
'" .. o 1 
..... ~~~ .... __ • _______ ...... IjII ........ '.,.._' ... L""! .. J ... S~ _________ • .,. ....... _ ... , .... ,_ ... 

1 

1 
f 

1 
1 
1 
[ 

1 
,r 

1 ;. 
'. 0' 
f 
t 
~ 
{' . 
1 

" 

() 

.. 

() 
',-

:} 
" 

,li 
if 

-

, STRUCTURE OF \ SOME NEUTR.ON-DEFICIENT XENON I~OTOPES , 

, ' , 

'by , 
'" 

"-

@, Kamilia Sofia 
, .' 

~ -

A thesis submitteèl to the Faculty of Graduate'~Studies 

and Research in partial fulfil1ment of the requirement 

for the Degree of Doctor of Philosophy. 

\ 

Foster Radiation Lab~ratory 1 

McGill Un iversity. ~lontreal. 

Quebec. Cànada 

March 1982 

1 

\ 
.., 

II' """ 

't-
~ 

'\. 
f 

~. 



.... ~ ______ l_._ ..... ' ............ , .... > t_ .. _",_~( _. ___ ... l ! ... 

o 

! ' 

.. 

.. , 

\ 

ABSTRACT 

The level structure of neutron-deficient 121xe. 123Xe and l24Xe was 

studied. 
" , J '121 123 

These levels were populated in the a-decay of Cs, Cs and 
, 

124 ' Cs respectively. wh1ch wer~ produced by the proton bombardment of 

. 124' isotopically enriched Xe gas targets. Using y-and B-spectroscopy 

,P,' techniques the level structures of these isotopes were obtained. 

i~ . High-spin level~ of 122Xe and 1~4Xe populated in the (a:4ny) reaction 

on enriched tellurium. 'targets, were 1nve_stigated. Gauca-ray-mult1plicity " 

filter, and angular distribution measurements have been carried ~ut. The . r 

o~ervation of the backben~1ng of the ground band, and ~f the two-quas1- ~ . 
-.. 

122 124 particle high-sp;n.bands in ' Xe, ia the first in xenon nuclei. These 

:bands were interpreted ;Ln the framework of the rotation-alignment picture. 

_ 116-130' A theoretical interpretation of Xe nuc1ei was performed using . . 
'the InteTacting Boson Approximation ... Aleo the,levels in l2lXe were inter-

preted using the Interacting Boson-Fermion Model. 
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La disposition des niveaux des ):lOyaux dé~ents en neutrons 

<-

1\l21xe, 123Xe et 1~4xe a €té étudié. Les niveaux' ont été peuplés par la 

d, 'i Q d . 121 
~ ecro ssancep e, respectivement, Cs, 123 124 .... 

Cs et Cs, q?i furent 

produits par bomb,ardement16 avec des 

en 124xe. Al' aide des techniques 

protons de-cibles gazeuses enrichies 
~ \ .l-

de spectroscopie ~ et Y , les états 

des niveaux de ces isotopes qnt été obtenus. 

122 124 , ~ 
Les niveaux de haut spin de Xe et Xe peuples à l'aide de la 

réaction (a,4nY) sur des cibles 'de tellurium -enrichi, ont été étudiés. 
y ~ 

Des mesures de distribùtion angulaire ainsi que l'usage des techniques . 
de filtres de multiplicité y et de neutrons ont été-exécutées. Pour la .. 
première fois'une courbure en arrière de la bande fondamentale, ainsi 

, • 122 124, 
que les deux bandes à haut spin de quasi-particules de ' Xe ont 

été observées dans des noyaux de' xénon. Le modèle d'alignement rotationne1 

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

Le modèle "Interacting Boson ApproximaÙon" a été utilisé~ pour une 

.. d hé i d i 1l6-130x 121 é .. i .. etu e t or que es noyaux pa rs e. Le Xe a te ,nterpret;e 
( 

à ,l'aide du modèie "Interacting Boson Fermion". 
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CHAPTER l - -INTRODUCTION r 
\ , 

The èhange in nuclear shape with varying mass n~ber in the periodic 
, • J 1 

table has been a well-:known phenomenon since Bohr (1952) propps,ed his 

Ô> 
1 collective modelD Nuclear deformation is generally ob~erved between shell 

closures; 'the change from spherical shape at the closed ahell to a deformed 

one is gradual, and nuclei that fall in between are called transitiona! 

nuclei. These nuclei usually sho~ a change from a nearly vibrationa! struc-

turf! to one with some ,similarities to a rotational band ~tructure and suc~ 

" sequences are found in the mass-70 region with N ~ Z. the mass-lOO regian 

(Z < 50, N > 50), the mass-120 region (Z > 50, 50 < N < 82) and also in the 

mass-190 nuclei (Simms et a~. 1980). The shape of the nucleus ia described 

by the shape par~eters ~ andY. wher~ ~ i9 a measure of the total deforma-

tion of the nucleus and y is a measure of the deviation ot the shape from 

axial symmetry. Transitional nuclei in theZ >50, 50<N<82 region are , 

believed ta be "soft" against y deformation: therefore o~e expect ta find 

oblate, prolate and triax~al shapes. Various theoretieal models were used 
, 

to interpret nuclei in this region. Microscopie caleulatians, for example, 

were earried out for these nuelei (Rohozinski et al. 1974, Dobaczewski et 
- . 

al. 1977) a9suming their y- softness. Another approach in interpreting 

these nuclei was to describe,them as rotors '(Habs et al~ 1974, Stephens 

'" 1975, Toki and Faeasler 1975, ~eyer-ter-Vehn 1-975). Also several . , 
theoretieal studies (Kumar and Baranger 1964, Arseniev,et al. 1969, 

~..,.;I- , 
de Takacsy and Das Gupta 1976-) ha.ve been made to find out whether nuc).ei 

". } ~, 

in this region have pr~late or 'oblate deformation. The last study eoncluded 

that pro1ate shapes are favoured over oblate shapes for the Ba isotopes of 
~~' , 

mass 126-132. Evidence for pro1ate shapes 'was a1so obtained from the ' ' 

- 1 -
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125-133 

st~dy of La nuelei. 

lt ~~ obvious tha~ detail~d exper~ental infàrmati9n,is essential, .. 
• if ~ are to understand the 'nature of sueh trans,itional regions. V~rY 

useful information cari-be obtained fram beta-decay teèhniques. 

measurements, for example, p~vide data on masses of nuelei far from 

stabi1ity. This information is eventually used to test mass formulas., 
1 

Such studies have been carrieq out for the neutron-deficient rubidium and 
, i· 

eesium isotopes (D'Auria et al.1976,'Westguard et al.1975). 

The beta decay pop~lates only low lying 1eve,ls, whose 'structure 

'provides a good test of ths validity of any model. The study of low-

lying levels over.a chain of isotopes can, for instance, prediet the' 

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

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

weIl. Thes~ states are usually populated in the 'a'decay of high-spin 

isomers in the parent nuelei. " 

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

on nuclei in ail of the trans~tional regions' mentl~néd ear1ier. Nuelei 

in the 50 < N, ~ < 82 regions have been the subject of many investigations 
~'" . . 

ever Binee nuclei with Z > 54, N < 78, were proposed as a new region of 
t 

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

spins and moments for cesium isotopes was carried out by Ekstrom et al. 

(~977). and the informa}ion obtained has been very useful as a test of 

) different models. A stu~ of isomerie states in Xe, Ba and Ce was a1so 

carried out by Conlon and ElWYD (1970),; this serves as a useful tool 
f 

in obtaining information on shape changes. Isotope shift and Coulomb 
- ~ 

excitation stu~ies of éven-even stable Te, Xe and Ba nuelei (Fischer et 

al. 1974) have dremonstrated that the deformation parameter Is' 
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about 1 a 1 ~ Ô.l at N = 80 and increases with decreasing-neutron number 

116-122 1 

to 1 i3 1 ..... 0.22 at N .. 68. ' The higlf-spin levels in Xe were observed , . 
in the 6-decay of high spin isomer~ in the cesium nuclei (Batscn et al. 1976, . 

GeneVey-Rivier et al. 1977). In this study information on low-lying leve1s 

were also obtained from the decay of the low spin ground state of the parent . . 

nuc1ei. , The heavy ~xenon isotopès o'f l26Xe , 128Xe were also st'udied 

recently (Patha.k et a1.1976, Droste et al;'1976). Information on heavy 

odd-A xenon isotopes is also availab1e (Jha et aL 1972 , ~ellet1y et al. 

1976). ---
However litt1e detailed information has b~en avai1ab1e on the very 

light xenon isotopes. It therefore appeared attractive 4::0 c~rry out 

further investigations 'on the'se nuclei. In arder to obtain more information 

on the.low-lying 1evels of these nuclei, an investigation of 1evels in 

121,123,124Xe was carried out in h k i h d f h t e present wor ~ a t e ecay 0 t e 

cesium parent nuc1ei by emp10ying beta and g~mma spectroscopy techniques .• 
0, 

Of interest a1so:is the behaviour of transitional nuclei at high 

angular momentum. 
, 

and Guge10t (1963). 

~he study of high-spin states was initiated by Morinaga 
1,' 

Information OQ high-spin states Is obt~ined from 
, . ~ 

stu~ies of (HI,xn) reactions, where HI refers ta heavy ions, with A~ 4. 

",' With projectile energies moderately ab ove the Coulomb barrier, 'the co1\1P-

ound nucleus cross-section normally dominates the tota~ cross·section for 

reactions with medium-heavy target nuclei/(Johnson and Szymanski 1973).' 
, l, 

A compound ~ucleus thus created 18 left in'hlghly exclted states, and its 

subsequent decay Is 'independent of its formation. Such a decay is describep 

by the statistical mo~l of nuc1ear reactions (Blatt and Weisskopf 1952)~ . . 
In thi's case the c0!l1pound nucleus will first lose energy by evaporation 

, '. 
l'. 1'1. 'l' 

, 
o 1 

1 • 
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protols. and " part:Cle.. .nd~~ill then lose both 
1 

of neutrons, 

mome~tum thrqugh the emssion of y. r'adiation.\ 

show that much ,of the energy and angular Il 

'momentum loss proceJds by a cascade along the yrast line (states havidg 

1 
energy and angula~i 

1 
Spectroscopie studies 

1 

the lowest ene~gy for a given spin value). However the ihitial de-

excitation in geneial occurs in the region between the yrast line, and a 

line 'lying above it by about the separation eneF~ of one neutron (Diamond 

and Stephens 1980) • T'wo -types of y-rays occur: those" that cool the 

nucleus toward the yrast line, called "statistical", and those that aie 
, 

parallel to the yrast line and remove the angular momentum, called "yrast-

like".---'Ihe competition between the two type,s depends on the level density 

and the degree of collectivity wh~ch produces enhanced yrast-like transi-

tions. The statistical transitions are unresolved and produce a continuum 

which 1s characteristic of in-beam singles spèctra and which often interferes 

with the analysis of yrast-like tr~~sitions that are usually resolved up 

-to a reasonably high ~pin of the deexciting leveI. Until very recently • 

'"' 
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 intensity ., 

mea~urements, and y - y coincidence measurements which give the strongest 

support for the assignment of y-raya and the constru~tion of level schemes. 

'/Information about the multipola~ities of the emitted y-rays are obtained 
\ , 

from the measurement ~f the y-ray yield at various angles relative ,ta the 
. 

incom;ng beam (angular distribution). The y-multiplicity filter and the 
. 

neutron multipl1city f.ilter techniques employed in the present work [III(B)] 
, 

also constitute very.powerful tools in the construction of level schemes, ., 

.. 
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" , 

These methods as ~ll as other in-beam spectro~copy techniques outlined 

above were employed by using the in-beam spectroscopy set-up at McGill 

(Chapter II), which is fairly new. The author contributed to the construc-
. , 

tion and development of this facility. 

Though the high-spin study with the use of in-beam spectroscopie 

techniques has a relatively short history, heavy ion in-beam experiments 
, , 
performed in the last few years have revealed a wealth of spectroscopie 

information which has atimu1ated considerable interest in the effort tQ 

understand the n~ture of high-spin states. This interest was spurred on 

by the d~~covery of ~ohnson et al. (1971) and (1972) of the backb~ng 

phenomenon, where the name refers to the unusua1 s-shape of the plot of 

the nuc1ear moment~of inertia (J) versus the square of the rotational 
, • 2 

frequency (hw) of the ground state rotationa1 band of even-even nuclei. 

The efforts in 'investigating this phenomenon have been summarized by 

Sorensen (1973), Johnson and Sz~nski (1973), and Sayer et al. (1975). 

Recehtly backbending has been observed in 126,l28Ba and 128.130Ce isotopes 

(F1aum et al. 1974, Ward et al. 1975) to ,occur around spin 10+. 

The present observation of this anomaly 1n the structure 9f the ground 

state band (Chapter IV) is the first to be reported for the xenpn isotopes. 

The backbending phenomenon has been exp1ained by the Coriolis àlignment 

model of Stephens and Simon (1972) as the resu1t of the crossing of the 

ground band and a decoup1ed two-quasipart~cle band. , 
The bands observed in deformed nuclei show certain chatacteristic 

features, and a number of band classifications havebeen made. For symmetry 

reasons, in doubly-even deformed' nucle1 the angular momentum of the" 

+ + + + ground state rotational band fo1lows the sequence: 0.2.4.6... • • • Those 



\ 

,0 

Q 

\ 
'" :l 

\ 

\ 
6 -"'" 

1 

bands are characterized-by strongly enhanced E2 transitions between 
\ ->'1 

• successive members of the band. In these huclei electric quadrup01è 
\ 

vibrational sbates occur" ~~ higher .exc{t8,t~on energies. (Nathan 1957)" and 

associated ~th these stat~s rotational bands are found, each of whicn 1s 

characterized by,the quantum number K, which repre~en~s the projection of 
. 

the total angular momentum along the sYJIllIletry axis'. A a vibratio1\ is 

one which Preserves axial symmetry. -These vibrations have no angular 

mom~tum about the symmetry axis (K - 0) and the associated beta band will 

+ + + éontain 0 , 2 , 4 )~tates. A y vibration, whi~h causes a departure 
..-

from axial symmetry, hasK = 2, and the states of the associated band will 
i 

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

The low-lying evea~parity 1evels of even-even transitiona1 nuclei 
c, • -

,. ,+ + + + 
have been classified in~o :uasi-ground (Dg' 21 , 41 , 61",,), quasi-y 

+ + + + + + + + + -. 
(22' 3 , 42 , 5 , 62, 7 ) and quasi-a (02 , 23\ 43) bands (Sakai 1967). 

These quasi-bands tend gradual1y to the éorr~sponding rotational ba~s in 

the deformed r~gion (Sakai and Rester 1977). The experimental criteria 
. 

for calling a nucleus "transitional" are the deviation frôm the J(J+l) 
\ '-,. . 

energy spacing rule incthe groundlband, a sharp increase in the B(E2; 
,+ + \ o ~ 2 ) value, a sharp decrease i~ the energy E2+, with the additional 

r \ ~ requirement that,the a and y-bands ~ust be low-lying (~umar 1970). The 
\ . 

'neutron deficient even-even xenon nu~lei show clear quasi-rotationa1 ground 

~ state tands (Genevey-Rivier et al. 19 7, Kusakari et al. 1975, Goettig 

- '+ + 
et al. 1981) in which the ratio r ~ E( 1)/E(21) of the energies of the 

.10west 4+ and 2+ states 1s 2.5 - 2.1 be ween 122Xe and 130Xe ; this indicates 

that these nuclei are far from the rotational limit where r = 3.3 

(Davydov and Rostovsky 1959). 

.-
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It is highly desirable to obtain information on the non-yr~st level 

properties of transitional nuclei since these provide a sensitive tes~ of 
\ 

various nuclear models. Information is available 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 no -yrast levels in l22,124Xe 

and confirms as w~ll the information on the qua i-ground and quasi-y bands 

in these nuc1ei. Tbroughout the ,present work the quasi-ground, y-, and 

~ bands are referred to for convenience.as simply ground, y- and ~-

bands. 

Recently, high spin states of odd-xenon isotopes have beén extensively 

studied (Gizon and Gizon 1978. Helppi et al. 1979, Helppi et al. 198~ 

Barci et al. 1981, Luukko et al. 1981). These studies have indicated 

the existence of two kinds of bands in the 1eve1 structure. The first 

are ca11ed detoup1ed bands, with ~J = 2 type cascades which are interpreted 

as arising from a rotationa11y a1igned quasi-particle coupled to the even~ 

even core; the second are ~J = 1 type negative parity bands that originate 

fr'om the coupling of an h11/ 2 quasi-neutron hole to the core. Both types 

of bandsfagree with the predictions of the rotation-alignment mode1 of 
-1 

'Stepnens (1975),which states that for slight1y deformed odd-A nuclei at 

high spin, (1. e. with increasing Coriolis force) the extra partic1e tends 

ta decouple from the core and a1ign its angu1ar momentum along the axis of 

rotation. It has been pointed out (Grosse ,et al. 1973) that ~f a particu1ar 

rotation-aligned partic1e prevents the occurrence of backbending in the odd-

mass nuc1ei, 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 l22,124Xe in the present work are expI~ined in terms of the " 

Coriolis alignment mode1 of Stephens and Simon, using the adj aGent odd-

mass xenon isotopes [V(A)]. 

The experimental beta decay techniques as weIl as the in-beam spectros

copy techniques are presented in Chap~ III~ and '~ Chapter II a ~eacriPtion 
of the instrumentation ia given. The results of the beta decay study as' 

weIl as the in-beam study a!e presented in Chapter IV. 

Recently the Interacting Boson Approximation Mode! (Iachello and 
c 
A:rima 1974, Arima and Iachello 1975, 1976a, Otsuka et al. 1978) has had consid-

erable suc cess in describing low-lying collective states in even-even nuclei 

except thqse at, or adjacent ta closed shells. These states are generated 

as states of a system of N bosons where bosons ar~ interpreted as pairs of 

'!" nucleons coupled to angular momentum J = 0 (s- boson) and J .. 2 (d- boson) 

(Arima et al. 1977). In the'present work, the energy levels of the quasi

bands of even-even xenon iso~opes from 116-130 were fitted using the IBA 

mbdel (Chapter V). The IBA model has been extended to fit odd-mass nuclei 

fThe Interacting Boson-Fermion Mo~el (IBFM)]. In this model the odd-A 

nu~leus is treated as a system of interacting bosons and fermions. Tqas 

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

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

'lighter xenon isotopes (Cunningham 1981)': In the present work the low-

12·1 lying levels qf Xe were fitted using the Interacting Boson Fermion 

1 
Model (IBFM). Fitting the low.1ying level structure accurately is considered 

to be a severe test of the model. 

Finally a summary and conclusion of the present work as weIl as an 
" . 

outline of contributions to original knowledge are presented in,~aPter VI. 

1 

t 
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~PTER II - INSTRUMENTATION 

DECAY STUDIES 

Target'S 

• The target material of a 100% pure xenon gas, consisted of the following 
" . 

124 126 °128 129 
pereentage isotopie abundanees: Xe(40.5), Xe(9.7), Xe(12.5), Xe(34.9)L 

130Xe'(1.0) , l3lXe (1.1), ll2Xe (0. ), 134Xe and 136Xe«0.1). Since we were 

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

-
made of a non-yerous mat~ial. the target container (Fig. la) has 

been made out of beryllium. The co t~iner wall was made very thin (~-4l mm 
, ~ 

thiek) in \prder to minimize absorpti n or scattering of the proton beam by 
. 

the wall. However the target c?ntain r has to be strong enough to resist 

breakage. Beryllium serves both purposes. It also produces )ittle back

ground, sihce when-bombarded by protons it does not produce short-lived 
i r- /-..... 

y-activity and it has o~ly a very short-lived positron activi~y (~ 800 mil1i-

seconds). -A high grade of bery11ium (99.88% pure) was used as the target 

container material because it has a very low content of BeO, minimizing as 

much as possible aetivities produced from oxygen bombardme~t by protons. 

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

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

° can be acce1erated easi1y to high speeds, and can withstand impacts during 

the course of de1ivety in and out of the cyclotron. 
1 

very little background. 

