model (Nilsson 1955). -The triaxial rotor-plus-particle
model o§ Meyer-ter-Vehn . (1975) ig very suceessful in descriging transi-
; tional nuclei but it is restricted to dealing with one , single~particle
level. It would therefore be expected to be useful only in describing

negative parity states of the nucleiin the N =-56-—82 region vhich originate

a

from the single particle in the h11 /2 orbit. The Interacting Boson-

4

" Fermion Model (IBFM) has had considerable success in describing odd-A
123-129

t

‘ ‘nuclei. The collective states of Xe, for example, were reproduced

!
by this model (Cunningham 1981b), and it was also successful in pfedicting

low-spin states of 131Xe (Cunningham 1981a). A successful prediction of the

details of the low-lying structure is considered to be a good test of

this model.

R

In the IBFM the, odd~A nucleus is considered as a syate%— of interacting

t
!
i'
i

* bosons and fermions, where the fermions in shell model orbitals (j) are ,

. ®
coupled to the boson structure of the even-even core. The Hamiltonian of

. the system is written as (Iachello and Scholten 1979) ‘ .

“

H=H.B+HF+VBF

e

vhere HB is the boson Hamilt\onian [eq. (2)], and the fermion Hamiltonian

-

H‘F is written as: "

' ' ' +
O « B = £ % %o % »
VO

s
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The boson-fermion interaction Var has the followiing form: °*

- 13

I Aj[(d+ x (@ « (a;' x %)(o)](o) %

V ]
BF " L
R RMUGE LR @+ x@ x P x @} x2) @@
3
+ I K [(azxz)(x) x (d+xgj)(K)](0)

ijk 1j

1

i
whare d+(d) and a+(a) are the creation (anhihilation) operators of bosons

and fermions respectdvely. In order to reduce the number of parameters

.the BCS equations are solved in the fermion space and the A, T 13 and

Ali(j are j-dependent; where:

A, = A2 ¥1

3

‘T

13

- r(uiuj.. AN <if Y(Z)\Hj >

-

Alifj = Mugvy +uevy) <] Y(z)” R><K|| T(Z) s
(u.jvK + quj)/. V2K + 1

Here the parameters A, T and A denote the st}:ength of the monppole,

quadrupole and exchange terms of the boson-fermion interaction and U, vy

-

are the BCS occupation probabilities (Scholten 1979).

In the BCS calculation (de Shalit and Feshbach 1974, Eisenberg and

Greiner 1972) a state of an odd number of particles corresponds to a

state of one quasiparticle. The quasiparticle excitation emergy 'Ej is:
x .

Ej-/(ej-nzusz

A - I LT oo ot S U S WD oniissbrint

[en—
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where: . ro .
€ - single particle energy - ) )
A = chemical potential , “ )

A = pairing gap energy .

<

and the o(ccupa—tion 'probability is given: as:

. . . ,e ) &
v2 -1 [1- _.L__] ,
h| 2 E
3
where:
2 [

T Qv =h .

3 3

Here n is the number of particles outside the closed ,shells. For more

-

details on the BCS fJormalism the reader 'is referred to those references

’
mentioned above. }

o \ -

ii. Calculation of Low-Ljini Positive Parity States in lZLXe

For xenon nuclei the odd fermion can occupy the 331/2,2d3/2,2d5/2,
lg7 /2 and lhll /2 single particle orbitals lying between the major shell
closures at 50 and 82. 1In the BCS calculation the pairing energy A was
taken to be A ~ 12/ VA = 1.08 MeV, and the quasiparticle energies and

occupation probabilities were generated using the single particle levels

1

in 1313h (Lederer and Shirley 1978). The BCS caléulatiqn of 81/2° d3/2,‘

' 3
d5/ 2’ g7/2 and h11/2 single particle orbitals were inclyded. However in

the, IBFM calculation of positive parity states of lZJXe,only the quasi~-

particle energies of the positive parity orbitals were inciluded. These

quasiparticle energies have been modified slightly to improve the agree-

ment with the data. The computer code ODDA written by Scholten was used

’
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. .
to perform the calculation aof‘a neutron in the;81/2"‘d3/2’ d5/2 and ?7/2
+levels coupled to the even-even 122)(9.\ core where the parameters of the:

latter were. obtained from the calculétion of even-even xenon isotopes of

[

the present work . The parameters A, I and A were adjusted so as to

«

pr%duce a good fi‘t. Their wvalues, however, were chosen so as to vary
smoothly with those used in fitting heavier odd Xe isotopes (Cunningham

1981b). The parameters used in the present fit are listed in table 16.

‘.Q
In Fig, 82 a comparison between the experimental and theoretical levels

is presented. The calculation reproduces the low—lying levels reasonably
well, and also reproduces the high spin band built.on the 8; /2 state

] . L a
(7/2, 9/2, 11/2, 13/2,...) which was observed in the in-beam study\(Barci

o . . 2
et al. 1981). Since the existence of the 7/2* level at .38 keV is uncertain

el ~

(chapter 1V), the theoretical fit was attempted with and without the .

inclusion of this level. It was found that a better fit was obtained by

excluding“ it, ‘ ‘ »

p. Systematics of O0dd-A Xe Isotopes

-+

The systematics of positive parity low-lying Lew'rels in odd~A xenon

-

" nucled are presented in Fig. 83. These systematics were established from

the results, of the present work and from the published results by Helppi

et al. (1979, 1981) and Jha et al. (1972). The 1/2+ and 3/2+ levels

123,125,127
Xe.

are the ground state and first excited state in The

’ A}

position of the 3/2+ state drope as the neutron number decreases from

N = 73. The first excited 5/2+ and 7/2+ positions drop from lsze to J'25}r(e

and the 5/2+ suddenly becomes the ground state in‘LZlXe.This could be

explained by the lowering of the Fermi level as the neutron number

k]

&
; -
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1’21Xe Hamiltoniati Parameters

TABLE: 16,

[4

00D Particle Parameters

A= -.05MeV T =-,1MeV A= bdeV
3819 3, g5y gy
E, (Mev) 1.2 1.34 1.25 1.4
2 1]
v .327 .220 822 .768
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decreases. The fact that the Fermi level is much lower in A = 123 than in

125 and 127 is supported by the observation of many 1/2, 3/2 levels at low
123 ]

excitation in Xe. The position of the first excited 3/2'!' and 7/2+ states in

123Xe is not known since in the present work only J"=1/2 and 3/2 states were
populated. Unfortun‘atgly the in-beam results of Luukko et al.(1981)

cannot be used with confidence since their spin assignments were based on

"the assumption that the 180 and02'52 keV levels have JTT "= 5/2+ and 7/2+,

and not 1/2+ and 3/ 2% as the results of the ‘present work indicate (chapter

121,123

IV). Interpretation of low-lying states in Xe,’x in terms of Nilsson

mode]‘. predictions, can be found in Sofia et al.(1981). An isomeric state

127 e and 125y, with 69 'sec and 55sec lifetimes respedt/

/

of 9/2” was observed in
ively (Helppi et al. 1979, Helppi et al. 1981). This isomeric state in
123Xe is believed to be a 7/2° (Luukko et al. 4198]:) which suggests that

the lowest 7/2  state is below the 9/2" . No isomeric state is observed

in the case of 121Xe, since positive parity high—»spin states in this

9
\.
nucleus dccur at low excitation, including a ground state of 5/2+. ’

/




g CHAPTER VI

SUMMARY AND CONCLUSION - - e

This section summarizes the studies carried out in this thesis project,
and emphasizes the original work carried out by the author.

Both even~ and odd- mass Xe nuclides are of considerable interest

because a wide variety of theoretical models of the nucleus may be used to

describe the observed levels. Studies of the heavier nuclei, namely 126’12808

i
and 1?9’127’12503,have been reported (Pathak et al. 1976, Droste et al.

1976) and (Jha et al. 1972, Schneilder et al. 1979). Studies of lighter even

isotopes of 118—122Xe were also reported (Genevey-Rivier et al. 1977, Batsch

et al, 1976). However little information was previously available on the

decay of 124,03, 123Cs and 121Cs. Previous studies of these decays had aimed

at determining their half-lives and decay energies (D'Auria and

Preiss 1966, Chaumont ’et al. 1969, Mathur and Hyde 1954, Weg\i:\gard et al.
1975) without attempting detailed nuclear 'spectroscopy. The present study
of these nuclei was carried éut in order to establish a’'complete sygtematic
investigation of xenon nuclei which is essential for the interpretation of

their structure.