• 

ii. Gas Filling Procedure 

Delrin also produces 

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

system shawn in Fig. 2. 'The filler and buffer volumes were first pumped 

- 9 -
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Fig:Ire 1 

(a) Target Container 

(b) Target Holder System 
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out. After evacuation the system was sealed ft;om the pump. Then valves 2 
j/ , 

and 3 were closed, the gas supply valve was opened and the gas waB allowèd 

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

gas was allowèd ta flow to the buffer v'olume: This procedure was repeated 

in order to increase the. gas pressure in the buffer volume. This 'pressure 
J 

Pl waB then recorded. The filler valve waB then opened and thé filler cold 
, 

finger was submerged in liquid nitrogen until the pressure trahsducer on 

the buffer showed vac~um, indicatlng that a11 the gas had bean 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 Ume the 

gas evaporated, and the line between the cold flnger and the filler was 

closed by lifting the lowt;!r part of the filler by means of a setscrew. By 

pushing the filler piston up; the gas was compressed inside the berylliUm 

container and sealed with the container plug. The lower part of the filler 

was then pulled 'down and the filler valve was opened. The buffer cold . ' , 
finger. ,was then immersed in nitrogen, in or der to. retrieve aIl thé gas not 

sealed in the container. After a11 the gas was frozen on the inner surface 

of the cold 'finger the filler valve was closed. The cold flnger was al10wed 
, ' 

to warm, permitting the gas to evap~rate in the buffer volume, and the 

pressure t1'ansducer reading P 2 waB recorded. 

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

iency of the transfer were calculated using the buffer pressure readings 

Pl and P 2' The gas pressure inside the target container was about 1.5 

atmospheres, and the efficiency of the transfer obçained was 85%. ,This, 

represents the percentage of the amount of Igas that was compressed in the 

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

This improvement was obta~ned 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 1a most important, aince only~'very sma11 amount 

. 3 124 (25 cm ) of the very expensive separated Xe isotope was ava1lable. A 

) 

"" If 

r~asonably high pressure in the container is desirable to obtain a moderate 

effective target thickness. Also" several targets were needed. in order ta 
# 

reduce radioactive build up. 

The testing ~d improvement of the filling system were carried out 

using natural xenon gas. For 'more mechanical details of the filling system 

the reader 1s referred to Bavaria (1975). 

iii. Rapid Transport System 

A rapid pneumatic transport system (Bavaria 1975) bas been used to 

bombard the xenon-filled bullets. The bullet 1s first mounted in the 

9-m delivery tube of a system wh1ch is 1solated from the cyclotron vacuum by a c10sed 
t 

_~shutter on the probe heat The bullet is then blown down by gas pressure to 
. 

the probe head, which is located at the desired radius (and bombarding 

energy) (nside the cyclotron. The O-ring on the target holder makes a seal 

~th tne probe head in~er surface, and the area between the shutter and the 

holder O-ring is pumped out . .. When a good vacuum 1s achieve~the shutter is 
1 

opened and the target is exposed to the cyclotron vacuum. The cyclotron is 

then triggered to start the bomb~rdment for a predetermined period of time. 

When the bombardment 1s over, the shutter 18 closed and the bullet is blown 

back to the count1ng position. The system will then reset await~g another' 

bombardment. The whole procedure 1s carr1ed out 1n an automat1c cycle. 

~ \ , 

1 .. 

/ 
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'B. IN-BEAM STUDI~S 
Il . . 

1. Alpha Beam 

A radial extraction ion source 1a used. to inj ect particles into the 

med1an plane of the cyclotron. This reduces the beam's radial oscillation 

substantially and thus improves the external beam extraction efficiency. 

The extraction efficiency fo~ alpha pa~ticies with the vertical ion source 
, 

previously used was about 1%, wh1le with the radial ion source tt is about 
1 

8%. A diagram of this radial ion source ia shown in Fig. 3. lt is a . 
Penning-type, where the helium gas 1a fed through a hole on top of the 

'" 
cathode which 1s mounted on a copper base (for good thermal conductivit~) , 

that is cooled with water. A +5 ~V pulse ia applied to the anode while the 

entire source is biaaed at about +3 lV with respe~t to,ground. The helium 
1 

, 
io~s form a plasma inaide the ion source, created by a discharge between the 

anode and the cathode w~en the elëctrode system i8 exposed to the cyclotron 

lmagnetic field; these ions exit through a vertical slit in the anode wall. 

The efficiency of this ion squrce ia affected by its tnclination and relative 
( 

position with respect to the main and dummy cyclotron dees. , 
4 ++ The extracted He beam has an energy of 100 MeV, and an intensity of 

about 40 electrical nanoamperes. The synchrocyclotron has a pulse rate of 

500 PPS with external beam bursts about 20'~s long whi~h ~re modu1ated by a 

radio-frequency microstructure. The pulsed beam is. however. poorly suited 

,to in-beam gamma ray studies. When a Ge (Li) detecter i8 exposed to a 'buge 

flash of gaunna ~ays during the beam hursts» pileup of pulses ,?ccurs causing 

low u8eful co~nt rates and peer spectral resolution. High current transients 
:' 

'can a1so damage the detector amplifier (Morinaga and Yamazald '1976). Ta 
- 1 

overcome these problems, a beam str~tcher was designed bY~. L. Nikkinen 

l' 
1 

, 
Il,1 

'.., ri 
\.~ :I".; , 

~l! __ , 
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Figure 3 

Radial Extraction Ion Source 
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of th1.s laboratory (Tacik. 1980). This system randomizes 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 NaI detector that was + 

plàced close the beam path. Fig. 4 shows the radio-frequency (RF) envelope, 

the ion pulse and. the monitoring detector's signal, prqduced by 'scattering 
'" 

of the st;retched beam from a screÉm placed in its path.' . The atretcher 1s 

capable of proqucing macros~opic dut Y cycles close to 100%. The intensity 

of the stretched beam is about 10 to 15% of that of the pulsed~beam. 

4 The Re beam energy was varied by means of beryll1um beam degrader 

dises of seleeted thickness' tbat were introduced into the beam path at a 

point where the beam comes to a focus. The loss in enerfY of the beam in 

passing through the degrading material ia a function of' the incaming beam 

energy and the degrader thickness. The alpha beam energy (Fig. 5) was 

calculated using stopping power tables (Barkas and Berger 1964). The 

stat1stlcal nature of the s~owing down process causes a s1gnificant energy 

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

de grader and the target thickness in a typical experiment ia estimated ta be 

app:çoximately 5 MeV. 

\ 
fi. External Beam Ali~ent 

A passive sextupole magnet i8 used at the exit of the ,·magnetic extraction 
, 

channel. This corrects fo~ second order distortions in the emittanc~ of the 
'-

extracted beam. Renee, the beam is focused to a rea~onable aize'in the 
o 

Middle vault: by using the 2!' quadrupole magnet in the cyclotron vault. The· 
,. 

beam 1s then guided to the external beam hall by means of the 30° and 45° 

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

passes th~ough the degrader box. In the external beam hall, the switching 

, . 
o 
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Figure 4 

Photograph'of the radio-frequency ôsci1lator's 

a~plitude envelope, the ion source voltage pulse, 

and the output of the Na! detector viewing a target 

being bombardeâby a stretched alpha beam. 
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Figùre 5 

The energy of a degraded alpha beam- as a 
o '. 

function of'the Be degrader thickness. 
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Beam Transport System. 
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magnet is used ta direct the beam towards the target, and it is focused to 

a spot on the "target by a second pair of quàdrupoles.. Experiments were 

carried out to determine the best target position. ~though the transport 

effiC~y of the '100 MeV beam was about 85%, the degraded beam efficiency 

is 1ower. This is caused by the scattering of the beam in the degrading 

material; some beam 1s lost outright, by scattering, while further los ses 

are caused by the increased divergence of the beam after it passes through 

t~e de grader • 

To a1ign the beam, a phosphor screen is mounted in the target position •. 

The glow resulting fram the beam hitting the phosphor screen iB monitored 

by a video camera. This camera, placed on top of the beam line, looks at 

the target position through the transparent window in the target chamber, 
, 

and its picture is transmitted to a video screen in the control room. The 

magnet power supply settings are then adjusted to focus the beam on the 

The beam spot size on the phosphor can be made as smaI1 as 3 mm 
1 

in diameter. 

iii. Targets And Target Chambers 

The-target ~teria1 u~ed was 96.5% enriched tellurium-122 f9r the 

production of xenon-I22 and 92.4% enriched tellurium-124 in the ca9ê of 

xenon-124. The tellurium isotopes were in a pure metalilc powdered forme 

A die mounted in a hydraulic press was used to form the powder into a tablet 

of about 100 mg/cm2 thickness. The.tablet was then placed on a thin mylar 

film (350 llg 1 cm2), and was glued in pla~e by a thin layer of polystyrene 

based Q-dope. The mylar film was then attached ta the target frame. 

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

distribution measurements is shown in Fig. 8. The frame was machined out of 

.. 
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aluminum, ~ith an inner radius more than sufficient to clear the beam. 

For coincidence measurements, a c~lindr,cal copper fr~e (~ig. 9) was 

The ~arget chamber for y~singles and for y-angul~ distribution 

measurements is shown in Y~g. 7. The cylindr1cal shape of the target 

used. 

chamber was chosen to achieve maximum angular displaçement 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 

move in the vertical direction. 

The target chamber for the y-coincidence measurements is shawn in 

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

frame aits in this slot, which i~ closed during runs by a plastic window 

cover. ~f wire is fixed to the outer surface of the frame, which 

ensures that the target does not get'displaced while the system 1s 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. ln-Beam Experimental Area 

The target chamber wa~ placed in Fhe' beam line (Fig. 10). An elevated 

stage was used as the experimental area, with thé y-detectors mounted on 

two rotating platforms. which ~ere free to roiate around the target chamber. 

A camera was placed on top of the beam line for be~ alignment. lt was 

found that the who le area required shielding against both cyclotron radio-

fre~uency noise pi\kup and the high ambient neutron background before exper

iments could be performed. Wi~hout shielding, noise from'both the synchro

cyclotron's main radlo-frequency o~illator and from the beam stretcher 

oscillator were picked up and amplifi:d by the signal processing system. 

The whole experimental area including the sign~l processing system was 

. ' 
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Figure 7 

Gamma..-Ray -Singles and Angular 

Distribution Target Chamber. ~ 
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Figure 8 

Target Holder and Target Frame 
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Overview of In-Beam Experimental Area 
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therefore housed in a c10sed a1uminum box (Fig. 10) with dimensions .. , 

(1.85 m X 1.85'm X 2.0 m). This effectively e1imin~tes near1y aIl electro-

magnetic pickup. ,. The ,electrical groUnd of the power' supply for the elect-

ronics system was allowed to float and a capacitor was placed in paralle'l 
,. 1 

with the incoming A.C. pow~r line to bypass noise,sign~ls which otherwise 

could enter the shielding box. Since the noise eould also be transmitted 

into the 'housing via the external beam line, the experimental area was 
, l' v/I't' ..... ' 

electrically iso1ated fram the beam 1ine by alucite insulating flange. In 

orde~ ta eliminate the pos~ibi;I.ity of noise pickup along the 'dgnal cabl§!s '" 

that run between the experimental are a and the computer, doubly ~hielded 

cables were used. 

Although the improved beam emittanee somewhat reduced the background 

in the external beam hall, an unacceptably high n~utron background ~s s~i11 

produced from ~he alpha beam' s collision w:fth the beryllium degrader. The 

beam degrader a180 increased the beam'divergence, çausing beam-scattering 
. 

into the switching magnet; this produced stil1,higher level fluxes of high 

energy neutrons. In addition to the deterioration of reso1ution in the y 
• <. 

8peetra, high neutron back~ounds can a1so damage the dete~tors th~mselves , 

(Kraner et al 1968).' This problem was cured ill part by shie1ding the . , 

beam dump, the de grader area, and also the switching magnet by conerete blocks, 

suffidently _ thick to thermalize the high, energy neutrons: In addition, 

the sides of the alum:tnum -bo'x housing the experimenta1 area were shielded 

against thermal neutrons by cubie foot-sized containers filled with a 

miXture of water and borie acid: 

! 
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CHAPTER III EXPERIMENTAL TECHNIQUES 

A. EXPERIMENTAL TECHNIQUES USED IN DECAY STUDIES 

1. Production 'of Radioactive Samples ' 

Proton bombardments of 124Xe targets produced, 124çs , 123Cs , and 121Cs 
, 

via (p,n), (p,2n) and (p,4n) reactions respective1y. As mentioned earli~r 
, \ 

(Chapter II) the gas targets were enclosed in the bullets, which consisted 

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

cally transported to the predetermined proton orbiç radius of the !ntern~l, 

124 
circu1ating beam of the synchrocyclot~on. For the production of Cs, the 

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

produce 123cs • and 12lcs. the· targets were irradtated by 33 and 52 MeV 

-:- protons, at 53 and 67.6 cm cyc1ot,ron radit, respective1y. The targets 

were 'bombarded for approximat'ely half the half-life of the isotope to be 

produced and were b10wn back to the loading breech fol1owing bombardment. 
\ 

The radioactive targets were then carried to the counting area, except for 

124 Gs,where counting was done -directly at the rec~ving end of the pneumatic 

probe - this procedure was necess~ry sin~e the isotope'~ half-life was 

short (30 s). Because of the high bombarding energies used and ~he mixed 

isot~pic composition of tge ~enon target material, several (p,xn) Cs, (p,pxn) 

Xe and (p,axe) l isotope~ were produced along with ~he isotope of lnterest. 

Renee, in the case of 1~3Cs (6 min) and 121cs (2 min), the activated targets 

were cooled for approximate1y 30 seconds. This significantly reduced the 

shortlived activities of,124Cà (3Q sec) and 126Cs (98 sec). 

, 
ii. q~mma-Ray Méasurement Techniques 

Detection o~ gamma transitions was'carried'out using three large v~!ume 
,.. 

1ithdumrdrifted germanium detectors: 1)' an Ortec detector ~ith a 96 cm3' 
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active volume and a relative eff1ciency of 18% (relative to a 7.6 X 7.6 cm 

NaI(Tl) crystal) and an energy resolution of 2.1 keV full width at half 

maximum (FWHM) at 1.3 MeV; 2) a Princeton Gamma Tech 50.cm3 detector of 

9.7% relative efficiency and an energy resolution of 1.9 keV FWHM ~t 1.3 MeV; 

3) a 15% efficiency hyperpure germanium detector made by Aptec, with a 

3 66 cm active volume, and an energy resolution of 2.2 keV at 1.3 MeV. 

X-rays and low energy y-rays in the range of 20 to 200 keV were detected 

3 by a .022 cm hyperpure germanium x-ray spec~rometer with a resolution of 

500 eVat lQO keV. 
" P. 1 

the efficiencies of these detectors vary with the solid angle exposed 

to the crystal and with' the energy of 'the transition detected. Fig. '1,1 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 l54Eu , 133Ba , 56Co , 66Ga and 

l82TJl standard sources were obtained individually. Theae standard sources 

were placed insi~ beryllium t~rget containers identical to those housing 

the xenon gas targets. This produced an efficiency curve which included the 

effect of the absorption in the beryllium container on the detection effi-
-~ 

-ciency. 

The energ~ pulses from the detector preamplifier w~re sent to a spect-

~~scopy amplifier for shaping and amplification. The pulses were then fed 

in~o a 100 MHZ analog-to-digital converter ~C). which was interfaced with 

k PDP-15 computer. The digitized signaIs can occupy up to ~192 channels. 

The data were "then transferred from the computer memory ta be stored on 

magnetic tape for later a~alysis. Standard sources were used to calibrate 

the system to l keV per channel for y-transitions a.nd 0.1 keV pe~ channel 

for x-raya and low energy y-raya. 

'-
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( 

Fis.ure· 11 

gfficiency calibration for the 18% Ge(Li) 

detector with the source inside the bery1lium 

\. target container. 
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Ganuna transitions were identified mainly on the basis of tpeir half

lives. Lifetime méasurements of the decaying npclei were carried out by 

means of a multispectrum program on the PDP-lS computer. With thia program, 

successive y-ray spectra w~re accumulated for a preset time period, and were 

then stored in the computer memory. The dead time of the electronic detection 

system ia a function 'of count rate. Since the count rate of the radioactive 

nuclei decreases with time" a constant-rate pulser waS fed int,o the de~ector 

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 .JI 

"-
end of the y-spectrum. Later, each spectrum wes normalized to the intensity 

of the pulser peak. The multispectrum measurements were carried out uaing 

a large volume Ge(Li) detector for intermediate and high energy transitions, 

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-lS or PDP-ll computer screen, and an analysia routine ,. 

was used. This rout:tne is linked to the l1ght pen which 1a coupled to' the 

computer screen. The~peak area and centroid were calculated using this 

routine. This metho~ works fairly weIl for single, well separated peaks. 

As mentioned earlier, many isotopes of cesium, xenon and iodine were produced, 
. -' 

generating very complicated ~pectra. For 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 gauss~an curve plus exponential 

taiIa, and is'capable of analysing close1y spaced y-ray liries and multi-

component peaks. Deducingthe intensitiea of different components in a multi

component peak was a1so done by fitting the time decay of the photopeàk to 

the half-live.s of the components, or by accounting fOl'; the intensities ,of 

known components. 
, .. 

"" 1 
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·1il. Gamma-Gamma CoirtcidenceMeasurements 

Once a set of y-transitions ls identified a~ belonging to the nucleus\ 

of interest, a decay scheme can be constructed, if the order of the transi-

tians ia known. 

Since the life-time of non-lso~eric nuclear states for y-decay'is very 

short compared to 't~e resolving time of Ge(Li) detectors, two gamma raya em:itted 

in cascade are detected simultaneously in coincidence counting experiments 
1 

by two different detectors. Fig. 12 shows the circuit dlagram of the system 

used for these measurements. In coincidence experiments, the.l~% and 10% 

Ge(Li) detectors were placed nearly 90° relative to each other, with the 

source at the centre, to avaid 1800 coincident avents fram ann:lhilation 

quanta. The interscattering between the two detectors was minimized with 

radiation intercepting gr~ded absorbers. The enei:gy pulses fram the detector 

'" 
preamplifiers were first passed through an amplifier and tben fed into two 

'" anàlog--to-digital converters (ADe' s). The timing outputs of bath detectars 

were sent to timing filter amplifiers (TFA) for shaping' and amplification, 

then passed through constant frac,tion discriminators (CFD) where the dis

crimination lévels ~ere adjusted to be slightly above the noise level. The 

two pulses were fed ·into the "start" and the "stop~' inputs of the time-to-
l , 

amplitud~ converter (TAC). On the "stop" side the pülse was delayed (=50 ns) ! 
in order, ta compensa te' for systematic timing asymmetry. The pulse generated 

by the (TAC) has an amplitude propor.tional to the time difference between 
.... 

the l'start'' and the "stop" pulses. A single channel analyzer was then used 

to ~et a window tprough 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 1 s. 

The random concidence rate ls proportional to the prodqct of the count 

1 
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o 

, . 

Figure 12 

Circuit diagram for y - y coincidence 

measurement. 
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rates ln both detectors as weIl as ta the resalving t:f.m~ of the coïncidence 

circuit. Therefare the count rates in both detectors were cantrolled 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 spectr\1ll1. The coincident events from the other detector were then 

recorded as a separate spectrum. 

Each y-peak sits on a background whiqh contains events due to the 

Compton scattering ofO\higher energy gamma rays. Therefore, when agate is set 
,,-

.. .tt. \ , 

on a y-ray peak the resu.fting coincident spectrum will contain events in ) 

( , 
coincidence with the peak of inter~st B.;'l well ~s with higher energy y-rays. ," 

This was corrected by setting a gate on "'the background in tpe region of each \ 

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

" 
measurements were also carried out, using the 18% Ge(Li) detector and the 

hyperpure germanium x-ray spectrometer, to detect coincidences between low 

and high energy y-transitions. 

,iv. Beta End - Point Energy Measurements 

Between two ne1ghboring iso~ars, the one with the larger atamic mass will 
1 

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

emission, the decay energy W , which 1a the energy equivalent to the difference 
cr 

of the two nuclear, masses involved, is carried away by a positron and a 

neutrino. The energy of ohe emitted positron displays a broad continuous 

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

where E is the total kinetic.energy of the decay products. 
,0 . 
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2 
E"Q =W -mc 

o s+ 0 <i 

__ 4 

2 -
2m c 

o 

'In an allowed beta decay, in which ~he positron and the neutrino are 
\ 

both emitted with zet''o angu1ar momentum wi~h respect to the n.ucleus~ the beta 

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

N(E)dE - A W F(Z,E) (E - E)2pdE o 0 

~ . 
where N{E)dE is the probability of emitting a positron with kinetic energy 

between E and E+dl:, A is a constant, F is the Fermi function. W i8 the total o 

positron energy (W ... E + mc 2) and p is the pos'i tron r s momentum. 

For a precise determination of the end-point energy E , it ia canveno 

tiona1 ta plot the quantity K(E), where: 

, ~ 

K(E) • {N(E)!pWF ... A(E - E) a 
~ ~ 

This ia ca lIed the Kurie plot, wtdèh shou1d be a straight line intersecting 
c, 

the energy axis at the end-point energy. r 

After a beta decay, the daughter nucleus iS often left in an excited 

state. Renee, the beta spectrum generated will contain several branches • 

. Therefore, to separate vadous bet~ branches, ,it is desirab1e to 'collect 

·beta spectra gated by the detection of subseque~t gamma rays. In these 

mea8urements oDf a - y coincidences, a vertical superconducting solenaid . 
(Fig. 13), which is kept at 1iquid helium temperature~ was used (Moore et 

al. 1976). The superconüacting, solenoid, w1th 120 amperes curre~t, sets 

up an axial magnetic field of 4.4" Tesla alo~g its inner bore. The detector 

• 1 2 
used waB an intr1nsic germanium crystal' with. a, 30 mm surface area -and 1 Cm 

... " 1 

\ 
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depletlon dep~h. Such a detector has both large energy r~ge and 800 

, resolution. In this arrangeme?t. positrons'emitted by the source trave~ in 
.1 

helicsl orbits along the bore to the detector. " 'Therefore the saUd, angle 
, 

for pôsitron detectiôn (23%) Is greatly enhanced over the àolid angle ,for 

gamma ray detection. A vertical 8%, Ge(Li) detector. below the source, waè 

used as' ,the y""lray spectrQmeter with 2.4 kev F'WHM. 'The coincidence circuit 
• , 1 • 

used ls simi1ar to that of the two pa~ameter gamma-gamma colncidence arrange-

ment discussed ear1ier. Pileup effects were eliminated by using a pileup , 

rejector on,the preamplifier output. Although the Y-ray~ are suppressed in 

the S-spectrum, the strong ones are suitable for calibration. Renee, the 
\ . 

8-de~ector was c~~ibrated uaing the known y-rays' in the standard sources. 
~-

The data were lat'êI--aQa1yzed by placing a gate on the gamma ray and on 

the.neighbouring b}ckground. The distortion in the background-subtracted 

positron spettrum. caused by backscattering, br~sstrahlung and summing with 

the annihilation quanta was corrected uaing thé computer code "BETABRAN" 

(Hetherington 1981). Although this computer code wàs designed ta correct 

for distortions specifically in 'electron"spectra, the correction for positron 

sp~ra should be simi1ar; some added distortion Is, however, expected 

a,rising from the summing with the ~nihi1atiqn quanta. 

Co~r~ctions we;e made for the loss oF ene~gy of the positrons in passing 

through the tip of the beryllium container of the gas target which 18 about 

47 'mg/cm2 thlck. Since the' stopping power of material for electrons ~th 

,energ~es greater than 2 MeV 18 essential1y constant (1 keV/mg/cm2), the beta 
. 

end-point shif,tç.due ta. the cOntainer is estimated. to be about 50 keV. Thè 

energy 10ss due ta the beta detector' s aluminum window (10 mg/cm2 thick) was 

alS0 corrected fo~ 

" , 

.", 
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. 
v. Determination of Interna! Conversion Coeff;icients 

A nucleus in an excited state usua11y deexcites. to a lower state either 

by gamma emission or by intema1 conversion. In the internal conversion 
J' 

process, an orbital electron, which will acquire the available energy. ia 

ejected. In this process the internaI conversion coeffident a is defined 

as the ratio of the probability for emission of a conversion electron Àc 

ta the probability for emission of a gamma ray Ày' 

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

of K-, L- and M- elect:~~s etc.: 

~+Cly.+~+""" 

For a given transi ion energy, the conversion coefficients depend on the type 

of transition and the multipolarity. The m.easurements of internal conversion 

coefficients is~ therefore, used to find the order of the multipolarity of· 
1 

the t:çansition and to identify the spins and parities of the nuclear states 

invoived. 

T~e interna1 conversion coefficients are usually determine,d by, ·measuring 

gamma ray and ~lectron \~ransition .rates. InternaI conversion electron spectra 

are often measured using a conventiona1 'beta ray spectrometer or a solid stare 

silicon detector. The beryllium container of the xenon gas target, 47 .mg/cm2 . 

thick in the tapered end and 140 mg/cm2 thick on the sides, stops inte,rnal 

c(;)Overàion electrons with energies ~ 175. keV. Energy 10ss and straggling 

'persists up to 500 keV result:!.ng in broad Unes .ahd large law energy taUs. .. , ' ,.,. 

For this' reason the common methods of mea~uring internaI conversion coeffi-.. 
ctents cou1d not be used. Instead, an indirect met~od o~ determining the 

" 

. , , 



.' 

\ 
number of K-shell vacancies caused DY~ the ej ~ction of K 

\ 
conversion electrons 

, 1 \ 

peI' unit gamma' rsy intens1 ty was
l 

used. __ 
, r 

r' 
X-rays in co1ncidence with any y.rf!.Y are due ta internal conversion and • 

, 
electron capture. If agate 1s placed on the annihilation quantum (511 keV) 

in a gamma-gamma coincidence experiment, only x-raya that are ~ue ta the . 
internal c~vers:[on process are present in the resultin.g sp'ectrUm. 

o , 

After an' internaI conversion process the ~tom ia left with a vacancy 

and 1s therefore in an 'ejtcited stat~. Transitions between various stamic 
, • 0 

states could be carried out by emission of tIx-rsys or by other tadiationless 

processes. The fluorescence, yield- oJ; an atomic shell is defined 8S the 

probability that a vacancy in tbat shell is filled t'hrough a radiativfi! tran-. 
sidon (Bambynek et al. ,1972). Therefore, for the casè of the K-she1I of 

an atom: 

where: 
6 

The fluorescence yield of the K-shell .. 
Total number of chaJ;"acteristic' K x-ray photons emitted from 

a sample , , 

n
K 

• The number af primary K-shell vacanc1es 

By correcting for the fluorescenée yield of the K-she;i and the prima~ 

K-shell vacanc1es, the K-internal electron ti'ansi.t:,ion rate could be calculated 

fram the intensity of the observed ,K x-~ay in coincidence with the annlhil'8tion 
, 

quantum. The values df the K x-ray flUOrjCence yield are tabulated for 
~ . 

different elements (Lederer and IShirley 1978). 
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vi. Angular Correlation Technigues 

Gamma rays emitted frènn a radioaètive source are isotropie, sinee the 

nuelel are randomly orientedr Gamma<r~ys emitted from'nuc~ei with a pre-
. 

ferred direction are ànis~trppic. The gamma-gamma angular' correlation ls 

a method of pleking out onl~ those nue lei whose spins lie in a preferred 

direction . 

Nuclei in a state Ji may be observed ta decay to astate J whieh in 

turo goes to astate J f , tJlrough successive emission of two gamma ra,ys 

y 1 and y 2' Th,e observation of YI in a fixed direction tben selects a group 

of ~uclei which .has a notlisotropic di"itribution of spin orientation. Hence. 

theré is a, ,corrrl8tion between the direction of Y2 and <hat of Yl , 1 

An angula't correlation measurement i8 carried ~?t by using two detectors 

which observe gamma rays in eoincidenee, One of the detectors is held in a 
. 

fixed position and the other detector i8 moved about in a plane containing 

t'he target. The coineidence rate between YI .and ,Y2 i8 then recorded as a f 

funct!on of the angle e between the two deteetors. The shape of the angular 

and tz ~an be described by the formula: 

where 

,- . 

, 

p(cose) ... Legendre polynomial 

~ W(~)dO a The probability of finding Y2 within'a solid 

angle dO, at an angle e fr01ll YI' 
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This angu1ar correlation function W(a) depends on the angu1ar momenta 

Ji' J, J
f

. 'Therefore information can be obtained about the spins of nuclear 

,states by observing the angular co:trelation of successive gamma rays. 

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

the first excited 0+ states in 122Xe and l24Xe. 122Cs was produced by the 

124 (P,3n) reaction on Xe, 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 18% Ge(Li) detector and a movable 7.5 cm X 7.5 cm NaI(Tl) detector. 

" The two detectors were kept at fixed distances of 7 cm and 10 cm respective1y 

from the centre 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 negligib1e level. 

Normalization of the data at various angles was carried out by accumula-
I 

ting a singles spectrum simultaneously with the coincidence spectrum. In the 

ana1ysis, gates were set on the movable detector and intensities of the 

y rays of interest in the resu1ting spectrum were normalized and plotted as 

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

U.tted to the function W(e) and the values of ~ a!ld A4 thus obtained were 

compared to the theoT~tical values. 

An additiona1 correcrion on t~e experimental values of A2 and A4 is 
• . 

requirea to account for the so11d angles subtended by the detectors. 

, ~ ~'.6.R 
-~ ... _-

QK 

where QI ts the solid angle correction factor~ The ~ethod developed by 

K~ane (1972) wa~:"employed in calculating these correction factors. 

1 

i 

i 
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B. EXPERIMENTAL TECHNIQUES USED IN IN-BEAN STUDIES 

122 124 1." Production of ,Xe and Xe Isotopes 

122 124 High spin states of Xe and X~ were popu1ated via (a,4ny) reactions 
N 

on 122Te and l24Te respective1y. Enriched (96.4%) 122Te , and (92.4%) 124Te 

targets were 

2-3 nA. The 

bombarded w.tth-a 4He stretched beam with a typica1 intensity of 

excitation functions were studie~at 49, 5~, 59, 64, ~and 
76 MeV bombarding energies. The beam energy was varied by introducing 

different thi~kness degraders into the beam~ Ana1ysis of excitation functions 

of 1ines that were assigned to 122Xe and 124Xe in earlier works, indicated 

that the maximum production for 12~Xe and 124Xe is achieved at 54 MeV 

bombarding energy. The other significant reaction channe1s observed st this 

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

124 • 125 126 case of the Te target, leve1s in Xe and Xe were a1so popu1ated. 

It was a1so found that the (a,p2n) channel is significant in the 

more neutron deficient target of 122Te . Renee, when the 122Te 

bombarded, 124Xe , 123Xe and 12~I were p~oduced a10ng with 122Xe. 

case of the 
1 

targetl was 
1 

Leve1s in' 

some other iodine and te11erium isotopes were weakly popu1ated in both casés. 

The trends of the excitation functions were found to agree with the theoret-

ically predicted ones. Those were predicted on the basis of fusion evapora-

tion reaction calculations using the computer code ALICE (Blann~ 1978). 

Because of the complex nature of the gamma-ray spectra, the excitation , 
functions were used as a preliminary study to determine a set of transitions 

that cou1d possibly belong to the isotope studied. The final identifièation, 

however, was main1y based on coincidence results. 

Singles spectra were a1so recorded witb and without ,the beam present. 

Comparison of the two spectra was used to identify"beta-~elayed gamma raYs. 

" 

" 
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The multiplicity filter set up which will be discussed ~n section [B(iii)] 

of this chapter was a very usefu1 tool in reducing the intensities of gamma 

rays that were due to radioactive decay of the product~uclei. 

11. On-L1ne Gamma ... Ray Measurément Techniques , 

The (a,xn) reaction on medium-heavy deformed nuclei le~ves the residual 

nucleus in a highly excited state. These high spin nuclei de excite by 

emitting unresolved and dis-crete gamma. rays to --the yrast levels. As' a result 

a nigh background i8 characteristic of in-beam gamma ray spectra. The gamma 

~easur~nt techniques are basica1ly similar to the ones discu8sed earlier 

• in tne ~hapter lACii)]. ln addition to the 10% ~d the 18% Ge(Li) detectors, 

a 16% hyperpure Ge detector made by Aptec, with 2.3 keV resolution at 1.3 MeV, 

wa8 al~o 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 detèctor after it has been irradiated with 1010 neutrons/cm2• In order 

to aveid radiation ~~mage ta the .detectors and also te reduc~ background, the 

detectors were housed inside the cage which was shielded as described 

eariier (Chapter Il). The detectors were always placed at a backward angle 
-

with respect to the beam direction. In addition the crystals were also sh1el-

ded with layers of Cd,Pb,' and Cu.' In spite of a11 these precautions, a few . 
-

detectors suffered fram deteriorating resolution accompanied by a tail on the-

high energy side of .the.photopeak. The neutron damage of these detectors 

might have been cause4 by their usè in a low neutron flux area for long 

periode· of t1me. At the 1ate stages of th1s work. an n-type coaxial Ge 
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detector (19% efficiency, and 2.1 keV res~lution at 1.3 MeV) having a 

reverse electrode configuration compared to th~ conventional one, was used. 
1 

It was recently found,that this type of detec~or "is about 60 times less 

sensitive to radiation damage (Pehl et al., 1979). While accumulating gamma 

ray singles the count ~ates were kept reasonably low, si~c~ tthe detector's 

~esolution ls a function of count rate. The shielding layers around the 

detector crystal block out x-rays, and hence assisted in keeping the co~nt 

rate reasonab1y low. Malntaining good ~esolution was very useful in 
\ 

. sep~rating compoœp.ts al multiple peaks. 

In order to calibrate,the system.and determine the relative efficiency 

of the detectors at different energies, spectra from the standard sources of 

152 56 -,~ 
Eu and Co were-accumulated before and after each experlment. The 

standard sources were mounted on target h01ders and placed at the target 

position in. the target chamber. 

Gamma ray analyses were carried out using the techniques discussed in 
1 

the eariier part of the present chapter [ACii)]. 

111. Gamma-Multiplicity Filter 

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

the ground etete through a long cascade of gamma raya which 1a ~apable of 

removi~g the angular momentum of the system. On the other hand beta 

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

experiment contain a considerabre number of lines fram radioactivity which 

often int~ifere ~th the anaiysis of ~he in-beam y~ray8. One way of over',. , , 
coming t;h:f!r1froblem, reducing background, . and enhancing members, of bands 

that form long cascades 1s te,' set up a coincidence system wh1ch -will only 

" 

,,' 

, 
", " 

" ' 
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record ev,nts when at least three gamma rays are detected simultaneously. 

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

than cascades wb1ch contain few gamma rays as is the Case with radioactivity. 

One could eyen get r~d of more radioactivity and reduce the background even 

further by only accepting events which were detected when more than three 

g~ray~ were detected si~ultaneo~sly; this procedure will o~ course 

re~uce the coincidence count rate considerably. Preliminary experiments 

indicated that the decision of which restriction to place on the recorded 

events varies from one nucleus ta 'another depending on t~e spin of the 

populated levels, the deexcitation process and the relative intensity of 

the membera of a cascade. They also showed that one might even need to 

place different restrictions on different cascades in the same level scheme. 

lt WELs therefore decided that the best te.chnique would be ta record the 

mu~tiplicity of each event along w~tQ the energy. The mu1tiplicity filter 

set-up ts shown in the photo in Fig. 14. In this measurement 10% and 18% 

Ge(Li) detectors were used to detect y -y c~incidences. Two 5 in X 5 in 

and four 3 ~n X 3 in NaI detectors were used ta obtain information on the 

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

detectors. The two 5 in X 5 in detectora were p1aced on the top and 

_ bot tom of the beam line. sandwiching the target chamber, while the 3 in X 3 in 

o ones were placed on the sides Iookin$ at the target. The analysis of the 

data obtained from this measurement indicated that the scattering of gamma 

raya from one detector ta another was causing faise muitiplicities to b~ 

recorded. In order to cure this prob1em the detectors had to be shieided 

from each other. Renee, a new y-mu1tip1icity set-up·was designed (Fig. 15). 

In this arrangement a 16% p~type Ge detector and a 19% n-type Ge detector 
, r 

with res01ution 2.3 and 2.1 keV at 1.3 MeV, respectively,' were used. The 
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Figure 14 

A, photograph of the set~p of the early 

version of the gamma-multiplicity filter • 
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angle between the detectors was kept at 135°. Both detector~ were p.1aced 

at a backward angle to the beam to a~oid radiation damage. Six 3 in X 3 in 

Na! detectors and one 3 in X 3 in BGO detector were used for registration 

of coincident events. The Bevan detectors werè housed in cavities that 

wefe dril1ed in two hemispheres of 1ead. These hemispherès were p1aced 

facing each other with the beam 1ine and the coincidence target chamber in 

the midd1e, centered about the target position. The positions of the 

cavities w~re chosen in such a way that the 1ead wou1d shie1d the detectors 

from one.another and hence avoid cross~talk. The seven detectors were 

p1aced equidistant from the target; The tw~ 1ead hemispheres were connected 

together with threaded steel bars ~o that the size o~ the gap between tftem 

could be adjusted. Layers of Al and Cu absorbers were p1aced between the 

Na! detectors (and the BGO) and the 1ead in order to b10ck laad x-rays. 

The two Ge crysta1s were a1so shielded in the same fashion • 
., 

The signal processing circuit is shown in Fig. 16. lt centains il 

gamma-gamma coincideqce set up between the twq Ge detectors. The arrange

ment is simi1ar to the circuit discus8ed ear1ier [III(A(iii»] e~cePt that 

an ARC (amplitude and rise-time compensated) timing unit i8 used to do the. 

job of the timing filter amplifier (TFA) and the cO~~~~~,fractien discrim-
..... .-1~ .. ,'";I 

inator (CFD) used in the earlier set-up. In .order to rej ect pileup pulses', 

the SCA output was fad in~o a 1inear gate stretcher which was gated in the 

anti-coincidence mode with the pi1eup rejector pulses from both amplifiera. 

The six NaI and the BGO detectors were used only for timing, and provided 
1 

no information about the energy of the events. Pulses from the seven 
• 1 

detectora were firat fed into a LeCroy 12 channel amplifier, and then int~ 
, 

a LeCroy 8 channel fast discriminator for shaping and amplification. The 

output pulses were then fed into a LeCroy 16-fold 'register through some 

/ 

'!' 
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Figure 15 

Diagram of the new gamma-m~ltiplicity filter. 
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;Figure 16 

Circuit diagram of the y-multiplic1ty filter. 
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--, 

de1ay 1inès. The lengthe of the delay lines,were adjusted to ehsure that 

al1 signa1s reached the coincidence register module at the same time. 

The negative fast timing pulse from the 16% 'deteetor was split into four 

components.' One was used in the gamma-gamma set-up, whi:le the second was 
. 

de1ayed and used a~ an input to the register. The third was fed into a 

"--fast gate stretcber whose output was adjusted to' = 70 I\S to gate the 

register. The,last component was de1ayed about-lO ns fram the-end of the 

gate and was used as a clearing pulse for the register, resetting it 10 ns 

after each gate pulse had terminated. The register woul~ only give an 

output when one or more gamma rays arrived within th~~ gare perio_d (i.e. 
, . " 

at the sa~e time as a gamma ray ia detected by th~ 16% detectoF)' The w 

voltage of the output pulse of the register was proportiona1 to the number 

of signa1s arri~tng simultaneous1y wtthin the gate. The negative output 

of the register was then passed through a d~l summer and inverter and 

a linear gate stretcher to obtain a positive pulse wit~ approximate1y 1. Us 

width. This pulse was used as the input to the third analog-to-digital 

converter (ADC). The ot~er two ADels registered the gammà energy tram the 
1 

two Ge deteetors. The gate ob~ained from the (TAC) 'on the gammà-gamma side 

was used to gate the threeoADC's. ,In the third ADC speetrum. the channel 

number' represents the height of the reg~ster output (i. e. the number''l>of 
, , 

deteetors triggered simultaneously). Striee we were triggering the third 

ADe with the gamma-gamma gate, the multiplicity was recorded for onl~ ~hose 
'-. J 

events that triggered the two Ge dete~tors simultaneously. The multiplicity 
•• 

speetrum (Fig. 17) contained eight well~re1olved_peaks. The first peak 

represents those events when no Na! (or BG9) were triggered (i.e. simply 

two gammas in coineidence). The second peak contains events when one NaI 
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Figure 17 

G~ mu!tiplicity spectrwm. 

On!y seven multiplicity peaks are shown. 
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detector was triggered along with the two Ge detectors. The third peak 

corresponds t~a' cascade of four gammas detected by the system, and so 

on. Although the lead shielding 'bemispheres 'could accommodate up to 10 

detectors, only seven were used in this .~easurement. lncreasing the 
, 

number of detectors embedded in the le ad shields wou1d increase the sol id 

angle abd hence the efficiency of the system. 

• 

The data were written on magnetic tape event by event, where each event 

was writt~n as the energy of y!' the energ! of Y2 in coincidence with it, 

and the multiplicity of the cascade to which YI and Y2 belong, as seen by 

the system •. The data were later sorted using a special prO-S,TSm (XMSRT3) 

on the PDP-ll computer which was designed for t~reefo1d coincidences. The 

. data were analyzed several times by demanding .!1ifferent numbers of Nal 
" 1 

(or BGO) detectors in coincidence with the gamma pair in the Ge detectors. 

Background g~tes were set a~ong w1th the photopeak gates on one of the Ge 
f ~ 

detectors and the resul,.t:ing spectra were compared. Fig. 18 shows thé 

(gating) total spectrum on the 19% n-type Ge detector ohtained with diff-

" , 
erent numbers of gammas in coincidence. lt is clear that demanding that 

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

intensity of Unes due to radioactivit! along with the general background 

1evel' and it also enhances the in-bèam lines which belong t«5,.long y-cas-

cades . Jo- From these spectra one can draw conclusions about the actual 

multiplicity . of the ca~cade to whi~h a cert~in 'ga~mma ray ·b~longs. This 
,. , 

is a very useful tao! in cortstru~ting level schemes. 