" Levels of 124Xe, 123Xe and 121Xe were populated in the beta decay of ,

/;adioactive samples of 12405, 123Cs and 121Csm’g.

produced by bombardment of 41% enriched, l24)(e targets with 15-52 MeV protons ‘

TheA cesium activity was

_through (p,n), (p,2n) and (p,4n) reactions respectively, where xenon gas
targets were used. These gas targets were encapsulated in beryllium
containers with the use of a gas filling system (Bavaria 1975), which was

modified for the experiments presented in this work in order to obtain a

higher transfer efficiency. This higher efficiency was important, since

- 199 -
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the separated 1 Xe isotopes are’ very expensive and hence a very small

amount of them was available. A fast pneuinatic probe (Bavaria ;575) suit-
able for gas target transport was used to carry the targets to and from *
bombardment in the McGill synchrocyclotronm.

In the investigation of low-lying levels of those nuclei, B gnd 'Y‘ /

spectroscopy techniques were employed. The investigation was a challenging//’
one due to the fact that for these nuclei most of the B- feeding is t'o the
ground state with very little feeding to higher excited states. The

spectra obtained were complex because of the mixed isotopic composition of.
the xenon targets, and by the production of other isotopes through open

reaction channels at high bombarding energies. Gamma-ray energies and

intensities were determined with the use of high-résolution germanium

r

detectors. Gamma-—gamma coincidence techniques were used in establishing

!

decay schemes. Preclse half-life measurements -were carried out b;’ observing
the time decay of y-rays depopulating excited states which were fed in the
beta decay of the parent nucleus. These measurements yielded a half-life

of 365 + 4 gec for the decayff 123(:3, T1/2 =136 + 3 gec for the decay

121

of the 3/2+ ground state of /2=“ 121+ 3 sec for the decay of the

124

1
high-spin isdmer (9/2+). In the case of the short-lived

Csand T
19

Cs, the use of

the pneumatic fast probe allowed the counting of activity to start only a

few seconds after the end of bombardment; hence a precise valué éf

29.7 + 0.2 sec for the half-life was obtained. The beta end-point energies

were measured for the intense positron branches through the B -.y

.coincidence technique. In these measurements the positrons were detected

with the use of the beta superconducting solenoid (Moore et al, 1976).

Measurements of internal conversion coefficients by the usual tecl}nique of

- )

){ ,

L]
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recording electron spectra were not possible because of theé thickness of
the beryllium container, which stops conversion electrons of < 175 keV

. . - -
energy and causes brlg lines for higher energy ones. }'hus, an indirect

method of determin{‘ng the number of K-shell vacancies caused by the

by

ejection of K conversion electrons per unit y-ray intensity by determining"

X/y was used. Using this method the K-internal conversion coefficients of

the 38 keV transition in 121Xe and"gﬁ'e 83 and 97 keV transition in l23}{e

were determined to be al((38) =11 %1, aK(97) = 0.9+ 0.1 and OLK(BB) =
1.3 + 0.1, These values suggest that the 38 KeV transition is 40% MI +

60% E2, the 97 keV transition is 80% ML + 20% EZ while the 83 keV

transition is inferred to be 90% Ml/t 10% E2.

r

Precise gamma ray energies and imrensities supported with the infor-
Y ]
mation from gamma-gamma coincidences led to the construction of decay schemes

124 123

of Cs, Cs and 12]‘Cs'g’m

. Measuréd end- point energies as well as
total beta feeding permitted the determination of percentage feeding to

the ground state and the excited states and hence the calculation of log

ft values? The decay schemes of both 124Xe aild 123Xe repPesent the first

121CSm,g

extensive investigation of these nuclei and those of » constitute the
' /

23C

first decay schemes to be reported. The investigation of the decay of 1 s

llesm’g was summarized in a publication (Sofia et al 1981) which may

and
be found in the Appendix.

Low-lying levels in 121Xe were fitted using the Interacting Boson
’l;ermion Model of Arima and Iéchello (1976B). A reasonably good fit was
obtained for levels: observed in the beta decay as well.as high spin
states observed in the in-beam study (Bal:ci et al, 1981).

The position of the first excited O+ states (head oﬁ the B band) in_

even— xenon nuclei of mass' 122 and 124 were confirmed in \:he present work.
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These states were pgstulated in the present beta-’decay study of 12408

and in the 1'2208 study of Genevey-Rivier et al.(1977) on the basis of
their decay patterns. The present measurement confirms these 0+ assign-

ments by Y - Yy angular correlation techniques; in these studies the

angular-correlation spectrometer consisted of a fixed Ge(Li) detector and

a movable NaI(T1l) .detector. For the case of 122){@ another Ge(L1) detector

4

was used in place of the Nal detector. The 12 Cs radioactive samples were

produced as mentioned earlier in the (p,n) reaction on enriched 124Xe.

targets. Samples of 122Caqwere produced in the (p,3n) reaction at 45 MeV

bombarding energy. These measuremen'ts identified the levels at 1149 and

1269 KeV to be the positions of the first excited 0+ states in 122Xe and

124Xe respectively. The position of the second excited 0+ position in

1245, was also identified to be the 1690 keV level. The results of the

present work have been presented in a publication (Singh et al. 1979), a
copy of whi‘ch can be found. in the Appendix, The 1dentification of the
first-excited 0+‘p‘;sition, fits in the syste;natics of the position of these
statfes in xenon nuclei where the energy increases with increasing numbers
of neutrons.: This is in agreement with the results of the dynamic
caJ:culations of collective states (Rohozinski Zt al.” 1977) of even-even
qeuti'on deficient Xe and Ba isotopes. The positions determined are also
in agreement with the positigns predicted in the Interacting Boson

Approximation calculation of even-even xenon nuclel which was carried out

1

in the present work.

-

122Xe and 1

The present sfudy also reports on high-spin states of A 24Xe

-

These states were populated in the (o,4ny) reaction on enriched targets
2 v

of 1 ZTe (96.5%) and 12l”l‘e (92.4%) respectively. The 1lnvestigation of these

§
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isotopes was carried out using in-beam gamma-ray spectroscopy techniques.
Contributions to the developmeti(t of these techniques as welljas to the
construction and development of the in-beam set-up at McGill were made by
the author. Precise gamma-ray energies and intensity measurements were
carried out. Assignment of y-rays were done on the basis of excitation
functions, and by gamma-gamma coincidence measurements. Ifxformatmn on the
multiplici’ty of gamma rays belonging to different cascades was obtained
through the y- multiplicity filteﬂectmique, which proved to be a very
powerful technique in reducing beta-delayed activity as well as in enhancing
y-rays which are members of long casg:ade;. In these measurements Y = Y .
coincidence information of events was recorded along with the multiplicity
of cj_ach event. The Y - Y coincidence set-up consisted of two germanium
detectors, while the multipiicity was recorded with the use of an a;'ray of
six Nal detectors and one BGO. This array did not prox;ide any information
on the y-ray energies, Another technique which was used in the invéstigation
of these nuclei was a neutron multiplicity filter study. In these measure-
ments Y-ray spectra were recorded in coincidence with different numbers of
neutrons. Detection of neutrons was carried out by means of liquid scintill-
ator detectors. This technique proved very useful in the assignment of
y-rays to different reaction channels having different m_;mbei‘é of outgoing
neutrons. It also proveq. very effective in minixgizi'rig radioactivity lines.
Information about the mutipolarity of thé emitted y-rays and the spin-
values of the levels was obtained from t;hé angular distribution measurements,
where the tYy-ray yielci at various angles relative to the incoming beam

was obtained. These measurements were repeated in order to confirm the

s ¢

assignments. X ’33"" v
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122,124

In this in-beam investigation of Xe the ground-state bands up

to J = 16+ were observed. Also the so-called quasi-gamma bands were observed

up to I = 5+ or 7+. The backbending was observed in both nuclel to occur
around spin J7= 1dt where the name refers to the unusual shape of the
plot of the nuclear moment of inertia versus the square of the rotational

i s
frequency. At some critical value of the rotational frequency the sudden

increase in the moment of inertia was accompanied by a decrease in the

rotational frequency, causing a backbend in the plot. The present observa- -

L

tions of this anomaly in tie‘structure of the ground state band is the
first to be reported fof the xenon isotopes. In the present study, the
backbending observed was interpreted in the framework of thehrotafional
alignment model of Steph;ns and Simon (1972) as the result of the crossing
of the ground state band and a decoupled two h11/2 quasi-neutron band,
where the quasi-neutron pair is broken by the~coriolis force and their
angular momentum is aligned with that of the core. An anomalous Al = 2
sideband was also observed in both 122Xe and 124Xe nuclei. These bands
were found to be connected to the 8+ states of the ground band by pure

v

+
dipole transitions. Therefore thelr possible spins are (7,9)7, (9,11)i

126,128

and (11,13)t. Similar sidebands have been observed in thisotopés

< (Flaum~ et al, 1976). However this 1is the first observation of such bands

in xenon nuclei. These sidebands were interpreted'as découpled two-
quasi-neutron bands. This is in accordance with the rotation alignment
plcture (Stephens and Simon, 1972, Simms et .al, 1980).

Finally the-ground-state bands observed in 116‘130Xe as well as quasi-

gamma bands in these nuclei were fitted using the Interacting Boson

Approximation. A good fit to the experimental spectra was obtain%d with a
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smooth variation of the parameters.

This suggests that levels in the

spectra of these nuclei may be reproduced with a group theoretical

approach.

-
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Decay of '21Cs™% and '%Cs

K. Sofis, B. N. Subba Rao, and J. E. Crawford*
Foster Radiation Laboratory, McGill University, Montreal, Quebe, Canada
(Received 16 March 1981) ‘

Radiations from 2!Cs™* and '*Cs, produced by bombarding 419 enriched -'**Xe¢ gas
targets with protons, have been investigated with several Ge detectors in singles, two

‘ parameter -y and B-y coincidence, and multispectrum modes. Two groups of gamma

‘ rays with slightly different half-lives are observed in '2'Cs"(3 ) to decay to high spin lev-
els with a half-life of 12143 sec, and "'Cs%(> ") to low spin levels with 136 + 3 sec half-
life. The decay energy of 'Cs¥— ''Xe* was measured to be 5.40 +0.02 MeV and that of
123C5 (365 4 4 sec) to be 4.0+ 0.1 MeV. K-conversion coefficients determined by the x/y
method are 11 + 1 for the 38.38 keV transition of *'Cs™, and 1.3 + 0.1 and 0.9 +0.1 for
the 83.38 and 97.39 keV trahsitions of '>*Cs, requiring these transitions to be 40%
M1 4+60% E2,9% M1 + 10% E2,and 80% M1 + 20% E2, respectively. The logft

o .values, the above multipolanties, and the branchings of electromagnetic transitions enable
a few spin and parity assignments to levels in '2'Xe and '“Xe. Decay schemes of
20y 2 "), oS 7 ), and 'BCs(5 ") are deduced from these obscrvations. Some of
the levels of '“Xe and PXe can be identified with low lying excitations of intrinsic states
of the Nalsson model with deformation parameter 8 = +0.16 to + 0.19.

\

RADIOACTIVITY #Xe(p,211)'2Cs, B, = 33 MeV;

124X e(p,4n)''Cs, E, = 52 MeV; measured E p I V-7 coincdence,

ICC, Qgc; deduced f"xé, %e levels, logft, I, ; enriched Xe gas

targets. In-beam 122Tc(t:t,Sn'y)mXe, E . = 69 MeV, y-y coincidence,
enriched Te targets.

sively investigated. Spin and parity measurements®

1. INTRODUCTION
of the Cs isotopes have revealed that Cs nuclei with

The aim of this investigation is to obtain further
knowledge of the structure of nuclei in the transi-
tional region. Isotope shift and Coulomb excitation
studies' of even-even stable Te, Xe, and Ba nuclei
havé demonstrated that the deformation parameter
is about |B| < 0.1 at N = 80 and increases with
decreasing neutron number N to |B| = 0:22 at
N =68. Some theoretical unified model calcula-
tions? preceded the experimental evidence and had
speculated on the existence of shape isomerism
while predicting for odd-4 Xe nuclei a deformation
parameter /3 increasing from -+ 0.15 or -0.16 at
N =T3to %026 or —~0.30 at N = 61. Odd-4 Xe
nuclei with N < 69 so far have not been the subject
of sufficient research, while even-even Xe nuclei
down to A = 114 have been extensively and inten-

T4

'N < 68 require a Nilsson model description with a

deformation parameter 8= +0.28 to explain?
120cgm 2 *14041]), MCs¥( S 1 [42211), and

123Cg( 5 T{4201]) levels. These developments indi-
cate that the daughters '2'Xe and 2*Xe may exhibit
characteristic Nilsson level siructure of moderate
deformations, as well as the Cs parents.

The present work is aimed at experimentally in-
vestigating the nuclear structure of '2'Xe and **Xe,
using 41% enriched '2*Xe gas targets bombarded by
protons to produce 2'Cs™* and '23Cs through
(p,4n) and (p,2n) reactions. Previous studies of
these decays had aimed at determining their half-
lives*~” and decay energies*® without attempting
detailed nuclear spectroscopy. In the following ex-
perimental procedure, results and decay schemes of

1615 ©1981 The American Physical Society
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121cgm 21Cs8, and '23Cs are presented along with
relevant discussion of the nuclear structure of '*Xe
and '®Xe in terms of Nilsson model intrinsic states.

1I. EXPERIMENTAL PROCEDURE

Target material of 100.0 mole % Xe gas consist-
ed, in terms of mole % abundances in parenthesis,
enriched to '2Xe (40.5), *Xe (9.7), *Xe (12.5),
129X ¢ (34.9), 1%Xe (1.0), *Xe (1.1), "Xe (0.3),
134%e, and '¥Xe (<0.1). This target gas was
transferred into a beryllium target container in a
vacuum. This target container had a tapered head
of about 0.25 mm wall thickness and 0.8 mm side
wall. After sealing, it was mounted in a 2.50 cm
outer diameter Delrin holder.’ In order to reduce
radioactive buildup, several such targets were used
in rotation. These targets were blown down penu-
matically to the predetermined proton orbit radius
of the internal circulating beam of the McGill syn-
chrocyclotron. After bombardment for a time
period of the order of a fraction of the half-life of
the isotope to be produced, the target was blown
back pneumatically. Cooling these activated tar-
gets for about a half minute reduced the short-lived
activities of 12%Cs (30 sec) and '26Cs (98 sec) signifi-
cantly. Beryllium (99.88% pure) was chosen for
target container material since it is a nonporous
material and does not produce short-lived ¥ activi-
ty when bombarded by protons.” Because’of the
isotopic composition of Xe target material, several
(p,xn)Cs, (p,pxn)Xe, and (p,axn)I isotopes were
produced along with '2!Cs or '2>Cs of concern here.
High resolution Ge detector y-ray spectra together
with half-life data from multispectra were usually
sufficient to identify ¥ rays of an isotope.

Singles y-ray spectra and multispectra were
recorded with an x-ray detector of 250 eV FWHM,
and three large volume Ge detectors of 2 keV
FWHM, by means of a state of the art modular
electronic system interfaced to the on-line computer
(PDP-15). A y-ray multispectrum was observed
over four half-lives, consisting of several time bins,
with and without the positron annihilators. This an-
nihilator was a 4.267 g/cm? Cu jacket around the
source. The multispectrum with this annihilator
yielded the total positron count relative to the prom-
inent y ray of the isotope, so that a ground to
ground positron branch could be deduced. 7y-ray
spectra were analyzed for energy and intensity and
the multispectra data were used to sort them ac-
cording to half-life. : .

Four Ge detectors were used in two pairs to

record two parameter y-y coincidence data by
means of the on-line computer. Data were recorded
on magnetic tape event by event. In these coin-
cidence experiments the two detéctors were placed
nearly 90" relative to each other with the source at
the center to avoid collinear or 180° coincidence
events from annihilation quanta. The interscattering
between the two detectors was minimized with radi-
ation intercepting graded absorbers. Such coin-
cidence data were analyzed by setting digital gates
on either detector spectrum.

The decay energy of 2> Cs was measured by
means of two parameter B~y coincidencgs. For this
purpose a vertical superconducting solenoid was
used to minimize y-ray background in the intrinsic
Ge detector which determined the energy resolution
of the positron spectrum.!® A vertical 8% Ge(Li)
detector below the source was the y-ray spectrome-
ter with 2.4 keV FWHM. Data analysis was simi-
lar to the two parameter Y-y coincidence experi-
ments using Qigitd gates on the y-ray spectrum to
%BKtam coincident positron spectra. Fermi-Kurie
(FK) plots of such coincident spectra gave the posi-
tron end-point energy, from which the decay energy
of 123Cs was deduced.