122 124 'r 

In the case of Xe and Xe, it wa,s found that demanding at ·least' 

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

The multiplicity fiIter arranged in the fashion described above ia a 

very powerful experimenta1 tool; the data acc;umulated contain information 

, 
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1 

Figure 18 

The 881l11D8.-mu1tiplicity filter gating -
1 ~ .. J'tt4' 

spectrum obtained in ane-, two-, aner '>, , 
four-fald coincidencés. 

R~ radioactivity y-ray 

1: in-beam y-ray 

M: high multiv~icity in-heam y-ray 
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usually obtained fr~ three or more experiments. 

i~. Neutron~ltiplictty Filter 

The 4He-induced reactions below 25 MeV in medium and light nuc1ei 
;-

p~oceed »ia the fotmation of compound nucle1. lt has been noted by 

Sarantites et al.. <:t.9.78), that above 25 MeV the compound and precompound 
\ 

process compete. At '50 MeV, though, the compound nucleus process dominates 
/ 

and the reaction cOuld proceed via the combinat ion of the two processes; 

a number of fast neutrons are emitted at the pre-equilibrium stage and 

later some slow neutrons are evaporated at the equilibrium stage (Sakai 

et al. 1979, Ej iri et al. 1978). These evaporated neutrons are presumed 

to have energies corresponding to the nuclear temperature (= 1-2 MeV) 
.) 

(Johnson and Szymanski 1973). In the ~e-equi1ibrium process the neutrons 
'of 

are emitted preferably in the forward angle whi1e the neutrons evaporated 

after the formation of the compound nucleus are isotropie. 

A vely useful technique of . eliminating-radioactivity transitions from 

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

neutrons • Such an experiment will also e~han~ transitions t~ belong 

t0 reactions with higher numbers of evaporated .ne~trons. Transitions that 

follow an (0.4n) reaction. for example, will have a higher probability of 

b~ing " ~tected than those following -an (0 ,3n) of' (a ;p3n) reaction. 

Demanding two neutrons in coincidence with the gamma deteeted instead of 

one further enhanees those transitions. , 

A gamma-~eutron multiplicity experiment was therefore carried out. 

The set-up is shown in Fig. 19. The galJl[ll88 were detected by the 16% Ge 

detector. Six liquid scinti11ators (NE2l3) detectors on 10an from the 

UniverSity of Manchester were used to detect neutrons. ~ince these neutrons 

, ' 
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Figure 19 

The ne~txon~ltiplicity 8etup. 
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are expected to be emitted preferably in the forward angle, four of these , 
2 

deteètors were placed downstream from the target covering an area of O.5.m 

around the beam Hne. Those detectors were about 5 cm thick quadrants, 

wh11e the other pair had a cylindrical shape and were about 12 cm thick., 

2 with 100 cm surface area. The two detectors were placed on opposite sides, 

of the oeam pipe, to observe the target ât a 90 0 angle. The aim of the 

experiment was to accumulate gamma spectra in coincidence with different 

,numliers of neutrons. For this reason the neutron mulUplicity of each 

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

the set-up 1s shown in Fig. 20. The energy output pulse of the Ge detector 

was Uret amplified, and then fed int~- the analog-to-digital converter (ADe). 

> "] 

Since gamma rays wil~ also be detected by the liquid sèintillators, the 

pulses from the photomultiP~ieT of these de~ectors were fed through pulse 

shape discrimators (P. S. D. ) "-' C'L1nk Systems" tiscriminator model 5010) to 

differ~ritiate between neutron and gamma ray pulses. 5uch discrUninators 

exploit the different decay times observed in liquid scintillators when 
< 

irradiated with neutrons 'and gamma rays. Their principle of- operation is 

based on the comparison of two weighted time integrals of the deteçtor 
, 

signal over periods of 25 ns and 500 ns. Their output pulses' were then 

delayed. to arrive simultaneously. This wes done by feeding the pulses 

into a discr:lnlinator t -whose output varied from -Iv to zero, so tha~ when 

this was used as an input to a second discriminstor (which triggered on the 

negative slope) the output pulse obtained was delayed by the adjustable 

~dth of the first output. These output pulses were then fed through a 

disèriminator and the 'l6-fold register. The register was gated with a 

- . f.' . , 
signal derived from the tiniing output pulse of the preamplifier of the Ge 

detector. 
~- -~-, r"" 

This pulse was also used to reset (clesr) the regist4r. lt wae 
\ 

, 
f 
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Circuit diagram of the neut:ron~ltipl1city fl1ter 
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delayed so that it would arrive a few nanoseconds after the end of th~ gate 

pulse. Gating the register with the Ge pulse ensured that the output of 

the register was in coincidence witll the gammas detected. The register's 

negative output was amplified" Inverted and then fed ïnto..a linear gate 

stretcher Iwhich adjusted the pulse ~s duration to l '\.IS, suitable for an 

input to the ADC gate. The inhlbit pulse from the gamma amplifier and the 

reglater t'a inverted and delayed output were fed into a slow coincidence 
<'; 

unit, set on anti-coincidence mode, and the output was used to gate the 
t 

two ADC~s. The ADCls could therefore count when the reglster gave an out-

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

•• to the number of pulses arriving simultaneously.within the gate (i.e. 

the number of neutrons detected). Since the ADC's were gated with this 

pulse, only gammas in coincidence with any numbèr of neutrons will be 
~ 

accepted. Tbe second ADC spèctrum 'contained the neutron multip;licity. 

Since the highest number of neutrons came from the (0.,4n) reaction, five' 

peaks appeared in the multipÜcity spectrum, with the fifth peak due to 

i random events. The data vere sorteâ on-line during accumulation by setting 

gates on the neutron multiplicity peaks, and the resulting spectra were,then 

written on DEC tapes. Fig. 21 shows a galDDlS singles and the gamma spectra 
"Jo ' 

obtained in coincidence with one. two and three ~eutrons, These spectra 

, 122 
were obtaine~ fram the (a,4ny) reaction on Te. The figure shows clearly 

the large attenuation of the intensities of the radioactivity gamma rays. 

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

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

Chap.ter IV. 
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F:lguré 21 

GaDIDa-apectr\DD obta1ned in zero-, 

one-. two- and three- fold coincidence 
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. • 
v. Angu1ar Distribution 

As mentioned earlier in this' chapter [B(iv)] the (Cl,\XJly) reacÎ::1ons proœed 

mainly via. the formation of the coml'0~d nucleus. rh the case of an even-

even target with spiti .9. the spin vector introduce' by the alpha particle 

is weIl aligned in ,a direction perpen~iC\llâ.r to ti. beam axis, producing a 

completely aligned compound state (DiatÎlond 1966" Morinaga and !'aDlazaki 
~ 

1976). The spin alignment at the initial stage of the (a,xny) reaction has, 

been reported by Ej iri et al. (1965 ~ 1966, 1912).. Halpern et al. (1968), 

and Williamson et al. (1968) to be preserved. The original orientation Is 

retained to a considerable extent Dy the residual nucleus, sinee the anguler 

momenta carried away by the evaporated neutrons and early gallllll8 rays are too 
,/ 

amall to disturb, the spin al:Lgnment great1y. Because of the a1ignment 'the 

gamma Fays emitted fram ryxclear states display characteristic angular 

distribution patterns w;itlt respect to the beam direction. This angular 

distribution has the follow:i.ng form: 

W(O) = 1 + Az P2 (cose) + A.
4 

P 4 (cose) 
, 

wherE1, : a ais the angle tb~tween the incident particle beam 'direction and the 

direction of the gamma ray emitted. 

Pk = the Legendre polynomial. 

Since. the alignment of the populated states is partial, the angulal! 

distributions are attenuated 

m~ ~ 
The theoretical coefficients Ak for complete alignment have been tabulated 

1 
• 

,---- -~--"~-------
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(Yamazak~ 1967). The attenuation coefficients ~ express the degree· ai. 

alignment of states in the re,,:f.dual nucleus. The attenuation coefficient 

is defirÏed as the ratio of the actual statistica1 tensor to the statistical 

tensor for complete a1ignmen~ (Yamazaki 

,,. 
1967) t If the evaporated neutrons 

take.. out angular moment a at random, then the p~pu1ation of magnetic substates 

is Gaussian with respect ta the beam (i.e. about the m a 0 substate, taking 

th~ beam direction as the· axis of quantization) with width O. This was 
1 

experlmentally confirmed by Diamond 'et al. (1966). It was also experiment-

a11y found (Kitching 1981) that for any partially aligned leve1: 

a 1.8 
- !::! 

J J+O.5 

The attenuation coefficients ~ are tabulated versus, a/J (Der Mateosian and 

,sunyar 1974). 

In the preseI,lt work, angular d:l:stribution measurements 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 p1àtform 12 cm from the 

target, which was nplaced at 45° to the beam direction. Spectra we[e accumu

lated with the movable detector placed at 90°, 1'00°, 110", 120", 130" and 

140", .w:i.th respect to the beam. Later the photopeak intensities were nor-

malized using the corresponding peaks in the fixed detector. In cases where 

the gamma ray under consideration was very weak, the intensity was normalized 

+ + -
to the E2 2 + 0 transition intensity in the monitor, in arder ta 'reduce 

the uncertainty in the measurement. The norma1ized intensities were then 

fitted by 1east":,,,squares analysis to the Legendre polynomial expansion. The 
\ " 

experimental coefficients A;xP and A:XP were then extracted. Because of the 

, , , 
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finite sol1d angle subtended py the,de.tector the observed angular distribu-

tion 1s different fram that expected with a "point" detector, and has the 

form: 

where Qk 1s the correction factor ~ hence: 

~xp 
~.

~ 

where Qk 1s a function of the gamma ray enetgy, source-to-detector distance 

and the detector dimension (Kraqe 1972). Due ~to the large Bize detector 

used ,and the relatively long distance, the Hnite soUd angle corrections 

were kept small. The corrected coefficients ~ thus ext1;acted were then used 

to obtain information on the multipolarit:y of the transitions and hence the 
i 

spin of different states. 

~ 
. \ 

This was done y comparing ~ :,tth the tabulated 

for different po sible spins that are suggeste~ 

by the levei scheme. Information on the degree of alignment of different 

states in the residual ~ud.eus was a190 obtained by empirically determining 
A; 

ctz (Cl2 .. - ) for established. transitions. 
Ama:Jt 
2 

. . . 
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CHAPTER ~V - EXPERIMENTAL RESULTS 

A. RESULTS OF DECAY STUDIES 
J 

124 ~ 
a) Decal of Cs 

1. Previous Work 
v 

, 124 
The decay 9,f Cs was first reparted by Chaumont et, al. , 1n 1969. 

./ 

.Using the on-Hne 1!làss-separator technique they measured the half-1ife of 

124 tl:le beta decay of Cs to be 26.5 ± 1. 5 sec. In 1972, Droste et al. 

124 115 12 produced Cs via the In ( C, 3n) reaction. They observed a 354 keV 

transition which decayed with T1/2 a 34 ± 6 sec. The transition was 

attributed t'o the decay of 124Cs based on excitation functions. Tliey a1so 

124 116 12 
produced Ba ~ources via the Sne C, 4n) r~action, and studied 1eve1s 

124 124 124 popu1ated in the Ba ... Cs ... Xe decay chain. Another two transitions 

124 of 492 and/847 keV were assigned to the decay of Cs and a decay scheme ' 

was preposed. with two excited states of energies 354 and 847 keV. Westgasrd 

et al. (1975) measured the total beta decay energy of 124Cs to be 

QEC = 5.92 ± 0.46 MeV. This resu1t was obtained from their measured end

point'~nergies for the branches to the first and second excited states in 

/ 

Using atomic beam magnetic resonance techniques at the t~OLDE isotope 

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

124 
Cs te be t .. 1. Even parity was' assumed consistent with the cesium 

'.JI. 
ground states from A = 122 up to A = 130. 

Following the comp1etipn of the present work, a study of the decay of 

124 124 
Cs by Charvet et al. (1977) was pub1ished. Separated Cs sources 

~ 

were obtained, fo11pwing the bombardment of a lanthanum ~arget with 600 MeV 

protons. These data led to a decay scheme' of fourteen excited states • 
• 
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Subsequent1y, Droste et al. (1978) published thèir own findipgs on the.~ecay . " , 

124 124 1 of Cs, which was produced in the Xe (p,n) reaction with Ep = 9.5 MeV. . . 
Their group proposed a decay scheme wi~h'four excite4'sta~es, but neither 

, 

" the half-life nor beta end-point energy were measured. The results of both , 

publications will later be compared with those of'the present work. A 
T 

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

presented in part (B) of this chapter. We a1so performeQ angular'corre1-
q U4 
a~ion measurements on Xe, in order to identify the position of the exc1~d 

/ " 

OT states. These results wilY'be ~re$~nted i~ section (d) of this chapter. 

,. 
• ii. Gamma Ray Spectroscopy 

Levels of l24Xe wer.e populated in the beta decay of l24cs . Radioactive 

124 ' , • 124 
sources of· Cs were produced in the (p,n) reaction on Xe targets using 

15 MeV protons with a bOlnbafdment time of 30 sec. The g~ spectrum of the 

124 1 decay of Cs was measuredl, using the 18% Ge (Li) detector (Fig~ 22). The 

1 • 124 
y-rays labe1led belong to ~he decay of Cs, whi1e the unlabe11ed ones 

main1y arise from the deciy of c:sium isotopes with mass number 125, 126, 

127 and 128. The enérgies and intensities of gamma rays assigned to the 

decay of 124Cs are given in tab1~ 1. The 492 keV gamma peak i8 a"doub1et, 
1 

124 126 produced in the decay of both Cs (492.6 keV) and Cs (491.2 keV) 

(Pathak et al. 1976).. This was accounted for in the intensity calcu1ation. 

The.ha1f~life of tHe 124Cs decay was measured using the mu1tispectrum 
) 

technique d~scribed ear1ier [IILA(ii)].' Sixte~n con~ecutive ~O second 

! groups were accumul,ated. ' The rapid pnewnatic transport system enab1ed us 
, 

to star~ counting only a few secon~s after the end of bombardment. The 

measured half-life is 29.7 ± 0.2 sec. ... This value was obtained from the 
! 

time decay of the 35ft and the 915 keV ga~ rays, shown in Fig. 23. 

'. 
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Figu,re 22 
ç 

124 ' Cs y-ray spectrum Tècorded 

with the 18% Ge(Li) 'detector . 
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TABLE 1. 124Cs (29.7 ± .2 and Intensit 

* 

" 
Ey{keV) i I.y% 

, , 

354.4 ± 0.1 1\ 100 

359.5 ± 0.6 < •. 3 .' 401.2 ± 0.3 0.3 ± 0.1 

422.7 ± 0.2 0.9 ± 0.1 
..., 
492.6 ± 0.1 7.0 ci 0.3 

524.5 ± 0.3 * 0.7 ± ~2 

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 ± 0.14 

1629.1 ± 0.4 2.13 ± 0.13 

1689.8 ± 0.4 1.15 u± 0.13 
, 

2020.4 ± 0.4 1.54 ± 0.14 

Intensity deduced from coincidence mèasurement 

./'"' 
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, . 
ln the, gamma-ganuna time coincidence measurement, two coaxial "Ge(Li) 

detec:t,ors, with 10% and 18% efficiencies, were used. The resulta of thia 

experiment are given in table 2. Fi~. 24 shows the background subtracted 

spectra which were 'obtained by setting gates'. on' the 354.4. 492.6, ,846.9. 
/ 

and the 915.2 keV gannna rays. e two u~identlfied line8,~bié,h appear in 
\ ' 

d the 434 keV y-rays, in coincidence with 
l , ' 

: the 492.6 keV gate s.re the 388.6 

, 126 
the 491.2 keV transition of Cs (Pathak et al. 1976). The 524 keV 

y-ray i8 identified mainly from the coincidence measurements, aince in the 

singles spectfum it fails between the 526 gamma peak of the 125Cs decay 

(Jha et al. '1972) and tbe tail of the 
t 

Hi. Decay SCheme' Ld Discussion , 

511 annihilation peak. . 

124 ' 
The Cs decay acheme deduced from the present} study 

, 1 

Fig. 25. In arder ta construc.t this decay scheme, the measu ed haH-life of 

T1 / 2 = 29.7 sec, QEC = 5.92 MeV (Wes~~aard et al. 1915), oincidence results, 
1 

and s~s and differençes of gamma ray energies were used.· p the present 
1 

work a: a - y measurement was carried out ta determine the en~-poin~ energy • 

. ~owev1r, from the bet~ spectrum obtained in coincidence with the 354 KeV 

transifion an incanclusive v~lùe of QEC = 6~1 ± 0.5 MeV was obtained due to 
1 

poor stàtistics. 

The beta feedin:'t~ the grou?d state of ï24Xe was calculated by 
, ' 

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

124 124 to the decay of Cç. The intensity of the positron activity of Cs decay 

was.calcu1ated from the mu1tispectrum data accumulated with th~ copper y 

positron annihilator around the source. The annihilation quantum (511 keV) 

ti~e decay was then fitted to a mixture of four hllf-lives (29.7 sec, 45 min, 

98.4 sec and 234 sec) representing the ha1f-lives of 124cs , 12~cs, 126Cs 

,~ 
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124 ' 
TABLE 2. Cs Gamma-Gamma Co1ncidence Resulta 

Coincident' Gamma Rays, Ey(keV) 

422.7. 492.6, 524.5, 915.2, 1274~7, 1336.0, [1689.8], 2020.4 
1 

'354.4, 422.7 

422.7 

354.4 

, \ 

• 
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Figure 24 

y -: y, background subtract6d coinc1dence 

spectra of 124Cs for gates shawn. 
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Î 
128 and Cs isotopes, respectively (Fig. 26). A cort'ection for both absorption 

and annihi1ation-in-flight was then appl1ed (Azuelos et al. 1977) • AlI the 

, 124 
gamma rays assigned to the decay of Cs on the basis of half-life were 

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

. ( 

observed ear1ier in'an in-beam study by Kusakari et al. (1975) and were 

assigned 

+ 

+ + -+ + 21 , 22 , 4
1 

and \ spins respective1y. In their study. the 846 keV 

(22) and 
+ . 

(31) 1248 keV leve~s were interpreted as members of the quasi-

gamma band. The 354 keV level i8 fed from the l24Cs (1+) parent by a beta --branch,of 19.4%, yielding a log ft value of 5.3. _This allow~d beta transi-
, + J S 

tion is therefore consistent with the 2 spin as~ignment. This level and 

the 878 keV\level were confirmed to be the 21 and 4~ states of the ground 

state band from our in-beam measurements, as weIl as the earlier one by 

Kusakari et al. (19751. The log ft value of 7.1 for the 878 keV 1eve1 there-

fore seems 10w. This could be the result of unobservable gamma transitions 

feeding that 1evel from higher ones. In the recent study by Charvet et al. 

(1977) three weak gamma transitions did in fact appear to feed this leyel; 

these were n'ot observed in the present work. The S-feeding to the 846 keV 

leveI has a log ft of 6.0, suggesting an.al10wed or first-forbidden transition. 

if + The spin assignment J = 2 is a1so consistent with the relative intensities 

+ of the deexciting gamma rays of 846.9 and 492.6 kev to the 0 grqund state 

+ and 2
1 

state. This assignment was also confirmed by our angularlcorrelation 

resu1ts [IV(d)]. + The 3 spin al?signment of the 1248 keV level was made on 

the basts of the ~-beam measurement and from the decay of this 1evel ta the 

+ + 21 and 22 states. Although the'measured log ft value of 7.1 is low for a 

+ 3 assignment, this 1evel may also be fed from higher levels through very 
... 

weak ganma transitions. Since the state at 1269 keV is fed by a beta transition 
( 

- - -r 
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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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Figure 26 

(f 

Time decay of the 511 keV 

annihila~ion quantum. 
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+ " + with a log ft of 5.8 from a 1 parent"its possible spins are: (0,1,2). 