The larger decay energy of '?'Cs was manifegs in
y-ray multispectra with Ge detectors, in that the
positron spectrum, with over-riding y rays, was
clearly visible from 1 MeV upward in the y-ray
spectra. The y-ray count beyond 3.5 MeV was
negligible so that a Fermi-Kurie plot analysis of the
3.5 to 4.0 MeV region of these multispectra gave
both the half-life and end-point energy of the highest
energy positron group. While these multispectra
were without the annihilator, the y-ray multispec-
trum with positron annihilator had shown that the
12Cgs_, 1Y e8 pasitron spectrum (83% of '2'Cs
decay) dominates all other positron components in
this energy region. Therefore, the end-point energy
from this Fermi-Kurie plot was used to deduce the.
decay energy of 12!Cst.

The Be container of the Xe gas target, 47
mg/cm? thick in the tapered end and 140 mg/cm’
thick on the sides, stops internal conversion elec-
trons of 175 keV and less. Energy loss and strag-
gling persists up to 500 keV resulting in broad lines
and large low energy tails, riding on a Compton
continuum of ¥ rays. The most highly internally

converted transitions of interest are the 38.38, 83.38, -

and 97.39 keV ones. An indirect method of deter-
mining the number of K-shell vacancies caused by
the ejection of K conversion electrons per unit y-ray,
intensity by determining X /y was used. The two-

.
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parameter y-y coincidence data was sufficient to ob-
tain the K conversion coefficients (ax ) of the 83.38
and 97.39 keV transitions of 'PCs. However, to
determine the ax of the 38.38 keV transition '2'Cs
and to ensure that this transition does appear in
high spin band structure, an auxiliary experiment
2Te(69 MeV a,5ny)'?'Xe was performed with the
external a beam of the McGill synchrocyclotron.
In this experiment a 2Te target isotopically en-
riched to 9645% and containing 0.14% '*Te,
0.34% '*Te, 0.45% *Te, 0.88% '**Te, 0.97%
1%Te, and 0.77% '**Te was used. One x-ray detec-
tor and one large volume Ge detector were used for
two parameter Y-y coincidence in-beam experi-
ment. From the two parameter coincidence data
analysis, the X /y ratio of the 38.38 keV transitions,
which was found as intensely as in '2'Cs decay, was
determined and used to deduce its ag .

III. EXPERIMENTAL RESULTS

A. '2Cs™ and iCst

Energies and relative intensities of ¢ rays were
determined with y-ray spectra obtained by means of

[}
@©
1]
@«

60

a 250 eV FWHM x-ray detector [Fig. 1(a)] and a 2
keV FWHM large volume Ge detector [Fig. 1(b)].
y-ray multispectrum data obtained with a large

volume Ge detector and with an x-ray detector sug-

gest the existence of two distinct groups of y rays of
12104 decay: the group of ¥ rays of energy 179.4,
196.1, and 234.5 keV having 121 + 3 sec half-life
(Fig. 2), which are known to belong to the high spin
band structure of positive and negative parities of
121xe 11 and a second group of ¥ rays of energy
85.85, 153.75, and 239.6 keV with 136 + 3 sec half-
"life (Fig. 2), which are not associated with this high
spin band structure. 11 The first group of y rays is
due to 'Z’Cs"'(-- ) decay and the second one is due

Tt mCs’(— ) decay. Previous half-life determina-

tion had resulted in 125.6 + 1.4 sec (Ref. 5) for
1215, without '?'Cs™ and '2!Cs® distinction. The
‘existence of a y decay branch for R21cg™ is con-
‘firmed by the observation of Cs K and Cs Ky

x rays of about 2 min half-life [X13 magmﬁed re-
gion in Fig. 1a)]. The Cs Kg x-ray intensity is

3.0 £ 0.5 relative to the 38.38 keV y ray Based on
the Weisskopf estimate an isomeric 7 M3
transition with & half-life of about 2 min has an en-

B |
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FIG. 1. '"Cs y-ray spectrum recorded with (a) low energy photon detector, and (b) a large volume Ge(Li) detector.
Cs K g; and K g; x rays and 38.38 keV y ray are shown magnified.
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ergy of about 36 keV, ar ~ 11100.'2 Therefore,

the isomeric y-ray intensity of 0.0065, relative to the
Cs K g x ray [Fig. 1(a)] is below the limits of obser-,
vation. These results, together with the ﬂuomcence
yield"? for Cs, ox = 0.895, and K x ray to K g x-
ray intensity ratio of 5.257, 13 require '2!Cs™ to have
(60 + 4)% isomeric transition to '*!Csf, and

(40 + 4)% positron emission and electron capture to
121e.- There are more than 25 other y rays with
about 2 min half-life identified from multispectrum
analysis as belonging to '2'Cs decay.

- coincidence results (Fig. 3, Table I) obtained
with the '2!1Cs™ ¥ source and analyzed by setting di-
gital gates on cither the x-ray detector or the large
volume' detector require mutual coincidences
between the 196.1 and 38.38 keV ¥ rays, and no
coincidences between the most intense rays of en-
ergy 153.75, 179.4, and 196.1 keV in any pairwise
combination. The y rays of 196:1 and 38.38 keV
are in coincidence (Fig. 3), but which one of them
directly feeds the ground state of '?'Xe can be deter-
mined only by knowing the total transition intensity
of these two transitions. This requires the internal
conversion coefficient (ICC) and multipolarity, in
particular, of the low energy highly converted tran-
sition of 38.38 keV. The spectrum of Xe X x rays
and the 38.38 keV y ray in the 196.1 keV y gate
(Fig. 3) gives through the X /7 ratio only an upper
limit of ay < 27, because Xe K x rays arise both
due to K conversion and X capture processes. The,

3]

Ny

t (min)
FIG. 2. Two distinct groups of ¥ rays of '*'Cs with 121 4 3 and 136 + 3 sec half-life.

§ e

auxiliary '2Te(69 MeV a5ny)!?'Xe in-beam two
parameter y-y coincidence experiment does not gen-
erate any K capture x rays and the region of the
38.38 keV ¥ ray also shows the well resolved Xe

K g, and K g; x rays due to the dominant internal
conversion of this transition (Fig. 4), recorded with
the x-ray detector. From this 7/X ratio, the K con-
version coefficient ax = 11+ 1 is deduced for this
38.38 keV transition, using the fluorescence yield"
for the K shell of Xe, wyx = 0.889, and the Kg x
ray to total X x-ray intensity ratio of 0.155. i
Theoretical'? ay values for various multipolarities
of this 38.38 keV transition in '*'Xe are 10.4(E2),
11.51(M 1), 2.44(E1), 263(M 2), 1B UE3), and
0.1230(M 3). From a comparison of the experimen-
tal and theoretical a, S, the 38.38 keV transition is
inferred-to be 40% M 1 + 60% E2. This.ay and
multipolarity require a total ICC'? of

ar = 43, so that although the 38.38 keV y .ray has
only 3.8 + 0.5 % intensity relative to the 196.1 keV
v ray, the 38.38 keV transition intensity is 167% of
the 196.1 keV transition. Therefore, the 38.38 keV
transition is below the 196.1 keV transition in the
coincident cascade and these two are at the bottom -
of the negative parity band structure.!!

The standard deviation on the ay does not rule
out pure M | or pure E2 multipolarities. Pure E2
multipolarity requires a total ICC of ay = 62.5,
which would make the 38,38 keV transition intensi-
ty 242% of the 196.1 keV transition, which would

\
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FIG. 3. y-y coincidence spectra of '*'Cs for y gates in’
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J
mean more feeding and a lower logft value for the
38.38 keV level. Pure M 1 multipolarity would
mean an 1CC of ar = 13.4, so that the 38.38 keV
transition intensity is 51% of the 196.1 keV transi-
tion; in this case the 196.1 keV would be below the

2iCsm¢ gamma-gamma coinciderice results.