+ l , , 

However the 1eve1 ls strongly connected to 2 states with no transition to 

+ + the 0 ground state and was ~herefore proposed to be the first excited'O 

state. This assignment was later confi~ the basis of results of the 

angular 
~ 

correlation of the 354 -,~11 keV transitions. The details of this 

measurement will be présented in section (d) of this chapter. The 1eve1 at 

~629 keV was assigned J~ • (1,2)+ on the basis of its log ft value ând the 

. + 
fact that it feeds the 0 ground state. The level at 1690.4 KeV has a log 

ft value of 6.4 and therefore has (D,I,2)± possible spins. However, the 0+ 
f 

assignment was confirmed fro~ t~e angular correlation tesults of the 354 -

1336 keV cascade [IV(d)]. Renee, the obeerved 1689.8 keV transition 

(table \> could not be depopulat1ng the 1690.4 keV-:Jev:el to the ground state as 

was later suggested by Droste et al. (1978). Charvet et al. (1977.), placed 
r~ 

+ the transition as feeding the (2 ) 846 keV level. In our y - y coincidence 

measurement ~e 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) 
123 Decay of Cs 

i. Previous Work 

123 The decay of Cs was first studied in 1966, by D'Auria and Preies. 
t, 

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

- 115 14 14 through the In( N,6n) reaction with a 140 MeV N ion beam at the Yale 

Reavy Ion Accelerator. A 98 keV transition was assigned as the decay of the 

first excited state.' They measured a T1/2 = ,5.6 ± 0.1 'min for the decay' of .. 

123 Cs, with a positron end-point energy of 2i.6 ± 0.4 MeV. This wa~ obtained 
" 

from a Fermi-Knrie analysis 'of the bata spectrum, although in that study t 

'II 



( 

r <, 

\' 
\, 

branches to the gro~d state~a~d the 98 keV 1eve1 were'not c1ear1y separated. 
II>~ ~.. ~ll • ~ 

The measurements yielded a K-conversion eoe~cient of the 98 keV transition 
.. 

of 0.8 ± 0.02, and a 1ifetime of ihis first excited state < 13 osee. A spin 
) ~ 

+ 123' 125 1/2 for the ground state of Xe vas assigned in $nalogy vith the Xe, 

127 129 . +' .. L -Xe and Xe isotopes. and a spin assignment of 3/2 ,f-or Te first excited 

state was made a~suming a spin of 1/2+ for the ground stàte of 2123 in 

127 129 ana10gy with Cs and Cs. ln 1969, uaing an on-1ine maas s eetrometer 1 
'-

Chaumont et al. measured the half-life of the ~23Cs deeay td be 352 ± 3 sec. 

Later, Kerek et al. (1970) populated 1evels in 123Xe in the 122Te (a,3n) 
• 
" . 

reaetion at a bombarding ,energy of 43 MeV. They assigned three transitions 

83.2, 97.3 and 180.5 keV to 123Xe • Their results indieated that these 

transitions are composed of a deIayed and a weak prompt component •. On this 

123 basis they reported an Isomerie state in' Xe vith a T
1/2 

= 6.3 ± 0.5 us. 

No Isomerie transition was observed, and hence they coneluded that its energy 

must be so low «70 keV) that it most1y proceeded via internaI conversion. 
/ 

+ Their proposed decay scheme contained a 3/2 first excite4 state at 97 keV 

and a 5/2+ excited state at 180 keV. They a1so proposed a 9/2- isomer (6.3 ~s) 
+ at an energy <250 keV whieh decayed to, the 5/2 ' state through an M2 Isomerie 

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

125Xe and 127Xe botJl have' 9/2- isomerie state. The half lives of these states, 

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

respective1y (Rezanka et al. 1970). These,resu1ts will be discussed in view 

of the present work. 
123 (, 

An 1somer of T1/2 = 1.6 ± 0.2 sec in Cs was reported by Droste et al. 

~ (1972).' 123Cs was produeed via 115rn (12C,4n) and 109Ag (180,4n) reactions. 

TWo ~ransitions of 63 and 95.3 keV were attributed tO'the decay 

\ 

r 

I
l , 
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of th~ isomeric level in 123Cs to the ground states. 

Mass separated sources of 123~ were produced at the' ISOLDE on-1ine 

separator at C~ by Westgaard et a)l.(1975)\ They performed a ~ y: 

coincidence experiments and identified seven transitions bel~nging to the 
1 123 é 

dec~y of Cs. The uncertainty in the gamma ray energies was-estimated . ." 
to be 1 keV, but 'i~ fact, some of these energies diffèred from the present ... 

'.Iç& 

resu1~ by 2 - 3 keV. From the S-spectrum in coincidence with the most 

intense y-ray they measured a total decay ~nergy of QEC'· 4.10 ± 0.31 MeV, 

which 1s in agreement with the resu1t obtained by n'Auria and~re1SB __ (19~). 

No decay schemê was estab1ished. 

E~st~om et al. (1977), using an atomic beam magnetic resonance apparatus 

connected on-1ine with the ISOLDE isotope separator, measured the spin of the 
, 123 ' 1 

ground state of Cs ta be \J if 1/2. \ 

123 . The present work represents the first detailed study of 1eve1s in Xe 

123 popu1ated in the decay of Cs. The resu1ts were summarized in a publication 

(Sofia et al. 1981) which i8 inc1uded in the Appendix. S~bsequent to the 
l' ~ 

12:3 comp1etion of the presentwork, a detai1ed study of the decay of Cs was 

123 ' 
pub1ished by Marguier et al. (1981). ~y produced Cs in the La(p,3p 14n) 

reaction, with 600 MeV bombarding energy. using on-1ine mass 'separated sources. 

123 tU They obs~rved the isomerie transitions of 61.7,64.0, 94.6 keV of Cs decaying 

,ta 12}Csg (1.7 sec) and reported no si direct feeding from the 

123Csm 1eve1 ta states in 123Xe .' Thei 
... 
r '. 

are in agteement with those of Droste e 

(1981) po u1ate~ hfgh-spin states of 

(3He , 3n) eactions with E(3He) = 

rscopic meth ds they cons~ructed a 

cussed later in connection with 

concerning the isomer in 123Cs 

Recent1y Luukko et al., 

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

'Using in-béam y-ray spectro· 

of 123Xe which will be dis-

r 
l' 
1 
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" 

Gamma Ray Spectroscopy 

of 123Xe werè populated in the beta decay of l23Cs , 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 col1ected with and without a 

positron annihilator around the sample are shown in fig. 27b and 27c

respective!y. This annihilator was a 4.267g/cm2 copper jacket around the 

• 

\ ~ U3 
source. The\gamma rays aasaciated with the decay of Cs are label1ed by 

, their energies. The identification of these y-rays was made on the basia of 

balf-1ife and t'hreshold productio1't energy. Other gamma raya in the spectrum 

belong mainly to 128Cs (3.8 min), 127Cs (6.25 hr), 125Cs (45 min) and 123Xe 

(2 br) decay. Cooling the activated targeta for about ha1f a minute reduced 

124 126 the short-lived activities of Cs (30 set) and Cs (98 sec) significantly. 

The energies and relative intensities of 39 transitions assigned ta the decay 

of 123Cs are given in table 3. 

The time decay stud~es of the ,amma rays were carried out using th~ 

multispectrum ,techqique exp1ained in [IIIA(ii)]. In these ,measurements, an 

x-ray detector as weIl 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 accQfulated: An exponential fit to the time decay 

of the 97.39 keVand the 83.38 KeV transitions ia shown in Fig. 28. These 

measuremedts yielded a half-life of 365 ± 4 sec. Tc se arch for a short-lived 

123 
~somer in Cs, we performed a multispectrum experiment by accumulating 

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

of 1 secolld (~ suggested by Droste, ~1972» were observed.
... ", 

~--j 

'. 
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\ 

Figure 27 

123 Cs y-ray spectrum recorded with:' 

(a) an x-ray detector • 
. 

(b) a Ge(Li) detector with a positron 

o annihi1ator around the source. 

\ 
(c) a Ge(Li) detector without the annih11ator. 
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,-

TABLE 3. 12~ce(365 ± 4s) ~-Ray Energy and Intensity 
Q, .c) 

Ey(keV) - Iy% ~(keV) \% 

71.28 ± .03 1.2 ± .1 596.4 ± .2 57 ± 3 

83.38 ± .02 21 ± 1 610.3 ± .2 1.3 ± .4 

97.39 ± .03 100 , \ 610.9 ± .2 16.7 ±"1.9 
l' 

180.77 o± .03 3. ~ ± .3 644.1 ± .1 15 ± 21 

209.7 ± .2 ,.fJ.7±.2 667.6 ± .4 7 ± 1 

238·9 ± .5 
\. ".-;~ 

~.:2 ± .6 693.6 ± .4 8 ± 2 

252.0 ± .5.! 2.2 ± .6 711.0± .2 4 ± 1 

/' 261.9 ± >.1 13 ± 1 725.0 ± .5 1.3 ± .3 

'" 
278.0 ± .5 l.1± .4 741.5 ± .1 ' 17 ± 2 

, 
± .54 4.8 ± 294.5 1.6 ± .4 756.7 ± .2 .7 

, 304.0 ± .1 " 5 ± 1 819.0 ± .5 1.2 ± '.6 
"'" 

307.1 ± .1 21 ±' 1 841.8 ± .2 1.8± .5 

,P 

0.7 ± 344.5 ± .5 3.4 ± .9 849.0 ± .5 .4 

405.0 ± .5 l.1 :f .2 945.0 ± .3 1.9± .5 

422.0 ± .5 0.7 ±'.3 1125.3 ± .3 3.7 ± .3 
1 

430.0 ± .5 Q.8 ± .2 1176.2 ~fi/ .4 9~ 4, 
?' \ ! 

434.~ ± .2 4.7 ± .7 1255.8 :!:: .4a 1.6± f5 

. J'! ~ ~ 

498.9 ± .2 6± 2 1273.2 ± .2 14 ± ~2 

511 (y±) '1300 ±200. 1355.6 ± ~ 5± 2 

540.5 ± .5 4± 1 1453.0 ± .5 1.1 ± .5 

\ 
\ 

a ' Not placed in ,the decay scheme 
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Figul!'e 28 

\TiJe 4ecay of 123ès activity. 
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Gannna-gamma coincidence experiments were performed us:tng either two 

large volume Ge(Li) detectors or an x-ray detector and a Ge(Li) detector, 

to observe coincidence relations between low and high energy transitions. 

Gates I,jjlere placed on y-rays as well as on the adjacent Compton background. 
, 

A sample of coincident y ..... ray spectra for- a 'ew significant gates is shown 

in Fig. 29, and the c~incidence results are summarized in table 4. 

Coincidence resu1ts require the 610 keV y-ray peak to 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. 

iii. Determination of InternaI Conversion Coefficients 

The most highly internally converted transitions of interest in the 

123 X 
decayof Cs, are the 83.38 and the 97.39 keV ones. The indirect - ratio 

y 

method, which was explained earlièr [lIIA(V) J, 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 - y coincidence data, was used 

to bypass capture x-rays. The resulting x-ray detector spectrum (Fig. 30) 

shows Xe Ka' KSI' and KS2 x-rays and the 83 and 97 l<eV y-rays. Therefo,re: 

where 1
83

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

511 gate 

l
K 

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

<AX = The K sheH fluorescence yiel~ of the Xe atom (= 0.889). 

(Lederer and Shirley, 1978). 
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Figure 29 

y - y backgr~und suotracted coincidence 

f 123C spectra 0 s. 
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TABLE 4. 123Cs Gamma-Gamma Coincidence Results 

1 ., 

Gate 1 

EyCkeV) 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., 750i7, 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 

610.3) 307.1, 841.9 
610.9) 

644.1 • 97.39, 711 

667.6 83.38, 97.39, 180.77 

\ 741.5 711 

750.7 97.39 
f 



.'"I~! 1 t. IMt.US 1 1 : J aa •• 2It!LIi t a .. llllail_,",-•• : bUll t IIIlalt ll& a. ! 1 a IIHll 111&1 •• ' • cl _ 

(J 

1 

- 83 -

Figure 30 

Low energy y-spectra in 

coincidence with: 

(a) 511 keV annihilation quanta. 

(b) 261.9 keV y-ray. 
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183 
C • - • 0.085 :t 0.005 

1 197 

C2 - -:r;. 0.86 ± 0.02 

4 dmi.ltIQ44i 

(1) 

At least one more coincidence relation between the 83 and 97 keV transition . 
is required in order to solve for their ~'s. The 261.9 keV y gate 

(Fig. 30) provides this needed relation. In that gate the transition 

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

183 (1 + ~(83» m 197 (1 + ~(97» 

From the theoretical values for the interna! conversion coefficients 

(Hager and Seltzer, 1968), it can be" shown that if one takes a pure Ml limit 

(which is very close t~ what is expected) that the two ratios are equa!, 

even though the aIs themselves are different. 

<1«83) <1«97) 
--:-=-=--:- ... = . R 
~(83) aT(97) 

where R ia 0.86 in the Ml limite 

,) 

~: 
i 
1 
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1 

183 ~(83) - 197 ~(97) ... R(197 - 183) 

, 183 
if C3 

=- ... 0.79 ± 0.03 
* 191 

then l·f 

C3 ~(83) - ~(97) • R(l - C3) (2) 

A contour plot of equations (1) and (2) gives R - 0.80 ± 0.01. Solving the 

two coincidence relations gives the results: ~ (83) III 1. 3 ± 0.1 and 

~(97) • 0.9 ± 0.1. The latter value agrees with the result obtained by 

D' Auria and- Preiss, (1966) within the uncertainty. Comparison of the 

experimental result with the theoretical ~'S (Hager and Selt~er 1968) 

of 1. 20 (Ml) and 2.12 (E2) for the 83.38 lteV transition suggests that it has 

a 90% Ml + 10% E2 multipolarity; a similar comparison for the 97.39 keV 

transition, where the theoretical ~'s are 0.77 (Ml) and 1.32 (E2) suggest 

80% Ml + 20% E2 mult;ipolarity. 

iv. Beta End-Point Energy Measurement 

123 ' 
The decay energy of Cs was measured by meana of the two parame ter 

f" 

S - y coincidences described in chapter III. Accumulation of "beta and . 
t 

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

bombardment, in order to reduce the interfering activ:i-ties of 

isotopes of l24,126Cs (30, 98 sec), and to maintain reasonably 

so that pileup and Cha~oincidences could be minimized. 
. 

the short-lived 

low count rates 

The data analysis 

was similar to the two parameter gamma-gamma coincidence measurement, using 

digital gates on the gamma ray peaks as well as on the neighbouring Compton 

background. The posi.tron spectrum obtained m co:t,ncidence with the 596.4 

~eV y-ray should, contain only one branch, since th~t level does not seem to 

1 

1 

1 

, 1 

1 

1 
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be fed through other y-raya. A ?ermi-Kurie plot maqe of that spectrum after 

background subtraction (Fig. 31), yields a value of 2.37 ± 0.14 MeV for the 

end-point ener--8-Y. From the prdposed decay scheme, this end-point energy" ~ 

123 . 
corresponds ta a decay energy of Cs of QEC = 4.0 :f: 0.1 MeV. The background 

subtracte~ spectrum in coincidence with the 596 keV y-ray was corrected for 

the respon~e of the detector which causes distortions of the spectrum due ta 

balkscattering, bremsstrahlung, and summing with the annihilation quanta. 

This correction was carried out using the computer code "BETABRAN" [chapter 
, 

III A(iv)] and 8, QEC of 4.1 ± 0.1 MeV was obta!ned. whlch ls within the error 

of the one obtained from the Kurie plot of the unfolded spectrum. This decay 

energy corresponds ta a mass excess of 123Cs of -81.19 ± 0.14 MeV if the mas~, 
123 excess of Xe ia -85.29 ± 0.1 MeV (Wapptra and Bos 1977). Thé measured 

value of the total decay energy 1s in agreement with the earlier result of 
~ 

QEC • 4.1 ± 0.3 MeV obtained by Westgaard et al. (1975). 

" 

v. Decay Scheme and Discussion 

123 The decay scheme of Cs, 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 hali-life of TI / 2 • 365 ± 4 sec, and the 

theoretical electron eapt~re ta positron emission ratios (Lederer and Shirley 

1978). The transition intensities shawn in par~ntheses_ are gamma ray 
, 123 

intensities per 100 disintegrations of Cs. A spin of 1/2 and magnetic 
) , il3 

moment of ~I = 1.389 ± 0.016 n.m. was assigned to the ground state of Cs 

by Ekstrom et al. (1977)'. The ground state of l~3Xe has been :lnferred to 

be 1/2+ since it has an a110wed beta decay to a 1/2+ 1eve1, but, no beta 

o 
~~~~<~_~_~~_~1 __ ' __ '.' ____ ~~~ __ Tt.,~'W~,~~~----~--~ ___ ._~_" __ ._'~ ____ ~'I~_~" 
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Figure 31 

\ Fermi-Kurie plot of 123cs positron spectrum 

in coincidence with the 596.4 keV y-raye The 

B lid 1ine is the least-sq~ares fit to data 
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feeding to the 5/2+ ground state/of l23! (Tamura et al. 1980). The Ge(Li) 

multispectrum measurement with the positron annihilation jacket in place 

. 123· 
yielded 6.5 units for total intensity of positrons em.itted in the Cs 

decay compared to the intensity of the 97 keV y-ray (100 units). This was 

deduced by ,fitting the decay of the annihj.lation quantum (511) ta a mixture 

of half:·.,lives r~presenting the different isotopes produced in the reaction 
-';'"'"'( 

(Fig. 33) •. lt was also deduced by accounting for the <contribution to the 

annihilation quantum fram isotopes other than 123cs : These contributions 

were deduced from the pub li shed results of the relative intensitfès of the 
~ 

annihilation quantum and the prominent y-ray in the isotope in question. 

The two procedures agree reasonably well. The positron feeding to the . . 
123 ground state of . Xe was thell calculated by subtracting the amount of 

positron feeding ta the excited statres from the" total positron intenaity 

123 ,123 
of Cs decay. The beta feeding ta the .ground state of Xe has a log 

+ ---
ft value of 5.2 ± 0.2 which supports the 1/2 assignment _ (Tamura et al. -

1980) of the state. The 97 keV level :f:a fed by àn allowed beta transition 

( + + 
with a log ft value of 5.8 and is thus assigned a J '" 1/2 or -a/2. The 

measured K-conversion coefficient of the 97 keV t:ransition of a..:~. = 0.9 f, 0.1:, 
,\ K 

. , 
requiring a multipolarity of 80% MI + 20% E2, supports. these spin and parity 

.. 
+ assignments. 111e final assignment of 3/2 for this level was made on the ' 

basis of systematics of 125,127Cs (Jha et al. 1972~ Ge1letly'et al. 1976). 

'The 180 keV leve1 ia fed with a log ft value of 6.3 ± 0.1, characteristic 

Qf an a110wed qr first-forbidden beta transition. This level decays to the 
, ' . . 

97· keV levei through the 83 keV transition whose measured.'i,{ requires a 
- .../ + 

90% Ml + 10% E2 mu1tipaladty; it a1so decays to the 1/2 groimd state 

'through the 180 keV transition. The aeduced spin of this level is' thus, 
o 

~----- ------

, ~, 
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Decay'scheme of 123Cs • 

Transition inténsities'shown 

are per 100 decays of the parent. 
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123 '12+ ~~CS'8 (365±4 sCIe) , 

/<'" qEC=4.0±O.1 MQV 

fb .... g,.... ~ ___ ""-__ + 0 3 
, 1452.8 1: 0.5 ,s.a",,>, '273.4- • ~"~\O' .,', ~ tt2' .• ±o.. ,,~ .... ~ ~.~ """',' '032.6±0 .• + " , ,.,. ~ """ $' ,~, 7 ±. 

(t/2,31l) '" ,(J{f." ~o~~O 0~09 .$' ~.,. .. ~, .,' __ ~_'_ 9~8.~±0.4 ; 4tt' ,,1- ':.. ,p' .'Js." ~ ,,<,. <@"&'o"''''·@"o-''O''''\''. 0- <>' , " ~'_ _ t::.., _ ~41. 5 ± 0.2 

M.31z)+ fT"" fT-<" '" 0> '~()"'~~ol'd>>> <., .:'.~~:> "" <!>' ,"'o!l:1''..''~':.0" ;- __~ ~ !: == 693.~ i g:~ 
+ nT 1 ' 1 - ES' .,(Ofl',p" .... ,. FI",.". ~ <, ... 1'. ~ "~ __ 8". ±O 2 UIl, 3/2) ~ 1 1 1 J_", -rr-r.po". 6' "."0 ri' ./'",;;..,. ~. .,. &,;;. ~~" ~ -..... 596.. ' 

U/2,3/2) ±·t -1 1 1 .; 1 Ll-t '- ,,- "'2. "..:! i1' .:y.' <! r'1<~' Ii!!! ii' _' .42.7 ± O •• 
"Il, 3/2) ~ =t l l , 1 1 , ~H -.; , , 1 1 1" ~>; ~ ~ kif ê! 307.' ± o .• ~:~:~l~:jr l' ' • liT ~.v~ ,g U _ _ 2~':U~ (1/2,311~~+ l ,..- 1 l 1 1 l r--t- ï ... .,. _l'~ --:::: ~~.j9±0.03 (1j2,3 +/ 11 1 .. Il T 1 
(1/2,312)±. 1 1:--- .. ..... -.; ! M -0 (t/2,l!».;:- 1 ...... " • _'_ u/2 ''1l:t: . ~.. • 'VNh)+- T 1 i. _ 
CI 't. +) -..... J. J. . (3 2 

<1/2+) -

117' 123 
54 X8 69 

, ~ 

E (k<lV) 

1.3:!:. 0.3 &,.8 :tO:2 
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2.5 ±0.5 5.8 ±0.2 

o.87±o.og 6.4 t.o.' 
0.21:10.02 7.1 tO.1 

0.14:10.05 7.J:t0.4 
2.0 ± 0.2 6.2 %0.1 
3.~± 0.4 6.0%0.1 
0.9 ± 0.2 6.8:tO.2 
2.0 ± 0.2 8.3tO.1 
7.' ± 0.4 ~.8±O.1 
1.1 :t O., .&.7.10.1 

0.& ±O.2 7.0±'0.3 
0.27±0.1& 7.4±o.e 
3.~±0.3 15.3tO.1 
12.5±0.8 5.82!0.05 
62 ± 14 5.2±0.2 

..8:"EC% log ft 

) " 
1-< • 

.IF .,IfEn.fnrÙW? 7 • 
---- ~~~~~~~~~".*~·~rt~'.'''~'''' __ ''~~~--------

,..... 

a 

,~ 

t 
1 
J 

!,': 

'~ 
'1 

1 
iII,l 

~ 
'" 



., 

( 

- 90 - ? :. 

JTI = 1/2~ or 3/2+. As mentioned previous1y this 1eve1 had been assigned 
• 

a JIT = 5/2+ by Kerek et al. (1970), who assumed that it was fed from an 

(unobs~rved) ,9/2- isomer. The 252 keV 1eve1 has sinee been eonsidered to 

be that 9/2- isomeric state [Lederer and Shirley 1978, Tamura et al. 1980]. 

IT ' 
However the present experiment indicates thàt this J assignment cannot 

be correct. + The state ls fed by ,a beta transibion from the 1/2 parent 

with a log ft of 7.4 ± 0.6. This corresponds with an a110wed or first-

forbidden transition. Furthermore it decays thr,?ugb the 252 keV gamma ray 

to the 1/2+ ground state of 123Xe which 1ikewise forbids a 9/2- assignment 

to that leve1. The previous observations suggest a spin and parity assign

ment of JIT = 1/2+. or 3/2+ for the 252 keV 1evel. Since the states of 596, 

741, 1273 and 1452 keV are aIl fed by an allowed beta transition they were 

+ + assigned spins and parities of 1/2 or 3/2. The other levels are fed by 

TI an a110wed or first-forbidden transition and thus their J assignments are 

+ + 
1/2- or 3/2-. In some cases positive parities on1y were assigned on the basis 

of deexciting y-rays. The measured value of the total decay energy 

/ 123 
corresponds to a mass excess of Cs of -81.29 ± 0.14 MeV agreeing weIl vith 

the previous1y 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 bur conclusion that the isomeric assignment 9/2- for the 

252 keV 1eve! was an error •. This conclusion was a1so reaehed in the recent 

123 Cs deeay study by MargUier et al. (1981). However the i~eam study 

+ assigns a 7/2 spin forthe 252 keV leve1 based on the fac~ that a I:.J '" 1 band 

was observed, similar to the g7/2 one observed in l25Xe (Helppi et' al. 

+ Consequent1y a spin 5/2 was assigned for the 180 keV leve!. Both of 

1979). 

these assigruments are imp1a~sible. The log ft value of 7.4 ± 0.6 for the 

\ 
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Figure 33 

Time decay of the 511 keV 

annihilation quantum. 
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252 keV level is no~ possible for a second-forbidden transition; ,also 
+ • 

the assignment of a spin 5/2 for the 180 keV ~~vel is very un1ikely 

since its log ft value fs 6.3 ± 0.1. Since 

in the satne work were based on the 5/2+ ând 

252 keV levels, they are probably in èrror 

The recent decay study of l23Cs GMarguier 

most of the resu1ts of the present work. 

very similar to ours, except that they pro 

the other levels 

of the 180 and 

• 1981) is in agreement with 

r tentative decay scheme ia 

at 437 and 585 ReV 

which are not ineluded in our deeay scheme. -~~o the levels that we proposed 

at 917, 1125 and 1273 keV are not seen by them. The only level that may be 

in doubt is the 917 keV levei sinee only one gamma ray has been observed to 

de excite it. In the case of the other two levels, at least two gammJ rays 

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

(3/2+) far the 180 keV level, and (1/2)± or (3/21- for the \.est of the levels 

are in agreement with the results of the present work. 

c) Decay,of 12lCsm,g 

1. Previous Work 

In 1966 D'Auria and Preiss reported that cesium samp1es from the' 

113 120 MeV carbon bombardment of In targets emitted gamma rays of energies 

154, 180 and 195 keV which decayed with 2 - 3 min half-life. They suggested 

that these gamma rays must belong to the deeay of a cesium isotope with mass 

less than 123 and greater than 118. Their conclusion was based on Q-value 

ca1.culations. Later Chaumont et al. (1969)., using an on-line mass separa-

121 tor measured the half-life of the decay of the beta activity of Cs to be 

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

;~~~.~~,_.--.................... ----.-----------------.~--~----~------~--~~----~~~~-~ 
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CERN, Westgaard et ~1. (1975) 'identified further gamma rays be10nging 

, 121 
ta the Cs decay; this study confirmed three transitions suggested 

earlier by D'Auria and Preiss (1966). Their Fermi-Kuiie ana1ysis on the 

beta spectra in coincidence with the most intense y-rays gave a 10wer 

limit on the total decay energy of QEC ~ 5.65 ± O.~9 MeV. No gamma-gamma 

coincidence experiments were performed and consequent1y no decay scheme 

was proP9sed. 

A hyperf!ne structure using an atomic beam magnetic 

résonance apparatus was y Ekstrom et al. (1977). They 

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

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

Recent1y Chowdhury et al. (1981) studied high-spin states of 121Xe 

14 110 that were popu1ated in the ( N, p2n) reaction on Cd. A detailed 10-

beam study of 121Xe was a1so carried out by Barc! et al.. (1981J', in which 

121 112 12 Xe 1evels were populated in the Cd( C, 3n) reaction. The connection , 

b~tween the results of bath in-beam studies and the present work will be 

discussed. 

-' 121 
The~resent stugy establ!s~es the first decay schemes of CsS and 

I2le m s. 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 

121 124 Radioactive sources of Cs were produced vi~ the Xe (p, 4n) 
---" 

reaction at 52 MeV. Energies and relative'intensities of y-rays ~ere 

determined from y-ray spectra obtained using the x~~ay 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(L1) detector. 
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obta!ned with the x-ray detector and with the 15% Ge detector were co11ected 

using 10 groups of 30 sec. The resu1ta of theae measurements suggested the 

121 existence of two distinct groups of y-raya from the Cs decay. The group 

of y-rays of energies 179.4, 196.1 and 234.5 keV have a 121 ± 3 sec ha1f 1ife 

(Fig. 35); this group bas been reported to be10ng to the high-spin-band 

structure of p,ositive (g7/2) and negative 121 
(b

ll
/ 2) parities of Xe b~ 

Chowdhury et al. (1981) and Barc1 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 obaerved, which ,ia assoéiat~d ~th a d3/ 2 band structure (Barci 

et al. 1981). The firat group of y-raya ia due to U~sm(9/2+) decay, and 

the second one 1a due to 121Ca8(3?2+) decay. The previous ha1f-life measure-

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

without l2lCam and l2lCsg distinction. The observation of two isomers of 

121 Cs of almost similar half-lives is in agreement with the findings of the 
, , 

spin measurements carried out by Ekstrom et al. (1977). There are more 

than 25 other y-rays with about 2 min half-life identified from multiapectrum 

analyais as 121 be10nging to Cs decay [Fig. 34(a,b)]. These gammà raya were 

either the decay 01 l2lCsm(9/2~) or the decay of l2lCsg(3/2+) 
r 

assigned to 
. 

on the basis of half-life, coincidence'results, and the Ritz combination 

'pr~c1p1e. The energies and 1ntensit1ea of gamma raya belonging to the two 

separate décay modes are given in tables 5, 6. There are a few other 'low 

inten~tty y-rays, such as the 90.6 keV y-ray in Fig. 34(a). which have a 

half-life of about 2 min, but which could not be definitely placed in either 

of the decay modes. The unidentified gamma rays in Fig. 34 be10ng to 
~j 

l23-128Cs , l21,123,125,127Xe an4 171 ,1231, which are produced in the reaction 

along with 121cs. Radioactive sources were cooled for about half a minute 

'Ip_ Tf ~ru Il 1 P dl c, 

1 
l, 
1 
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Figure 35 

Time decay of two ~istinct groupa 

of y-raya of 121Cs with 121 ± 3 

and 136 ± 3 sec half-1~fe. 
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TABLE 5. 121Csm(121 ± 38) Gamma-Ray Energy and Intensity 
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in order to reduce activities of l24Cs (30 sec) and 126Cs (98 sec). The 

production of these undesired isotopes_ resulted in a very complicated 

singles spectrum. The identification of y-rays was done using half-li~es, 

coincidence ~esults and relative intensities of known transitions from 

published studies of these isotopes. 

The existence of a y decay branch f~r l21Csm is confirmed by the 

observation of Cs Ktn and Cs Ka2 x-rays, .Qf about 2 miri half-life [Fig. 34'(8)] • 

The Cs Ka x-ray intensity is 3.0 ± 0.5 times that Of the'38.j8 keV y-raYe 
< , , 

Based on the We~skapf estimate, the photon transition prob.llbility for an 

M3 transition ia equal to: 

{~apstra et al. 1959, Blatt & Weisskopf 

bility is defined as: \ 

'À __ ,_R-_n_2 __ 

Tl/2~1 + ex) 

1952) • The transition proba-

CMesZkowski et al. 1965), where the !actor (1 ,+ a) accounts fqy;, th~fect 
, 

of internal~conversion in speeJing~; transitions. , Therefore, an M3 isomeric 
J 

transition with a half-life of 2 min would be expe.cted' to have an energy 
..... 

. of about 36 KeV and a total internal conversion coefficient of a = 11100 
T 

(Hager and Sèltzer 1968). The isomeric y-ray intensity of O. 006~, relative 

to the C$ Kal x-ray 1Fig. 34(a)] W'ould thus be 'below the :limits of o"bservation. 

A two'param~te~ y - y coincidence experimen~ was performed using the 

15% Ge and the 18% Ge(Li) detectors. In another y ~ y coincidence experi~ 
( 

ment, the x-ray detector and the 18% Ge(L!) detector were used '. ,The re~u1ts 
.. 
" 

r 
.l 

/ 
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of these measurements were obtained by setting digital gatee on either 

the x-ray detector or the large volume detector and are preeented in table 7 
" 

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

and the most intense y-raya of energies 153.75, 179.4 and 196.1 keV were 

not observed in coincidence in any pairwise combination. 

A Y - Y in-beam coincidence experiment was carried rut, to ensure that 
, 

the 38 keV transition does appear in high-spin band structure, and to dete,r-

mine its internaI conversion coefficient. This will be,discussed in detail 
J' 

in section (iU). In thi.s experlment, we popu1ated hi.gh spin states of l2lxe 

in the 122Te (Snr) reaction. 
. 

The 38 keV transition. as we11 as the 
-

196 keV' Une were obserVèd. However we did not observe the 69 ~eV y-ray 

(Fig. 37) reported in the l2IXe ,. in-beam. studies of Chowdhury et al. (1981) 

~ Barc! et al. (1981) • From our data we conclude that if the 69 keV 

y-ray does exist it would be very weak t having less than 3% of the intensity ... 

-
of the 38'keV y-raye 

iii. Determination of InternaI Conversion Coefficients 

l d t t t d h for 121Cs, th i t 1 i -n or er 0 cons rue a ecay sc eme e n erna convers on 
~ 

. coefficient of the highly converted 38.38 keV transition had to be determined. 
~--

The ;spectrum,obtained in coincidence with the 196.1 ~eV y-ray (Fig. 36) 

cantains the Xe t x-:t'ays and the 38.38 keV y-raYe This gives, through the 
~ . 

1 
X/y ratio methad [IIIA(v)], only an upper limit of ~<27, because Xe K x-raya 

. .' ~( 
arise due. ta bath K conversion and K capture processes. The spectrum in 

coinc'idL.e with the annihilation quantum (511 k..eV) could not be used to 
, ( 

ypas8 capture x-rays because of ,the very lo'W intensity of the 38 keV y-ray. 

F r this resson, an~d to establish the fact that the 38 keV transition be10ngs 

.. 
~-------------=~--.....,--- ._'---

~ l, • 
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TABLE 7. 121Csm,g Gamma-Gamma Coinc1dence Results 

GATE 
Ey<keV) Coincident Gamma Rays, E/keV) 

38.38 196.1 . 

85.85 153.75, 210.2, 321.5 

~ 

153.75 85.85, 296, 915 • 
, " 

J , , 

179.4 235.2, 270.5, 280.4, 554 

196.1 38.38, 159.9, 281 

235.2 179.4 

239.6 210.2, 321. 5 
1 

270.5 179.4 

280.4) 
179.4, 196.1, 427.3 281 ), l 

321.5 . 85.85 

554.0 179.4 

'7 :. 

( 

-'--, --_.~----~ 
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Figure 36 

y - y backgroood subtracted coincidence 

spectra of 121Cs. 
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to the high-spin band, an auxiliary in-beam two parameter y - y coincidence 

121 
experiment was perfonned. In this experiment, Xe high-spin 1evels were 

" 122 
populated in the (a,5nt) reaction on isotopically enriched (96.45%) Te 

targets. An x-ray detector and a 16% Ge detector were used. The in-beam 

excitation does not generate any xenon capture x-rays. The Xe KSI and 

K~2 x-rays are weIL resolved in the gating spectrum recorded with the x-ray 

detector (Fig. 37). These are main!y due to the dominant interna! conversion 

of the 38 keV transition. From the relative intensity of the Xe Ka x-ray 

and the 38 keV y-ray, the K conversion coefficient '1< .. 11 ± 1 18 deduced 

for this 38 keV transition, using the fluorescence yie1d (Lederer and 

Shirley 1978) for the K shell of xenon, ~ = 0.889, and the Ka x-r~y to 

total K x-ray intensity ratio of 0.155 (Lederer and Shirley 1978). Theor-

etical '1< values (Hager and Seltzer 1968) for various multipolarities of 

121 a 38 keV transition. in Xe are 2,44(E1), 11. 51(Ml) • 10.4(E2), 263(M2), 

18.2 (E3) and 1230(M3). From the comparison of the experimental and 

theoretical ~'s~ the 38 keV transition ls inferred to be 40% Ml + 60% E2. 

iv. Beta End-Point Energy ~easurements 

121 . 
The decay energy of Cs was measured from the' y-ray multispectra which 

) 

were obtained with a large volume Ge detector. A positron spectrum follow-

ing a half-life, of 2 min was observed in the 1 ta 4 MeV energy range. The 

region of 3.5 to 4 MeV of this spectrum was free from gamma-ray disturbanc~. 

From the mul tispectrum measurements, carried out with a copper annihilâtor 

121 121 g 
around th~ source, it has been ·established that the Cs + Xe positron 

121 
.spectrum (92% of al1'positrons fro~ Cs decay) dominates aIl other positron 

-
components- in this energy regton. Renee the continuum oDserved above ia 

considered to be due to the 121Csg ... 12lxeg positron component. ,A Fermi-
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, '1:1 

Figure 37 

12L -Xe in-beam y - y coincidence gating spectrum 

recorded with an x-ray detector. The arrow points 

to the position of a proposep 69 keV transition. 
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Kurie analysis of the continuum taken at 2 and 5 min after the end of 

bombardment is shawn in Fig. 38. The weighted mean value of 4.38 ± 0.02 , . 
MeV ~as obtained for the enrpoint energy.t Only, the standard deviation from 

the least squares ana1ys:J.s 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 en~rgy value is estimated to have an uncertainty 

of :::: 0.2 MeV. The end-point epergy 0 bta,ined corresponds to a decay ene'fgy 

of 12lCsg of QEC - 5.4 ± 0.2 MeV, in comparison with the previous result of 

QEC ~ 5.65 ± 0.49 MeV obtained·' by W~stgaard et al. (1975). If the mass 

-. excess of 12lXe is taken ,as -82.33 ± 0.11 MeV, then the mass excess of 

l2lCsg is -76.93 ± 0.23 MeV in comparis'on with the previously reported ~ 

value of -77 .15 MeV (Wapstr'a and Bos 1977) which was estimated from 

'-' 

systematics. 

v. Decay Scheme and Discussion 

The decay of l2lcs (Fig. 39) was sepa;~ted ~~o 121Csm (9/2+) and 
\ 

12lCsg (3/2+) decay schemes [Fig. 39(a.q)] based on the 121 ± 3 and 136 ± 3 sec 

half-lives, respective1y, and using the coincidence results and sums and diff

,ere~ces of gamma ray energies. The transition intensities shown are per 100 

<t 

decays of the parent,' 'Pte Cs Ke x .. r:ay intensity relative to the 38 k.eV 

y-ray, in the same spectrum, together with ,the fluorescence yte1d for Cs 

CooK" 0.895) and K x-ray ta Ka x-ray intensity ratio of 5. 2J.7 (Lederer and 

121 m Shirley 1978), require Cs to have (60 ± 4)% isomeric ,transition to 

'l:21Cs8 and (40 ± 4)% positron emission and e1ectron capture to l2,~e. The 

branching ratio of the capture and positron mode ta the isomeric mode has 

been inc1uded in obta1ning the log ft values. This branching ratio together 
1 

with the fact that l~lCsm activity <6 + EC) was o»ly 5.7% of l2lcsg suggest 

) 
1 

l 

> ' , , 
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.. 

.. 

Figure 38 

Fermi-Kurie plots of the S spectrum of 