TABLE L
Gate
E, (keV) Coincident gamma rays, E, (keV).
38.38 196.1
85.85 153.75, 210.2, 321.5
153.75 85.85, 296, 9}5
179.4 235.2, 270.5, 280.4, 554
196.1 38,38, 159.9, 28§ -
235.2 179.4
239.6 210.2, 321.5
270.5 1794
2804
281 1794, 196.1, 427.3
215 85.85
554.0 179.4 s

°

1619

38.38 keV. Without extremely precise values no
certitude can be associated with the ordering of
these transitions.

After separating the decay of 121Cs into
121cgm(2 %) and 7'Cs%(3 ) decay schemes based
on the 121 +3and 136 t 3 sec half-lives, respective-
ly, and using the coincidence results in Fig. 3 and
Table I, and the Ritz combination principle, the
transitions belonging to the two separate decay
modes were deduced in terms of their energies and
intensities (Tables II and III). There are a few other

. low intensity ¥ rays, such as the 90.6 keV 7 rays in

Fig. 1, which have about 2 min half-life but which
could not be definitely placed in either of the decay
modes. They are not included in Table II or III.

A 69 keV transition was observed in an in-beam
study by Chowdhury et al.!! and assigned to the .
negative parity high spin band. In our y-y coin-
cidence in-beam measurement we did not observe
that transition (Fig. 4). From these data one con-
cludes that if the 69 keV ¥ ray does exist it would
be very weak, < 3% of the 38.38 keV y-ray intensi-
ty. .
The annihilation quantum intensity due to all pos-
itrons of 2!Cs™ + '21Cs relative to 100 y rays of
196.1 keV was determined from the y-ray mul-
tispectrum with the 4.267 g/cm? positron annihila-
tion of Cu by extracting the 2 min component
through least squares analysis to overcome contribu-
tions from other Cs, Xe, and I positron emitters in -

4800 4

Xe Kp|

3600 1

UNTS

CO

2400

1200

Er(KQV)

FIG. 4. '2Te(69 MeV a,5ny)*'Xe in-beam y-y coin-
cidence gating spectrum recorded with 250 eV FWHM
fow energy photon detector to determine ay of the 38.38

" keV transition. The arrow pomts at the position of a

propgsed 69 keV transition.
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TABLE II' '%Cs™(121 + 3 sec) gamma-ray energy and intensity. .

E, keV) L% E ke L% ¥
38.38 + 0.02 . 38+05 4146402 19 +5
159.8 +0.3 4, +1 4273401 39 +4

. 179.4 +0.1 9% +5 459.840.1 ) 51 +3

= 196.1 0.1 100 - 5540402 8 +1
234.5 +0.1 20 1 684.5+ 0.3 . 19+05
2352 +0.1 6 +1 701.040.5 1.5+0.5
280.4 +0.5 16 +1 706.6 + 0.3 3 +1
281.0 +0.5 6 +1 733 +1 2 +1.
287 1 . 2 +1 1418 +1 1.0+0.5

the '2'Cs source to be 12 363 + 776, corresponding
to 6182 + 388 positrons of '2'Cs™ + '2'Cs%. Earlier
decay energy measurement” throg:gh the By coin-
cidence method had obtained 1263 + 282 annihila-
tion quanta of ''Cs per 100 y rays of 195 + 1 keV.
The present positron intensity and transition intensi-
ty balance require 98 + 7 % of the '?!Cs* (136 + 3
sec) decay to feed '2'XeS, corresponding to 89%
positron branching. This is the most intense posi-
tron group in the decay of '2!Cs. 121Cg™ activity of
positron emission plus electron capture was only

5.7 + 0.5% of the corresponding activity of '*!Cs¥in

the source of '2!Cs from the (p,4n) reaction. This
result, together with the Cs K g x-ray intensity, sug-
gest that the activation cross sections of '4Xe(52
MeV p,4n)'?'Cs™* are in the ratio of
(05/2'*/”:'/2"')2 6.

.. With the large volume Ge detector x-ray mul-
tispectrum without the positron annihilator of Cu, a
very conspicuous f continuum following a half-life
of 2 min was noticed in the 1 to 4 MeV cnergy re-
gion. The 3.5 fo 4 MeV region of this continuum

was free from y-ray disturbance. In view of the
above inference that 98% of all positrons of '2!Cs*
or 92% of all positrons of '>'Cs™ 4 12!Csf is the
ground to ground positron ‘component of '*'Cs de-
cay,-this continuum in this region is considered to
be due to this component. A Fermi-Kurie plot
analysis (Fig. 5) of, }ﬁs positron component from
the 2 and 5 min bins of the y-ray multispectrum

.through the least square method resulted in

4,37 + 0.02 and 4.42 + 0.06 MeV, and a weighted
mean value of 4.38 + 0.02 MeV, for the end-point
energy of the highest energy and highest intensity
positron component. Only the standard deviation
from the least squares analyses-are shown in these
numbers.” This result corresponds to a decay energy
of 121Cs# to "¥'Xef of Qpc = 5.40 + 0.02 MeV, to be
compared to the earlier result® of

Qgc > 5.65 + 0.49 MeV (where EC represents elec- '

tron capture). If the mass excess of 2!Xe is taken
as —82.33 + 0.11 MeV, then the mass excess of
12iCef i —76.93 +0.11 MeV from the present
result, while the earlier tabulation'’ was'—77.13

-

TABLE III. "!Cs%136 + 3 sec)- gamma-ray energy and intensity.

Ey keV) 1,% s E, keV) “ L%

38.38+0.02 0.009 + 0.005 296.2 + 0.1 10.6+0.5 ‘

85.8540.05 . 114 +06 321.5+01 10 41
153.7 +0.05 3 +2 450.5+5 - 9 +1
179.4 +0.1 103 +0.3 563 1 13 +2
196.1 +0.1 033 +0.16 620.0% 0.5 3 +1
210.2 +0.5 10 42 . 836 +1 ' 04+02 -
234.5 +0.1 007 . +0.04 1915.1 +£0.2 1.8+ 0.8
239.6 +0,1 50 +1 070 &1 0.7+0.4
2705 +0.5 113 +0.3

= ¢
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Py Yy B. l”C’ -
. B -1/ ’ 1 The y-ray spectrum of the (p,2n) reaction prod-
e uct 'BCs recorded with an x-ray detector [Fig.
[ ' 1 6(a)], and a 2.2 keV FWHM Gel(Li) with a positron
[, annihilator of Cu [Fig. 6(b)] and without the an-
3 . nitiilator [Fig. 6(c)] indicates that the number of
2 N} § impurity ¥ rays is less with '2>Cs than with '?'Cs
N L 5 l (Fig. 1). 1 This is due to the fewer exit channels of
';_NA ] 8 (p,xn), (p,pxn), and (p,axn) reactions at 33 MeV
8 | than at 52 MeV proton energy. The y-ray mul-
N tispectrum with x-ray and Ge(Li) detectors yields
T i 1 the half-life of "’Cs to be 365 + 4 sec, for the most
> intense 83.38 and 97.39 keV ¥ rays. This result is
| : to be compared to 336 + 6 sec,* 352 + 3 sec,’ 360
ol e se;,‘and480-&30sec.7'1‘heotheryraysnearlyfol-
3.0 Ea(MeV) 40 .45 lowing this half-life were identified as belonging to
A 123Cs decay. Their energies and relative intensities
FIG. 5. FK plots of 8 spectrum of '2'Cs¥— 2!Xef ob- are given in Table IV, \
served in 2 and 5 min bins of a large volume Ge(Li) mul- Digitized ¥-y coincidence events were recorded
tis‘.mtmm' Soliq lifm are the least squarcs ﬁ‘. to data on magnetic tape evenf by event. A sample of coin-
points. The end-point cnergy shown is the weighted ident v- tra for o few significant gates is
mean of the two results, > a y-ray spec gn N g
. . shown in Fig. 7, and most of the coincidence results
are given in Table V. Coincidence results require
MeV from mass systematics. The isomeric the 610 keV y-ray peak to be a doublet consisting of
21cgm( 2, 121 + 3 sec) state, being ~36 keV 610.3+ 0.2 and 610.9 + 0.2 keV components, whose
above the ''Cs¥( %+, 136 + 3 sec) state, has a mass relative intensities were deduced to be as given in
excess of —76.89 + 0.11 MeV. Table IV, : -
* TABLE IV. '3Cs(365 + 4 sec) gamma-ray energy and intensity.
E, (keV) 1,% E, (keV) 1,%
71.26 £0.03 1.240.1 ’ 596.4 + 0.2 57 43
83.38 + 0.02 21 1 610.3 +0.2 1.3+04
97.39 1+ 0.03 100 610.9+02 ° 16.7+1.9
180.77 1 0.03 3.1 +03 - 644.1 + 0.1 15, 22
209.7 %02 o, 0.7+0.2 667.6 + 0.4 7 %1
C 238.0 105 22406 693.6 + 0.4 8 12 -
< 520 +05 22406 711.0 0.2 4 11
: 2619 +01 13 +1 725.0+0.5 1.3+03
2780 405 , L1+04 741.5 +0.1 - 17 +2
2945 +0.5° 1.6 +04 750.7 +0.2 ) 4.8+0.7
3040 401 ~ 5 %1 819.0+0.5 1.2406
3 3071 201 21 +1 841.8+02 1.8405
344.5 105 ’ : 34409 849.0 + 0.5 0.7+04
4050 +035 1.1+02" 945.0 + 0.3 1.9+05
N 422.0 +05 0.7 403 1125.340.3 . 3.7+03
. 4300 +05 ' , 08+02 1176.2+04 9. +4
4343 102 : ' 47+07 1255.8 + 0.4* 1.6+05
498.9 +0.2 6 +2 1273.21+02 14 12
511 (yt) 1300+ 200 1355.6 +'0.5 S %2
® 540.5 05 4 +1 1453.0 £ 0.5 1105
& *Not placed in the decay scheme,
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FIG. 6. '“Cs y-ray spectrum recorded with (a) 250 r Y
¢V FWHM low energy detector, (b) 2.2 keV FWHM 50 250, el Shumsen 0 -~ tho
G.C(Ll) d.ct'ector with positron annihilator, and (c) without FIG. 7. *Cs p-y coincidence spectra for the gates
this annihilator. shown as y-ray energy in keV.
/ TABLE V. '®Cs gamma-gamma coincidence résults. +
. N Gate . .
' Ey (keV) Coincident gamma rays, E, (keV).
83.38 71.26, 97.39, 261.9, 430.3, 667.6, 9450
97.39 83.38, 209.7, 261.9, 498.9, 644.1, 667.6, 750 7 1355 6
261.9 83.38, 97.39, 180.77, 405
4.0 - 209.7, 307.1
307.1 - . 304, 434.3, 540.5, 610.3, 725, 819 N .
498.9 ‘ ' 97.39 h
610.3
610.99 . . 307.1, 841.9 '
644.1 97.39, 711 ‘ \ :
667.6 83.38, 97.39, 180.77 - . -
741.5 ! 711 )

750.7 97.39 - . 1
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Because gas targets are enclosed in 175 keV clec-
tron energy équivalent Be containers, the ICC of
the highly converted high intensity 83.38 and 97.39

. keV transitions were determined by the X /y ratio

method. X rays in coincidence with any y ray are
due to internal conversion and electron capture; the
annihilation quantum (511 keV) gate was used to
bypass capture x rays, The resulting x-ray detector
spectrum [Fig. 8(a)) shows Xe Ky, Kgy, and K x
rays and both 83.38 and 97.39 keV y rays. If the
intensity ratio of the 83.38 and 97.39 keV y rays in
the SI1 keV gate is C, and that of the Xe X x ray
and the 97.39 keV y ray in the same spectrum is
C, (0.085 + 0.005 and 0.86 + 0.02, respectively),
and if ag(83) and ax(97) are the K-conversion
coefficients of the 83 and 97 keV transitions, then

°

c
Ciag(83) + ag(97) = -2, m
Wy

where wy is the K shell fluorescence yield of the Xe
atom (wg = 0.889)." At least one more coin-
cidence relation between the 83 and 97 keV transi-
tions is required in order to solve for their ay’s.
The 261.9 keV y gate providés [Fig. 8(b)] this need-

r BGATE 11 kev
600 | T
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Hr x o ta)
- - -]
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1 ] \] M
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CHANNEL NUMBER

FIG. 8. Low energy ¥ specira in coincidence with (a)
511 keV annihilation quanta, and (b) 261.9 keV ¥ rays,
used ih determining ax’s of the 83.38 and 97.39 keV
transitions.
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ed relation. If C, is the ratio of observed relative
intensities of the 83.38 and 97.39 keV ¥ rays in this
gate and since the transition intensities of the 83 and
97 keV transitions should be equal in the 261.9 keV
gate, then

C.ax(83) — ax(97) = R(1 - C,), @

where R is the ay to total ICC, ay ratio, which is
the same for both the 83.38 and 97.39 keV transi-
tions, being 0.86 in the M 1 limit."> A contour plot
of these two coincidence relations gives
R = 0.80 + 0.01 for both transitions. Using C,
which was deduced to be C, = 0.79 + 0.03, it is
possible to solve these coincidence relations with the
results ag(83) = 1.3+ 0.} and x(97) =09 + 0.1,
Theoretical'? ax’s of 1.20(M 1) and 2.12(E?2) for
the 83.38 keV transition suggests that it is probably -
90% M1 + 10% E2 multipolarity, and those of
0.71(M 1) and 1.32(E2) for'the 97.39 keV transi-
tion suggest a 80% M 1 + 20% E 2 multipolarity.
The Ge(Li) multispectrum with a positron annihi-
lator of Cu yields the total positron intensity of
123Cs to be 650 + 100 per 100 v rays of the 97.39
keV transition. A Fermi-Kurie plot of the positron
spectrum observed in coincidence with the 596.4
keV y ray, in the two parameter 8-y coincidence
measurement, using an intrinsic Ge detector and a
superconducting solenoid,'” is shown in Fig. 9. To
obtain this, the positfon spectrum in the neighboring
background gate was subtracted and the spectrum
was folded to improve the count rate per datum
point. The solid line in Fig. 9 is the least squares fit
to data points resulting in the end-point energy of
the positron group to the 596.4 keV level of
QE (596.4) = 2.37 +0.14 MeV. This corresponds
to a decay energy of '°Cs of Qpc = 4.0 + 0.1 MeV,
and a mnass excess of 'Cs of —81.29 + 0.14 MeV,
if the mass excess of 'PXe is —85.29 + 0.10 MeV."?
Earlier results on the mass excess of '23Cs were
—81.19 + 0.32 MeV," and on the decay energy of
'BCs were 3.6 + 0.5 MeV,* and 4.1 + 0.3 MeV 2

IV. DECAY SCHEMES )
A. PCs™ and ‘mc.g

The isomeric, 2'Cs™(3 ), and the ground,
210gk( 3 ), states which were identified in spin and
parity measurements with 5 [404t] and 3 *[4221]
Nilsson states at a deformation parameter
B == +0.28 were found by Ekstrom et al.’ to emit
positrons with nearly the same half-life of 2 min.
Unified model calculations’ had earlier predicted
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FIG. 9. FK plot of the 23Cs positron spectrum in the
596.4 keV y gate. The solid line is the least squares fit
to data points. @2 shown is the result for the end-point
energy of positron spectrum to the 596 5 keV level from
this least squares fit.

%

B = +0.27 or —0.26 for the 3 ' [4221] ground
state of 2!Cs. The ground state of '?!Xe has been
inferred to be —+ from xts 40.1 + 20 min B decay
predominantly to 2 v 3 and =% states and very
litle to 3+ and 5 ' states of 21T, The half-lfe of
61.9 +5. 6 psec (Ref 13) of the first excited 27 state
of 2Xe suggests ﬂ(mXe) = +(0.22 + 0.01), so that
odd-even staggering' of B requires

B(!2'Xe) ~ +0.22. The unified model’ predicts

B = +0.26 or —0.25. Based on the present experi-
mental results on the half-life of isomeric and
ground states of '2!Cs, y-ray energy and relative in-
tensity coincidence relations, the Ritz combination ~
principle, decay energy and multipolarity of the
38.38 keV transition from its ICC, transition intensi-
ty balance and annihilation quantum intensity, and
also Cs K g x-ray intensity to determine isomeric
branching, the decay schemes of '>'Cs™(121 + 3 sec)
and 2'Cs%(136 + 3 sec) in Fig. 10 are proposed. In
the decay, scheme of -+ 121 cgm( 121 ] 3 sec), while
there is no décay branch to 121XeS(> *), the branch-
ing ratio of positron and capture mode to isomeric
mode of the parent state has been included in ob-
taining the logft values in Fig. 10(a). .