121Csg + 12lxeg observed at 2 and 5 min. 

The soUd lines are the least sf.luares fit 

to data points. The end-point energy is 

the weighted mean of the two results. 
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that the ratio of the activation cross-sections of 12lCsS to l2lcsm is 

1 
The inte~sity of the annihi1at,'ion quantum, due to a11 positrons of 

l2lCsm +.121CsS, wes calculated ta be 12360 + 770 units relative ta the 

intensity of the 196.1 keV transition (100 units). This ~esult was obtafned 

from the y-ray mu1tispecirum data, tàken with the positron annihilator. The 

2 min component was extrac~ed through 1east squares analysis (Fig. 40) ta 

oveTcome contributions from other Cs, Xe and l isotopes which were produced . 
along with l21CB • The feeding ~ l2lcsS ~o 12~eg was calcu1ated ta be 

1". 

98 ± 7% correspondins to 89% positron branching. There is no observed 

decay branch to 121Xeg (5/2+) fram 121cam (9/2+) decay. 

Ul +, The ground state of Xe has been assigned a 5/2 spin (Mtlnnich et al. 

1~72) fram its beta decey, which feeds 3/2+, 5/2+ and 7/2+ states in 121r , , 
+ '+ 

with very litt le feeding observed ta 1/2 and 9/2 states. This assignment 

is supported by the results of the present work, which indicates that the 

ground state of 121Xe is fed by a 98% branch from 121CsS (3/2+) with a 10& 
'" 

ft value of 5.20 ± 0.07, apprQpriate for an al10wed beta transition. 

Theigamma rays of 196.1 and 38.38 keV are in coincidence, but which of 

them directly feeds the sround state of l2~e can only be determined by 
" 

}cnbwins t~eir transition fntensities. As mentioned prev10us1;y, the ~ 

measured for the 38.38 keV transition imp1ies a ~O% Ml and 60% EZ multi-
/ ,", . ' 

polarity:\ This mult;l.pol~rity requires a total internaI conversion coefficient 
\ . 

(lCC) of ~ - 43'(aager 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 

trans:l.tion ,int,ensity is 167% of that of the 196 keV trarlsitio~. 'Ibis wou1d imply 

that the 3& keV transition shou1d be be10w the 196 keV transition in the 

cascade. However, it- should"'be noted that the standard·deviation of the 

/ 
.' 

1 0 

j 
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Figure 39 

Decay scheme of 12lèsm,g. Transition 

intensities shawn are per 100 decays of 

parent. The circular wsert shows the 

alternate level ordering reflecting the 

uncertainity in the intensity of the 

38 keV transition. 
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Figure 40 
/ 

Time decay of the annihilàtion quantum. 
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'1< value for the 38 keV transition does not ru1e out pure Ml or pure E2 

, multipolarities. 4>. 
Pure E2,mu1tipo1arity would require a total ICC of 

~ ~ 62.6, which wou1d make the 38 keV transition intensity 242% of the 

196.1 keV transition. This would imply higher feedi~g and a 10wer log ft 

v~.,1ue for the e transition to the 38 keV 1eveI. Pure Ml multipo1arity, on 

the other band, would require a total Ice of ~ = 13.4, so that-the 38 ieV 

transition intensity wou1d be 51% that of the 196 keV transition. In this 

'case the 196 lteV tran~ition wau1s! b~ below the 38 keV one. Without an 

extreme1y precise value of the ~ of the 38
0
keV transition, no certitude 

can be associated with the ordering of these transitions. The recent in-

beam study of Barci et al. '(1981), p1aced the 38 keV ab ove the 196 keV 

transition on the ba~is of coincid~nce 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 alloweçt or first-forbidden transition "and the multipo1arity 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 

1eve1 has a log ft of 6.16 ± O.~3l characteris-tic of an allowed or first-

forbidden transition. The possible spin and parity assigqments for the 

234 keV 1evel are thus 712±, 9/2±, In in-beam measurements on 121 Xe 

1.' Chowdhury et al (1981) and Bard et al (1981) observed a negative parity; 
. + 

thus the 234 and the 196 keV transitions from this level to the 5/2 and 

7/2+ levels are both of El mu1tipolarity. 
, 

This is consistent with the • 

angu1ar distribution measurement carried out by Chowdhury ~t a1.(198l) 

which indicated a dip~le character for the 196 keV gamma ray. The 

234 keV leve1 1a thus assigned a spin J1T ... 7/2-, and '1s 

"". 



c identified as the negative parity bandhead. Chowdhury et al. (1981) 

assigned a spin 9/2- ta this state. The present result of a spin 7/2- for 

the bandhead. agrees with the systematic observation of,a negative parity 

- 'fT -
bandhead: in odd-Ba nue1ei (Gizon and Gizon 1978), with J • 11/2 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 leveis were observed in the positive parity band 

(Chowdhury et al. 1981) connected by ~J - 1 transitions. In the present 

121 m study, the two 1evels are fed from Cs by a110wed or first-forbidden 

transitions (log ft = 6.17 ± 0.08, 6.6 ± 0.2 respectively). These observa-

tions coup1~d with the fact that the 179.4 keV gamma decays 

ground state imp1y that the 179 and ~14 ke~ levels have J'fT = 

+ to the 5/2 

7/2+, 9/2+ 

respectivê1y. Although Chowdhury et al. (1981) , assumed that the ground 
121 p 

state of Xe was the head of a st:rongly coupled band bp.ilt on a g7/2 

neutron hole, the present expertment shows that this cannot be correct. The 

interpretation of the band structure by Barci et al. (1981) i8 however, in 

agreement with the present result;. the 179 keV 1ine represents a 7/2+ + 5/2+ 
, • > 

out-of-band transition. A structure similar to this i5 seen in 117,119Te 
, . 

isotopes with 65 and 67 neutrons (Hagemann et al. 19~9). The 1evel at 394 

keV is fed by a beta transition with a log ft of 7.2 ± 0.1 and it deexcites 

te the - + (7/2~ 234 keV level through the 159 keV tran6ition~nd to the (7/2 ) 

38 k~Y 1evel through the 356 keV transition. This 1evel 18 thus assigned 
... 

'Il' ... -a spin and parity J = 7/2 or 9/2. Fina1ly, the levels at 459, 5l5~ 701, 
'+ + 

733, 866 and 1418 keV are assigned 7/2- or 9/2- on the basis of their log 

ft values. ~ 
In the decay scheme of l21csg (3/2+) (Fig. 39) the 153 keV level is 

t 
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.. 
, 

fe;d by an al!owed or first-forbidden beta transition (log ft .,.' 7.37 ± 0.09). 

+ This leve1 de-excites to the 5/2 ground etate through the 153 keV transi-

+ tian with no bran ching ta the 7/2 Btate of 38 KeV; it therefore appears 

+ + + > 

ta be a 1/2 state. The 239 keV leve1 was assigned as 1/2 or ,3/2- on 

the basis of its log ft value (7',12 ± 0.06) and the fact that it deexciteEl 

ta the 153 keV 1evel,with the crossover transition of 239 keV ta the 5/2+ 

ground etate. The spin assignment for the levels at 450, 562 and 1070 keV 

were made on the basis of log ft values and deexciting y-rays. 

d) The Position of the First Exc:f.ted 0+ States ~ 122X~ and l24Xe 
fi 

t 

The positions of the first excited 0+ stat'es in 122xe and 124Xe have 

b 1 d f ' b d di 122e d 124e' il.. A een postu ate rom eta ecay stu es on s an s ~otopes. 

t 122 ' + 1evel st 1149 keV in Xe was thought to be the 0 quasi-a state by 
~ 

Genevey-Rivier et al. t1977). In the present work the 1eve1 at 1269 keV in 

124xe was proposed to be the first e~cited 0+ state.- These determinations 

+ + 1.-were based on the fact that these leve1s deexcite to 21 and 22 states but 

not to the 0+ ground state. The purpose of the present investigation Is to 

+ confirm these 0 assignments by,the gamma-gamma angu1ar correlation techni-

122 124 que described earlier [IIIA(vl»). Leve1s of Xe and Xe were populated 

122 124, 124 122 fol10wing the decay of Cs and Cs respective1y. Cs and Cs were 

produced in ~he (p,n) and (p,3n) reactions,'respectively, &y irradiating 

124Xe enriched targets with 15 ~ev and 45,M~V protons respectivel! in the 

fashion described earlier IIIIA(i)]. A total of about 2000 samples was', 

usedr for each of t:he experiments. Targets were irradiated f!,r a period'of 

10 sec and their activities were counted over a period of one minute. For 

1:-22 ,<.Cs :decay, coincidence data were accumu1ated with 90", 135 0
• 157 11 and 

• 
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180 0 angles between the two detectors. In the l~4Cs experiment an addi-

tiona! angle of 1200 was used. The data were sorted by placing a di~ital 

gate on one of the gamma-pays ,in the cascade of interest as weIl as on the . . 

adjacent background. The intens1ty of the other coincident y-ray in the 

cascade in the resulting bàckground-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 usint the least squares analysis to the function: 

The values of A;XP, A:XP obtained were first corrected for solid angle 

effects 

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 

122' 
Xe 18 shown in Fig. 41. Solid lines are the result of a least squares 

124 fit of the data points to the function W{S). For -, Xe, the angular correla-
l ' 

tion of the 915-354 keV"cascade and the 1336-354 keV cascade were studied. 
, 

The normalized intens1ties of the 915 and 1336 keV y-rays in the spectra 
, 

obtained in coincidence with the 354 keV y-ray are presented in Fig. 42 and 

43 respectively as a function of the angle e subtended by 'the two detectors. 

+, + 
The correlation of the 492-354 keV cascade for the already known 2 + 2 + 

+ 124 . o cascade in ~e were a1so obtained (F~g. 44). 
1 

The values for the 

A2 and A4 coefficients after correction for solid angles are listed in 

table 8. The curves for the'81B-33l keV cascadeofl22xe and the 915-354 keV, 

, J 



l 
\ 
\ 
! 

. , 
" 

1 

! 

l' 

r 
t 
t 
! 

1 
! 

, Q 

.c) 

() 

- 114 -

Figure 41 

Angu1ar correlation pattern of the 

331 - 818 keV cascade of.122Xe. Solid 
(;:r,~ 

lines repres~t least-squares fits to 

data points. 
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Figure 42 

Angular correlation pattern of the 
, 124 

354 - 915 keV cascade of Xe. 
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Figure 43 

Angu1ar correlation pattern of the 

124 
354 - 1336 keV cascade of Xe. 
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Figure 44 • 

Angular correlation pattern of the 

124 354 - 493 keV cascade of Xe. 
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TABLE 8. SU1JIDary of Angular Correlation Mea~urel1lents -in " Xe 

Le .. el 
(keV) 

• 

1149 

847 

1269 

;1.690 

-.1 

... 

Cascade :::(-ray 
eneTgies (keV) 

818-3}1 

493-354 

• 915-354 

1336-354 

" .... 

~ 
) 

-r 

0.2 ± 0.2 

-0.16 ± 0.04 

0.23 ± 0.12 

_ 0.10 ± 0.20 

------------- .. --- - _. 

-.. 
.>fT 

A4 

1.1·± 

0.32 ± 

1.14 + -

1.0' ± 

-~ .. ""--, 
,-

" 

"" 

_ 0.4 

0.05 
\. 

0.18· ~ 

0.3 
'. 

'" 

'Spin Sequence 

0+-2+-0+ 

2+-2+-0+ (à .. 8 +7) 
. -3 
0+-2+-0+ 

0+-2+-0+ 
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"" and 1336-354 keV ça~ca4e of l24Xe are characteristic of a 0+ ... 2+ + 0+. 

d~rectional correlation 'pattern. The large A4 value obtained uniquely 

122 impl:l:es.a zero spin assignment for the level at 1149 keV in ~ Xe and . , 
, '124 ' 

1269 ke'v and 1690 keV in Xe. The, experimenta11y obtained coefficients 

are in ~g~od agree11lent with the theoretical coefficients for a 0 -+ ~ ... 0 
':: .. ~ , 

cascade 1 A2 " 0.357: A4 • 1.108 (~ay1or et al. '1971). 

+ 122 
ThE! 0 assignment of the 1149 ke.V ;evel in Xe 1s in agreeme~twfth 

< \ 

the predictions of Genevey ... Rivier et al. (1977) and that of the 1269 keV 

124 . 
level in Xe ts in agreement with the predictions of the S-decay stùdy 

1 1 

of the present work. 
'. a 

2U~hough the error bar is fairly large in the case of' the 1336-354 keV 

. cascade, the large A4 coefficient cannot be exp1a:l.ned by other possible 

. spins (1, 2). In the decay study part of th!s work a transitipn 

was ~bserv~d ~o follow th: balf-1ite of; l24cs ~ecay (29.7 sec). 

of 1689 KeV 

In vie" of 

the 0+ as~1gnment for the 1690 ReV level, no direct "gamma transition to the 
J • 

. groUIid Btate i8 poss-iole; 
'r 

our ohserved 1689 keV transition therefore lies 

e1sewhere in the decay scheme. 

The above results are consistent with the features of Xe'nuc~ei 
~ 

P:t'ev~?us1y noted. b,. Kusakari et al. (1975), who po:l.nted out that the first 

, '+ + 
e~ited a level ia located near the 31 1evel'and" that its position drops' 

"-
as N decr'eases. The present results have been summarized in a publication, 

~ 

(Singh et al. 1979) which 1s inc1Qded in the Appendix. 
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B. RESULTS ol IN-BEAM STUDY 

a) Band Structurè in l22Xe 
'" , ' 

i. Previous Work 

The ground state collective band in l22Xe was first observed by 
rI 

Morinaga and Latk in 1965. 
, 122 

They populated the l-eve1s in Xé in ~he 

122 '", 
(a., 4ny) reaetion on Te targets using a 52 MeV alpha beam. Me~ers of 

• + 
the ground state band up to the 8 j state were identified. Sinee they 

detectèd gamma-rays by using HaI(Tl) scintillation counters, t"he error in 
,.. , 

, ~ 

the energy determination was, large. Also, their y-ray assignmenttJ were 
, 

based on relative intensities, and y - y coincid~nce techniques were not , , , 
employed .. In a subsequent study made at Berkeley, Clarkson et al. (19Q7) 

~ , 

produced l22Xe' in the 115In (lOB, 3n) reaction, uaing the heavy-ion linear' 
. 

accelerator (BlLAC). Their results agree w!th the resu1t~ of Morinaga 

and Lark (1965), although the use of lithium-drifted germanium detectors 

a110wed Clarkson et al. (1967) to 1nake a better en~rgy determination. Their , '. 

sp;Ln and parity assignments were based on the energy and observed intensities 

( of the y-rays. The lifetimes of t;he levels in the ground-state band in 
122 . • 

Xe were measured by Kutschera et al. (1972) ta be of the order of few 
: .... '" 

pico seconds • In the decay stuty of 122cs carried out by'Genevey-Rivier 

et al~ iin 1977, high-spin states were populat~d in the decay of the high 

spin' :f:somer of I22cs (1 - 8). A 1evei scheme containing the ground state 

+ • 
rotationa1'band up to the 10 levei and the quasi-gamlnB. band tfp to the 7+ 'level 

• 1 

WSQ proposed. Spin and psrity assignments were based on values of the 

measured e1ectron conversJ.on coefficien~s and decay patterns. 

, , 

.' . 

( 
" 

" 



'\ 

- 121 

H. Gamma Ray Spectroscopy 

The in-beam singles spectrum recorded with the 10% coaxial Ge(Li) 
1 

detector,is shown in fi~. 45. The labe11ed gamma rays belong t? gamma 

122 ) 
transitions in, _ ~) The unlabe1led y-:-rays are mainIy gamma transitions 

123 124 123 
_-----'------=b::=e::.::t:.!w~e:::::e~n....-le-v .... "'--ls of Xe, Xe and l which are produced in the (n,3n), 

\ , 

.:. 

'\. . , 

- ' 122 
(a,2n) and (a,p2n) reactions respective1y, along with the Xe of interest. 

1 

Thé identification of gamma rays ~as done on the basis of excitation func- ~----____ --- r 
1 
1 tions and gamma-gamma coïncidence results. The ener 

carrïed out with the beam o~f, using standard sources of ,152Eu and 56cO' 

The relative intensit:Y---tIlel:lS1l111!rnïmlËÏe~nLtt s were performed.~=----cm---.aI1gl08-4-l-l~IL-----I--

with the beam in order not to introduce errors due to the P2 tetJi in the 

angu1ar distributions. The gamma ray energies and relative intensities 

are given in table 9. Singlés spectra were also recorded with the beam 
1 

off in order tO"'id~ntify gamma ~ays fo1lowing the beta decay of the product 
. . 

nuclei and also to correct for radioactivity contributions in multicomponent 

,gamma lines which were not easy to separate. Gamma singfes spectra were 

analyzed by the computer code SAMPO [II4\(11)]. The contribution to the 
~' 

331 IieV Une from the decay of l~xe (330 keV) was accounted for in the 

int~~sity calculation. The 815 ~ev l;)ne s a doublet. with a:.815. -g-.keV 

component of l22Xe and a weak 816.9 'keV omponent of l24xe. Similarly the 
< 

• '124 
contribution to the 838 keV line from the 840.5 keV gamma ray of Xe was 

taken into account. Since the, 512 keV gamma ray ia buried under the 511 keV 
. . , 

'annihilation quantum, its intensity was dete~ned from the gamma-gamma 

coincidence results. The intensity of the 512 keV transition relative to 

the 843 keV transition wh:l.ch depopulates the same level, i8 in agreement 
\ r 

• 
with the results of the decay study of Gen~vey-Rivie,r et al. (-1977). The 

. , 

gamma multiplicity filter teèfn:l.que discussed ·earl:ler [tIlB(iii)] was very 
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Figure 45 

Spèctrum of gamma-raye emitted 
-in the ,122Te (a,4ny) reaction. 
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122 TABLE 9. Xe Gamma-Ray Energy and Intensity 

.• ' int~n8ity obta1ned from co1ncidenêe data. 
1 ,'. ' 

, , 

. '. '" 1 
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useful in reducing the radioactivity Unes in the coincidence spectra and 

enhancing members of long cascades. The ga1!lllla mul.tiplicity data liere 

recorded on magnetic tape event-by-event along with the multiplicity of 

each event. The data were then sorted according to multiplicity. Most of- • 

the usefu1 -results were obtained by analyzing events having a mu1tiplicity 

of three of more, two recorded by the two Ge detectors and one or more by-

the six NaI(Tl) or the BGO detector. For Bome weak gamma rays, only the , 

minimum coincidence requirement of two gamma' raya was used in arder ta 

gain statistics. The results of the multiplicity fi1ter measurements are 

summarized in table 10, and Fig. 46, where the background subtracted spectra 

" of some pertinent y-rays are shawn. As can be seen fram tbese spectra, 

there reulains a background which is in re~l coincidence with the y-ray 

gate. This background arises fram the y-rays farming the side-feeding 

into.the rotational states above the gate, ~hich fulfi!l the coincidence 
, , 

requirement. In "the ground band .all transitions following the gating 

transition have constant intensity Binee the side-feedill'8 into the lower 
. , 

states is not ,in coincidence with the gating transition. 
, 

" ·The neutron-multiplicity fi1ter measurement was carried '!.ut using the 

teclmique outlined 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 
/ . . 

neutron multipiicity peaks. ·As mentioned earlier, (a,2n), (a~3n) and (a;p2n) 'j 

reacti~n ch8Jlnels are a1so open at the 54 MeV bombardi~g energy. 'The 

neutron multiplicity filter technique proved useful in reducing radioactivi~y 

and in· differentiating between various reaction channe1s with diffe'rent 

numbers of outgoing neutrons. Fig. 47 shows the intensity df gamma rays 

::~ll~,"~ 

~ii: 
"; 

~ ~~ , 
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46 

B4ckground subtracted coincidence spectra , . 
~or 12~e obtained in the y-multiplicity 

filter measurement. 
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122 ' ' 
T~LE -10. Xe Mu1tiPlicity Filter Resu1ts 

GATE 
E (keV) Coincident Gamma Rays, E (keV) 

497.4,512, 55,3.1, 560~4, 565, 574.4,595, 601,638.6, 643.7.;~9.1, 
\.. .. ~ 

331.3 

654.2, 677.5, 684.6, 744.2, 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 1 

• 1 497.4, 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 

560.4 

331.3, (453), (497.4), 512, 638.6, 677.5 

331.3, 371.0, 386, 512, [601}, [614], 654.2, 684.6, 684~6, 
() 

757.1, (803.4), 883.~, 993.5 

574.4 331.3, 454, 497.4; .586, 671 

638.6 331.3, 468, 497.4,.553.1, 565, 601, ~43.7, 649.1, 677.5, 744.2, 

750.7~ 757.1, 769.7, 779.7, 815.9, 822.4, 838.7, 842, 1026, 
i 

1096.1 

643.7 331.3, 497.4, 560.4, 638.6, 750.7, (757.1), 822.4 

649.1 331.3, (466), (468),497.4, 558,638.6, (643.7), 750.7, ~57.1, 

815.9, 838.7, (1098.1) 

654.2 

677.5 

684.6 

744.2 

.750.7 

1 

331.3, 497.4, 512, 560.4, 574L4, 739 

331:3, 497.4, 553.1, 638.6, 741, 750.7 

331.3, 497.4; 560.4, (638.6), 757.1, 883.0, 946.2 
" j 

331.3, 497.4, 638.6, 750.7, 779.7, 822.4 
~., 

331.3, (165), 49~.4~ 601, (618), 638.6, 643.1, 649.1, 677.5, 

144.2, 757.1, 769.7, 779.7, 815.9, 822.4, 838.7, 920, 102~ 

, 

.. . 

. -
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151.1 

769.7 
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122 ' . 
TABLE 10. Xe Multiplicity F11ter Resu1ts ~ (continued) 

Coincident Gamma Rays, E {keV) 

331.3, 471.5, 497.4, 560.4, 638.6, 649.1, 684.6, 759.7, -815.9, 

-" j .... <.# 

838.7, (883.0) 

331.3, 497.4,. 638.6, 750.7 

331.3, 49"7.4, 638.6, 744.2, 750.7, 754, 822 .. 4, 878, 

497.4, 638.6, 752 
~ 

331.3, [354]. 497',4, 638.6, 649.1, 750.7, 757.1, 769.7, 838. 7, 

993.5 

331.3, 497.4, 638.6, 643.7, 744.2, 650.1, 757.1, 779.1, (838.1), 

842 1 

331.3, 497.4, 560.4, 638.6, 649.1, 684.6, 750.7, 7~7.1 

331.3, 497.4, 560.4, 654.2, 638.6, 744.1, 750"7, 779, 822.4 

331.~, 560.4', 684.6 .. 
331.3, 497.4 

331.3, (497.4), 638.6, 750.7 ' . 

, 
1 

Uncertain ""'~~ 