The first excited 38.38 keV state, now self-evident
from both 12!Cs B decay and the '#2Te(69 MeV
a,5n7)'*'Xe in-beam y-ray spectrum, is fed by a
7.2% B* + EC branch with a logft of 6.3 + 0.3.
This allowed or first forbidden B transition, and the

T
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multipolarity of 40% M 1 + 60% E 2 of the 38.38
keV transition, regmre this first excited state at
38.38 keV to be 5 . If the negative parity band
head!! is above thc 196 1 keV 7 ray, then the 234.5
and 196.1 keV transitions from this 234.5 keV level,
which is now identifiable as this band head, are both
of E 1 multipolarity and therefore this 234.5 keV
level could be a 5 or 3 state. The § transition
from the =" parent state to this 234.5 keV level has
a logft of 6.16 + 0.03 and corresponds to an al-
lowed or first forbidden transmon It appears that
this 234.5 keV level is a —T state and is possibly

the head of the negative parity band."! This agrees
with the systematic observation of a neytlve parity
band head in odd-4 Ba nuclei' that it is 5 at
N=77,3 atN=71,73,and 75, and £~ at

N = 69, so that this band head is also possnbly

at N = 67 in Ba and Xe nuclei. '2'Cs™(3 ") decays
to the 179.4 keV level with a logft of 6.17 + 0.08,

so that this level is possibly 2+, :+, or "+. The

179.4 and 414.6 keV levels are observed in the posi- -

tive parity band structure'! connected by Al = 1
tra:Fnsxt10ns, so that these two levels may be ass:gned
5 and 7, respectively. The logft of 6.6+ 0.2
for the B transmon from the + > parent to the 414.6
keV level does not contradict such a 5~ assign-
ment. The level at 394.3 keV, fed by a B transition
of logft 7.2+ 0.1 and connected by the 159.8 keV
transition to the (- ) 234. 5 keV level and by the
356 keV transition to the (— *) level, has 7 > or

;— spin and parity assignment. The other levels at
459.8, 515 5, 701 733, 886.6, and 1418 keV are as-
igned 5~ or : on the basis of the logft of B tran-
sitions from 2icgm(2¥),

' The decay scheme of 1!Cs¥%3*) in Fig. 1 has
the highest branching of 98% to the ground state
of 2'Xe with a logft of 5.20 + 0.07 for an allowed
B transition, supporting the f assignment to this
ground state of '2!Xe. The 153.75 keV level is fed
by a B transition with a logft of 7.37 + 0.09 and
deexcites through only the 153.75 keV transition
with rio branching to the Z * state of 38.38 keV, so
that it appears to be a - * state. The 239.6 keV
level is a 3 Tor 3 statc on the basis of the logf?
of 7.12 + 0.06 for the B transition, and the observa-
tion of the 85.85 keV y ray in coincidence with the
153, 75 keV Y ray ¢ and a crossover of 239.6 keV to
the (— *) and (3 ) states. The levels at 450, 562£
and 1070 keV are assigned EARCIIRELEES
and ( ') on the basis of logft va;lua and deex-

citing ¥ rays ' . N
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FIG. 10. Decay schemes of (a) 'Cs™(3 *; 121 1 3sec) and (b) 2iCgh 2" 136 + 3 sec.) Transition intensities shown -

after energy in keV are per 100 decays of parent. The circular insert for the ground state transitions reflect the uncer-
tainty in the intensity of the 38 keV transition and thus the lowest level ordering.

Nilsson model predictions for neutrons with
parameters p = 0.45, x = 0.0637, and B = +40.16
to + 0.19 predict a %+[4l31] ground state and
low-lying intrinsic exctations of 3 L4041,

5 [411], 7 [5231), and 5 [5141]. The decay
schemes in Fig. 10 permit the identification of the
above Nilsson states with the %+ ground state,
38.38 keV (2 1), 153.75 keV (1 7), 234.5 keV
(37), and 394.3 keV (3 ) levels. The 179.4 keV
I* and 414.6 keV 3" levels are the quasirotational
Jevels based on the - [4131] ground state, with the
inertial parameter (h?/21) = 25.83 + 0.01 keV
characteristic of transitional nuclei where intermedi-

RN

ate coupling in the unified model is applicable.
These comparisons with the predictions of the
Nilsson model? suggest that '2'Xe is probably asso-
ciated with a deformation parameter of 8~ +0.16
to +0.19. This 5 " [4131] state, which is the posi-
tive parity band head in '*'Xe, is also the positive
parity band head'* in """ Te with 65 and 67 neu-
iy o

} B. 'BCs

The spin of 3 and magnetic moment of
1.389 + 0.016 mm have resulted from an atomic
beam magnetic resonance’ studies for '2>Cs. This
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ground state of !2Cs has been identified in this
context? to be the Nilsson ; [4201] proton state
at a deformation parameter comparable to that of
2cs, B~ +0.28. The ground state'® of Xe has
been inferred to be from its B deca with a
half-life of 2.08 h to the 148.91 keV < level of
121 having logft = 5.59 and the absencc ofa B '
branch to the —+ ground state of 23, The present
expenmental rsults on the 365+ 4 sec decay of
13Cs(+*) with a decay energy of 4.0 +0.1 MeV,
y-ray energy and intensity measurements, and y-y

* coincidences lead to the decay scheme of '*Cs 1n

Fig. 11, ,

The 8 transition to the ground state of 123Xe has
a logfr of 5.2 + 0.2 which supports a ; . 7 na-
ture of this transition. The logft of the transition to
the 97.39 keV level is 5.82 + 0.05, requinng a
(AI = 0,1; Ar = +) allowed nature of this B tran-
smon, s(; that the 97.39 keV level may be assigned
3 . The K-shell conversion coefficient of
the 97 39 keV transition, measured here to be
0.9 + 0.1, requiring a multipolarity of 80%
M1 4 20% E?2, also supports these spin and parity
assignments. The logft of 6.3+ 0.1 for the 8 transi-
tion to the 180.77 keV level and the 90%
M1 + 10% E 2 muitipolarity of the 83.38 keV
transition from its K shell conversion coefficient,
measured here to be 1.30 + 0.06, require a %+ or
3% assignment to this level. In the context'” of a

6.3 psec isomer with 3 assignment, this 180.77 *
keV level had been asmgned * and the 97.39 keV

level had been assigned > .
was considered by these authors''%!7 to be the
37 isomeric state since 1970. A thorough search
of all possible very low intensity transitions has
been made here to seek justification fos earlier |
results. ! 1617 However, the best that can be in-
ferred about the 252.03 keV level is that it may not
bethe >  isomeric state because it is fed by a B
transmon from the 5 parent with a logft of
i 3k,

7.4+ 0.6, which requlra a3~ or 7 assignment
to the level, The present obscrvatnon of a 252.03
keV gamma ray to the ; * ground state of "¥Xe
also forbids a 7 assignment to this 252.03 keV
level. It is proposed from the prmt results that *
thns level has spin and parity of +tor - , but not
2 . The logft deduced for the other levels re-
quires the allowed classification of B transitions to
5964, 611.1, 741.5, 8485, 112538, 1273.4, and
1452.8 keV levels which may be assigned spin and
parity of -;-+ or %“”, while the other B transitions
t0 307.1, 442.7, 693.6, 917, and 1032.6 keV levels
are of allowed or first forbidden nonunique ‘classifi-
cation, requmng Jthwe five levels to have spin and
parity of 3 or 3.

Unlike the level structure of "'Xe, in the decay
of a high s spin '2'Cs™(3*) and a lower spin
2cge( 5 *)to 2 states being observable, this
mCs( ) decay populates '2*Xe levels with just
% or —J-i. The Nilsson model with the same neu-
tron parameters’ as 12iXe can account for the
change from the < [4131] ground state at N = 67

-

‘/2" '23Cs°,(365*4 sec)

/ Qec=4.02041 Mev

(1/2.5/2)* ol

1452.8%05 13103 6002

S
O’ DD
+ RS a\@'\o-‘:o'-(‘ S
(v/2,3/2) . .gf"ql%«" 22 00 — 1i73.4203 23 %035 s8to2
5 N

w/2,3/20% P ﬁ@ogb’(o-'(oggo N B 125.8204 0873009 6.4£0.
/2, 3/2) - & o oA %’ﬁ?‘ oo g — 1032.6 £0.6 0.21¥002 7.1%041
(://5-352) PPENS 9 6% P e & o 3, 9uioos 2304
:1/2' g/§;+ » g,*’.. & o 000 T — W o 8485204 2.0%0.2 &2%04
Va3 X [P P ——F F w—741.5202 35:04 80201
2,3/ SFPLFEY o S &S F 4 —e0d6tos 09102 eer02
A RN ) ¥on § =ea o 20 $0.2 6.3:0.1
1 2R DRSNS 506,402 71204 58201
/a2, 32 &P Py o ——44a27201 11201 67101

/2,3/2)% LA F
/2,372 VAo 3 307.1 X041 0.6%0.2 70%0.3
(1/2 3/2)* "~ 5 252031004 0272016 74106
22208 TTé 180.77£003 3.510.3 6,310,
L a 97.39£0.03 125%06 582005
a/20 ] 62 £ 14 3.2%0.2

) &4 . 23ye +

547%69 E(keV) B+EC% log ft

FIG. 11. Decay scheme of '*Cs( %?‘365 + 4<>§ec) with the same notations as in Fig. 10.
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The 252.03 keV level
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121X¢ to the + ' [4111] '2*Xe¢ ground state, at the
same dcfonnauon parametcrﬂ +4+0.16t0 +0.19
as '#!Xe, The 6.3 psec isomeric state!¥1'7 of 123Xe
is possibly the © [523t] Nilsson state as m 69 neu-
”’Ba," rather than’ the higher lying + >

and low-lying excitations of '>'Xe can be identified
with some of the intrinsic states of the Nilsson

model, while only the ground state of 12Y¢ is iden- \ -
I
|

tified with the corrupondmg intrinsic state in the
T[5141] model.
state.

V. CONCLUSIONS
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0" excited states in 122-124:126,128¢

B. Singh, R. Iafigliola, K. Sofia, J. E. Crawford, dnd J. K. P. Lee
Foster Radiation Laboratory, McGill University, Montreal, ‘Quebec, Canada
(Réceived 28 November 1978)

-y directional correlation measurements have been carried out and the following 0 spin assignments have
been made. 122 Xe: 1149 keV level, **Xe: 1269 and 1690 keV, 126Xe: 1313 keV, 'Xe- 1583 and 2599 key
In addition, value of § for the 493 keV (27,—2}) transition in "**Xe has been measured to be 8+,

RADIOACTIVITY 124%Cg [from 12Xe (p,xn), enriched ¥Xe]; 1284%Cs (from
1818p, 13305 (5, xn)]; measured yy(f), 21 %1% %Xe levels. Deduced J, y-

mixing, Ge(Li), and Nal(Tl) detectors.

In each of the even-even Xe nuclei from A=118
to 128, at least one excited O* atate has been
postulated from g-decay studies on Cs isotopes.'~
In the case of 1'®Xe and *°Xe, first excited 0*
states were identified' through the observation of
EO transitions. - For the other'nuclei, the 0* states
were postulated mainly on the basis of their decay
patterns. The purpose of the present investiga-
tion is to confirm these 0* assignments by y-y
directional correlation measurements. During
the course of our measurements, results of a
similar study for '*®*Xe were reported in a con-
ference proceeding.’

The angular correlation spectrometer consigted
of a fixed Ge(Li) detector of 18% relative efficiency
and 2 movable 7.5 cm X 7.5 cm Nal{T1) detector
placed at distances of 7 cm and the 10 cm respec-
tively from the center of the source. For the '**Xe
study, another 15% Ge(Li) dgtector was used in
place of the Nal detector. In each case the coinci-
dence resolving time was about 15 ns. The random
rate was kept at a negligibie level. Coincidence
data were recorded as pairs of addresses ona
magnetic tape and were later sorted by selecting
appropriate windows “on” and “off” the y-ray .
peaks of interest. Normalization of data at various
angles was cirried out with a singles spectrum ac-
cumulated simuttaneously with the coincidence
spectrum. Source sizes were kept reasonably
sriall so that corrections were negligible,

The 80 s 2°Cs and 30 s ***Cs activities were
produced by (9, 3n) and (p, n) reactions, respec-
tively, by irradiating targets of isotopically
enriched Xe gas containing 41% of **Xe by 45 MeV
and 15 MeV protons, respectively, from the Mc-
Gill synchrocyclotron, A total of about 2000 sam-
ples were used for each of the experiments. The
ifradiation time was about 10 s and the counting
period was about 1 m.

4

The 1.6 m 2°Cs and 4 m '**Cs were obtained as
daughter products of 87 m '®Ba and 2.4 d '**Ba,
which were produced by (p, 8n) and (p, 6n) reac-
tions, respectively, on natural Cs.. Engrgies of
the proton beam were 85 MeV and 65 MeV, re-
spectively. After a waiting period of about 30 m,
barium isotopes were separated chemically by
the following procedure. Irradiated cesium
nitrate was disolved in water, and a few drops of
barium chloride and ammonium hydroxide were
added. Barium precipitate was separated and
washed twice with water. This procedure gave
tairly clean samples of barium isotopes. Seven
samples were prepared for **Xe and only one for
the 3%Xe studies.

Normalized péak areas were plotted as a function
of the angle between the two detectors. Figure 1
shows such curves for all cases which were of
interest in the present investigation. Solid lines
are the result of a least squares fit of data points
to the function

W(6) = A, +A,P,(cosb) + AP, (cosb)
= Ay(1+ A, P5(cosb) + A, P;(cosd)),
where

A AL

= =L

A, A, and A, A

With the given geometry, the solid angle correction
factors were 0,86 for A, and 0.59 for A,. The
values of the coefficients 4, and 4,, after the cor-
rection for solid angles, are listed in Table I, :
together with the spin assignments of the corres-
ponding levels. All the curves shown in Fig. 1 are
characteristic of a 0* - 2%~ 0* directional correla-,
tion pattern. Although the errors are fairly large
in a few cases, a large A, value uniquely describes
a zero spin assignment to the levels quoted in

2409 . © 1979 The American Physical Society
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FIG. 1. Angular correlation measurements of the cascade ¥ rays shown in the Insets. Solid lines represent least

w(e)

[ e irald

SINGH, IAFIGLIOLA, SOFIA, CRAWFORD, AND LEE

1.8

1.4

10

0.8

18

1.4

0.6

I\l
oY O’ '\'51)0Q
o0 ) o) 1690 .
Q:_&-—-I‘MD M ) 1289 4
\) .
. !
D 547\
0 .
+ 3\
2 j’ 33 J"‘l:u
+ 4 + “
Q2yq 124 xe .
1336354 R 915354
11 L 1 1 1 1 3 2 1
. P 2599
M S . & '
+
0% 2 1883
+ 2® o
2 388,/ + 5
+ M I 443
1728 Xe N 128 Xe
A140-443 - 2156-443
4 L 1 Al 'l 1 [l 1 i L 1 L 1 L i )
135 180 135 180 ., 80 135 180
9 .

squares fitted to the experimental results.

TABLE 1. Summary of angular correlation measurements in

i

122,124, 126, “'Xe.

Level  Casocade y-ray
Nucleus  (keV)  energies (keV) A,?t Al Spin sequence
12¢e 1149 816-331 0.2 £0.2 1.1 204  0'-2'-0
12ixe 847 493-354 ~01620.04 0.32£0,05 2'-2*—0" (6=8L)
1269 916-354 . 0,23£012 1141018 0'-2"-0' .
1690 1336364 0,10£0.20 1.0 %03  0*=2"—0"
120xe 1313 925--388 0.30+0,04 1204020 0*-2"—-0"
120ye 1583 1140443 0.29+0.10 1.0520.16 ~ 0'-2*-—-0*
2599 2158443 0.36+0.16 1.10£023  0*=2"~0"

sy b g s e e _§ oAb ot ypewasy

’

R e hata. o il

2 The values quoted include solid angle corrections.
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Table L. Other possible spin values of 1, 2, 3 or

" 4 will not satisfy these correlation coefficients.®

Theoretical coefficients for a 0-2- 0 cascade are
A4,=0.357, A4,=1.108. As a byproduct of this mea-
surement, the correlation of the 493-354 keV
cascade in "**Xe has been obtained. Values of the

.,
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coefficients are 4, =-0.16+0,04, A,=0.3240.05,

which give a value of 8'=8!] for the 493 keV transi-

tion. ' !
These 0* assignments in Xe nuclel.are in agree-

ment with pestulationa of the earlier works.
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