\ : 

B~long8 to another isotope ~. -, ~ ., 
~\-~: ' 

. ( 

"', '" -
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Figure 41 

The int~sity of gaaaa-rays in co~cidence 

o 

w;ith two neutrons relative to, that :in 40inc.i-
1 

. dence with one neutron for different r~action 

channels. 
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in coincidence with two neutrons relative to that _ in coincidence with one ~ 

122 123 124 123 neutron for Xe(a.,4n), Xe(a.,3n), Xe(a.,2n) and I(a.,p2n). This 

relative int;nsity increases as the number of out go i

1
n neutrons 

Therefore one can easily conclude the type of reaction to which 

ray bel?ngs. However the 'efficiency of the sy&tem i low since 

increase 

a ganuna 

the y-ray 

intensities of y-rays in coincidence with one neutron are higher than those :in coinci-

dence with two neutrons for aIl reactions. The solid angle covered by the 

neutron detectors i8 estimated ta be about 25%. The (a,4n) reaction 

especially shou1d have reached max~um cross-section with two to three 
"t ~ 

neutrons in coincidence. This low efficiency could be the result of severa1 

factors: the thickness'of the four-quadrant liquid scintilators might have t 

been ins~fficient to stop aIl neutrons; a microstructure in the beam could 

have caused too much pileup; t~ random rate might have been excessive. 

iii. Angular Distribution Resu1ts 

Gamma-ray spectra of the angular distribution experiment fIIIB(v)J 

were analyzed and the intensity of the garmna rays as a function of the 
, 

detector angle were fitted by 1east squares ta the Legendre polynomial 
A 

rW(8) =,Ao + A2P2(C08e) + A4P4(eos8»). Examp1es of the results from the 

angular distribution measurement~ are shown in FIg. 48 and 49. The A2 and 

A4 values thus obtained~orrected for solid angle effects) ,are listed in 

table Il. The correction factors Q2' Q4 for the solid angle effect for 

these measurements we~e.ea1culated ta be 0.984 and 0.946 respective1y. 

These results were interpreted by using the table of Yamazaki (1967) of 

angular distributions of y-rays from aligned nuelei fol1owing (particle, 
, 

xn) reaetions. As mentioned earlier [IIIB(v)], the experimental Ax 

/ 

'. 

! 
l, 
1 
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Figure 48 

Angu1ar distribution patterns 

for sorne gamma-rays emitted in 

122 - -: 
the Te (a.,4ny) reaction:-
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Figure 49 

Angu!ar distribution patterns 

for Some gamma-rays emitted in 

the 122Te (~,4ny) reaction. 
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.J. 

(l ~ 1 ~~ TABLE H. 

t 122 
Coefficients A2 

... 
Xe Experimental and A4 and Attenuation Coefficients,a2 

1 -

É (keV) A2 A4 a 2 
\ 

y 

\ 
",331. 3 +.35 ( 4) +.10 ( 4) .48 ( 5) 

49t .. 35 +.39 ( 4) +.07 ( 4) .75 . ( 7) 
.,' 

560.37 +.40 ( 6) +.13 ( 6) .' 
638.59 +.38 ( 8), +.02 ( 9) .B3 (17) 

64'9.07 +.59 (25) +.16, (29) 

654.2 +.35 (17) 
L 

684.57 +.31 (17) -.01 (18) 
.. ~) 

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 tf-0.23 ( 6) 

815.89 "..41 ( 9) +.08 ( 9) 1.00 (20) . 

822.35 +.43- (10) 

8-38.7 +.29 (12) +.18 (15) 

843.6 -0.33 ( 8) 

1098.1 +.28 (17) -.07 (20) 

The attenuation coefficients are ca1cu1ated as the ratio of 

experimental and theoretica1 A2 coefficients. 
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r'~ • 
'If) 

coefficients are the product of the attenuation coefficiênt of alignment 

~(J ) and. the theoretical Ax coefficient for complete alignm~nt. The 
, i 

, 
attenuation of the expected anisotropy depends on the spin of the level 

. 
feeding the transition. , In the present measurement. the attenuation co-

efficients a 2 have been determined experimentally, and the values obtained 

have been ilsed in making"spin assignments. Fig. 50 represents these ~ 

coefficients as a funetion of spin. We can conclude from thes~ data that 

the attenuation is largest for small spin values and approaches unit y for 

h~h-spin states at the top of the band. in agreement with the ca1cu1ation 

of Yâmazaki. (1967). This decrease in the value of the anitial 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 leve1s (Draper,and Lieder 1970). 

Pure eleetric quadru~ole (~2) transitions have positive A
2 

values, 

while pure dipo1e transitions have negative A2 values. The anisotropy 

pattern of the dipole transitio~ would vary depe~ding on the amount of 

mixing of other radiations~ therefore a positive A
2 

value excludes only 

pure dipole radiation. Transitions with multipoles higher than dipole or 
~ 

electric quadrupole have been ass~med to be too slow compared to the spin 

relaxation time - therefore the attenuation coefficients snould be equal 

to zero and the angular distribution isotropie. The angu1ar distribution 

'. / 122 
measurements carried out for Xe indicated patterns characteristic of 

pure E2 transitions. 

IVe Level Sch~me and Spin Assignments 

The 1eve1 seheme of 122Xe [Fig. 51] was eonstructed on the basis of 

regular spaeing of the transition energies, relative intensities of 

.', 
t 

, 
1 
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~ 
~ 

i 
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\ Figure 50 

The attenuation c.oefficient ct.2 " for 

y-rays deexciting' the ground band of 

122xe , as a function of spin. 
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transitions, and~from the cascades revea1ed by the gamma mu1tiplieity fi1ter. 

Due to side-feeding t?e int,ensitiesof the ground band transitions increase 

with deereasing spin. This fact has been used 'to determine the order of 

the transitions. The spin an~ parity assignments were based on the angular 

distribution resu1ts and \ deexciting gamma rays. 

Members of the ground band were observed up to a spin of 14+ (and 

+ + possibly ·16 ) 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-deficienf xenon nuclei since ear1ier studies 

~ + + 
identified levels on1y up to those with a spin of 8 or 10. This is a1so 

the first angular distribution measurement to be carried out for 122Xe. 

+ The present results on the ground band up to~the 2217 keV (8 ) 1evel are 

consistent with those observed in the in-beam study by C1arkson et al. (1967), 

122 and are in agreement with the decay study of Cs (Genevey-Rivier et al! 

1977). The spacing of the 750.7, 822.4, 779.7 and 744.2 keV transitions 

varies smooth1y and shows a steady decrease in intensity with increasing 

excitations. The cascade sthucture of these transitions was revea1ed by 

the multip1icity filter results. From coincidence relations, relative 

yields and the angular distribution coefficients, the levels at 3040, 38~9 

+ + + and 4564 keV are assigned a 10 ,12 and 14 spin and parity. The decay 

122 ' study of Cs (Genevey-Rivier et al. 1977) assigned an 813.0 keV transi-

tion as the 10+ + 8+ transition. This assignment is in error sinee this 

transition is not observed as the member of high mu1tiplicity transitions 

~ in the present in-beam snudy. 

A ~I = 2 band is seen in coincidence with the 815.9 keV transitions, 

which has a negative A2 angu1ar distribution coefficient. Members of this 
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Figure 51 

122 
Leve1 scheme of Xe 
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band were found to have high muldplicity in the .r-mu1tiplicity tilter 

measurement. Since the 815.9 'keV t4ansition. as weIl as other members of " 
; 

• 
the band were observed iIl .coincidence with transitiçms depopulating levels 

+ of the ground band u,{! ta 8, the band head 'is fdentified to be the 3033 

+ 
keV level with (7,9)- possible spfn. Even though the intensity of the 757 keV 

transition is higher than ,that of the 649 keV transition in the singles 

spectrum, 
c. ' , 

itsc,intensity in the spectra ,obtained in coincidence with the 

75.0 and 815 keV gamma rays (Fig. t 46) ls less than that of the 649 keV 

transition. This supports the ordé~ of thes~ transitions in the levei 

scheme. 
~ 

The present results on the quasi-gBlllIIlf band are consistent with the 

122 
finding of the decay study of Cs by GeneJley-Rivier et al. (1977). In 

+ the present wbrk, the 843 keV level assignment of 2
2 

ia consistent with 

the E2 angular distribution of the 843 keV transition. The assignment of 

+ + the 512 keV transition é!S the 2
2 

+ 2
1 

by the decay study is confirmed in 

the present in-beam study on the hasis of coincidence results. The 1214 

+ keV level is assigned a spin of 3 based on the fact that 1:. ç!ecays to 

+ + + + ' 2
1

, 2
2 

and 4 leve1s. The 4 assignment to the 1403 keV level is based on 

the deexciting gamma-rays and the fact that the 560 keV transition exhibits 

E2 type angular distribution, while the 574 keV transition to the first 

+ + + 4 1evei is isotropie. The level at 17-74 keV feeds 4 and 3 levels, so 

'+ its possible spin ls 5. The 654 and the 684 keV transitions have A2 valués 

characteristic of E2 transitions. Therefore the levels of 2057 and 2459 

+ + keV are assigned 6 and 7 spins respectively. 

i 

\ 
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b) 
" 

Band structur~ in 124Xe 

, i. Previous Work 

In 1965 Morinaga and Lark observed the ground state rotational band 

in 124Xe by studying the gamma-rays following the ((l~4n) reaction on 124Te , 

d t d 1 1 t th 8+ A in the l22xe h i an repor e eve s ,up 0 e state. s case. ter 

energies had a large uncertaint~ due to the fact that they used low resolu, 
u 

tion scintillation countera. No gamma-gamma coincidence measurements were 
'" 

carried out. " Later. Bergstrom et a~ in 1969 studied collective levels in 

124 122 
Xe which they produced in the (ex,2n) reaction on enriched Te targets. 

o 

From intensity and angular distrib~tion measurements, they proposed a level 

+ scheme up, to the la state and suggested the position of the second excited 

+ 2 state. Droste et aL in 1972 identified the position of the second 

+ U4 
excited 2 state from the studyof Cs decay, obtaining a result in disagreement 

" '124 with that of Bergstrom et al. (196'9). The quasi-gamma band in Xe was 

first studied by Kusakari, et al. (1975) \by means of in-beam y-ray spectros-

127 Ç 124 \ 
copy in the l (p.,4ny) Xe :reaction, where angular distribution and 

1 • 

gamma-gamma coincidence measurements were carried out. They proposed a 

+ )evel scheme containing the ground-state rotational band up to 8 and the 

quasi-gamma band up to 5+. + t 
!heir ~z' position is in agreement with that of 

Droste et al. (1972). 

ii. Gamma Ray Spectroscopy 

The techniques used in the accumulation and the analysis ~f gamma 

singles, gamma-gamma coincidence as weIl as angular distribution measure-

122 ,. 
ments are similar to those used in the study of Xe which was explained 

earlier (B(a). These techniques were also outlined in chapter III. 

\ 

~I 
! 

-' . 
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The singles in-beam spectrum, recorded with the 10% coaxial Ge(Li) 

, , 124 
detector, is shown in Fig. 52. The 1abelled gamma rays belong to Xe 

125 while the other Unes in the spectrum are main1y due to Xe (a,3n) and 

( '126 
Xe (a,2n) nue1ei produced and to radioactivity. The energies and relative 

124 intensities of transitions assigned to Xe are presented in table 12. 

Only 14 of these transitions were identified in the earlier resu1ts of 

Kusakari et a1.(1975). The 590 k~V 1ine is a doublet comprising a 589.4 

and 591.2 keV transition of l24Xe. '1;1l1i. two components were separated with 

the use of .. the computer code SAMPO IIIIA(ii)] whieh was used to analyze the 

124 gamma ray spectra. The 775 keV 1ine is a mixture of two components of Xe 

and l25Xe . Since the information in the literature about l25Xe was obtained 

through a different reaction, the relative intensities are likely to differ 

from those in the present work.) Therefore the contribution to the 775 keV 

line from 124Xe was determined from coincidenee results. Similarly the 

125 48é keV 1ine has sorne contribution from Xe; henee its intensity was a1so 

obtained from coineidence results. 

The gamma multiplieity filter technique [IIIB(iii)] was employed. 

122 As wi th Xe. most of the use fuI results were obtained by analyzing events 

in whieh three or more gamma rays were observed in eoincidence. Table 13 

includes the results of these measurements and Fig. 53 contains the spectra 

obtained in coincidence with some ~eY gamma transitions. 

iiL Angular Distribution Results 

The angular distribution measurement analysis for 124Xe were carried 

out in a fashion similar to that used in the case of 122Xe. The resu1ts of 

these measurements are summarized in table 14 where the A2 and A4n;oeffi~i~ 
, ~ 

ents are corrected for limited solid angle. Some of the distribution 

.•. .. "l'tin. M·'Y?té .... n_'WttI1S~~._OII ____ ... " ... __ , "", ___ _ 
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Figure 52 

Spec~rum of gamma-rays emitted 

124 . in the Te (a,4ny) reaction. 

( 
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TABLE 13. 124 Xe Gamma-Ray Energy and Intensity 

Coincident Gamma Rays, E (keV) 
y • 

301.9, 354.2, 450, 472.3, 525.0, 651.9, 669.8, 675.2, 753.7, 

1077.5 

184.4, 354.2, 447~ 525.0, 547, 669.8, 675.1, 684, 874, 1031, 

1077 .5 

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 

399.3,401.3 354.2, 559.1, 589.4, 769.0 

472.3 354.2, 525.0, 669.8, 675.1, 1128.0 

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 

651. 9 

669.8 

675.1 

704.9 

711.9 

729.5 

354.2, 669.8, 1077.5 

184.4, 301.9, 354.2, 486.2, 525.0, 576, 597, 621, 651.9, 

675.1, 711.9, 729.5, /75.2, 782.8, 816.9, 835.2, 840.5, 852.5, 

.. 1077 . 5, 1128 

184.4, 301.9, 354.2, 525.0, 669.8, 704.9, 740, 775.2, 782.8, 

816.9, 835.2, (847) 

354.2, (381), 4'92.5, 559.1, 591.2, 847.1, (957.6) 

354.2, 516, 525.0, 669.8, 729.5, 782.8, 840.5, 852.5 

?54.2, 525.0, 588, 669.8, 711.9, 782.8, 840.5, 852.2 

i . 
1 
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TABLE 13. 124 Xe Gamma-Ray Energy and Intensity ,(cont'd) 

GATE 
Ey(keV) Coincident Gamma Rays, Ey(keV) , 

738.3 354.2, 525.0, 573, 589.4, 847.1 

753.7 525.0, 782.8, 1077 .5 

" 

775.2 354.2, [486], 525.0, [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 

81'6,.9 354.2, 525'.0, 599, 669.8, 675.1, 684,175.2, 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,. 711/9, 729.5, 769.0, 782.8, 835.2, 
." 

~. 

852.5, 893.9 

847.1 401.3 

852.5 354.2, 669.8, 711. 9, 72 9.5, 782.8, 840.5 

893.9 354.2, 589.4, 671 

943.0 354.2, 525.0, 669.8 

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 

J: Belongs to another isotope 

: 

" 
........ 

,~. 
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Figure 53 

Background-subtracted coincidence 

124 spectra for Xe obtained in the 

y-mu1tiplicity filter measurement. 
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TABLE 14. 124Xe Expe~enta1 Coefficients A2 and A4 and Attenuation 

.. Coefficient <X2 • , 

Ey<keV) A ± A ± <X2 

\\ 184.44 -;-30 ( 8) -.00 ( 8) 
\' 

\ 
\' , ~Ol. 91 -.80 (15) -.17 (18) 
\ / 

~~ 

;. 354.17 +.21 ( 3) -.09 ( 3) .29(4) 

399.3 -.68 (27) -.15 (26) 

401. 3 +.11 ( 8) 

524.98 +.27 ( 5) -,06 ( 5) .53 (10) 
\1J 

589.4 +.41 (16) 

651.88 +~48 (12) 

669.8 +.29 ( 4) -.15 ( 4) .64 (9) 

675.15 +.51 (17) +.13 (17) 

704.9 +.49 ( 8) +.17 ( 9) 

711. 88 +.35 ( 9) f 
1 

729.48 +.21 (10) l 
753.68 +.33 (17) +.00 (18) 

1 , 
~ 

775.2 +.58 , (15) +.02 (16) l 
J 

782.84 +.30 ( 5) -.05 ( 6) . 70 (12) l-
e i 

816.93 -.22 ( 8) 0 1 , 
l 
1 

840.51 +.24 ( 9) +.02 (10) .59 (23) 1 
1 

894 +.31 ( 8) 

1 957.6 +.35 (21) +.18 (2-1) 
",oP ~ -- 1 , 

1077.5 -.26 ( 8) -.13 ( 8) 

1127.97 -.16 (11) 
1 

-k The attenuation coefficients a..z are ca1cu1ated as the ratio of experimental 

and theoretica1 A2 coefficients. 

\ -- -------------
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patterns obtained in t?ese measurements are presented in Fig. 54 and 55. The 

measured "2 rttenuation coefficients are plotted versua the spin of the 

level feeding the transition (Fig. 56) • As in the 1202Xe case, a
2 

increases 

with the SPi~ of the y-ray emitting level and approaches a value of unit y 

flqmPlete a11gnment) for high spin states. However the attenuation in the 

124 122 case of Xe is stronger than that of Xe (F~g. 50). 
/ 

THis could be due 

to long-lived states partly feeding the transitions. The degree of 

attenuation along with the A2 and A4 experimenta1 and theoretica1 (Yamazaki 

1967) values were used in making SVfn assignments. 

For some weak y-rays, and for those y-rays that form part of a mu1ti-

component peak and which were not easy to separate, the large errpr bars on 

the intensity prevented a spin assignmept from the angular distribution 

study. Most of the transitions observed in 124Xe have distribution patterns 

characteristic of pure E2 transitions; however there are a few that have 

negative A2 value characteristic of dipole transitions, 

iv. Level Scheme and Spin Assignments 

The proposed level scheme of 124Xe is shown in Fig. 57. This decay 

scheme was constructed on the same general principles used to construct 

122' the level scheme of Xe [a(iv)]. 

+ The ground state band i8 observed up to the 14 leve! and p08sibly 

the 16+ level. The backbending oc/urs at a spin of 10+ where the transition 

energies are smaller than those depopulating the next lower l level. The 

+ + + + spin-parity assignments of 2 • 4 ,6 and 8 to the 354, 879, 1549 and. 

" 2331 keV 1evels respectively are in agreement with the previous in-beam studies 

of Bergstrbm et al, (1969) and Kusakari et al.(1975). From the regular 

spacing of the energies of the 840.3, 711.9 and 729.5 keV transitions, 

. """'. / 

/ 
• 

- 1 . 

l, 
1 
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Figure 54 

Angular distribution patterns for spme gamma 

raya of those emitted in the 124Te (a,4ny) reactfon. 
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Figure 55 

.1: 
Angular distribution patterns for some gamma 

" 124 
raya of those emitted in the Te(a,4ny) reaction. 
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Figure 56 

coefficient a
2

, for y-rays deexciting 

124 of Xe, as a function of spin. 
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their intensities and the coincidence results as weIl as multiplicity 

information , + the levels at 3172, 3884 and 4613 'ReV are assigned a 10 , 

+ + 12 and 14 spin-parity, respectively. This assignment is consistent w~th 

the angu1ar distribution results. 

A cascade of .y-rays of 675, 7i5 and 835 keV which were identified in 

the multiplicity fiiter measurement as belonging to long cascades, was 

observed ta he in coincidence with the 816.9 keV transition and with 

transitions hetween yrast levels up ta 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 angu1ar distributions; 

therefore the cascade is proposed to be a ~I ~ 21 band based on the 

3148.7 keV state. ~ince the 816.9 keV transition has a negative A
2 

coefficient it is rnost 1ikely a pure Ml or El transition. Therefore the 

state at 314.8 keV, the sideband D head. has a spin of (7, 9) ± • 

The gamma band observed in the present work is consistent with that of 

Kusakari et al. (1975). The angular distribution of the 492 KeV transition 

is. isotropie, which confirms the second 2+ assignment made in the decay 

124 study of Cs of the present work. The 401 keV line was previously identified 

+ + " as the 2
2 
~ 2

1 
transition by Bergstrom et al. (1969). From the coincidence 

results of both decay and in-beam study and the fact that the 401 keV 

transition has a positive A
2 

value, thia assignment ia 

1eve1 at 1248 keV 1s assigned as 3+ on the basis of its 

incorrec t. ,!,,!le--:r 
*:' -~+ 

decay to Z{, 22 
+ and 4
1 

1evels and no feeding to the ground state. This is suppor,ted by 

the positive AZ values of the 401 keV and the tB94· k.eV transitions whlch 

exclude a 3- assignment. 
+ ' + 

Since the level at 1438 keV decays ta 4
1 

and 22 
+ 1eveis and the 559 keV transition ta the 4
1 

levei is isotropie its spin is 

proposed to be '4+. Based on the deexciting gamma rays and the angu1ar 

! ...." 

~ 1 
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"' ft Figure 57 
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distribution of both the 589 and the 9S7 keV transitions the 1eve1 at 

1837 keV is identified as the 5+ leve1 of the gamma band. 

The 184 keV transition has a negative A2 value (-0.3 ± 0.077)", and 

+ feeds a 6 1eve1; therefore the 1733 kéV 1eve1 has possible spins of 

S± or 7±. The large negative A2 value of the 301 keV transition 

(-G.805 ± .153) implies that the transition i9 of (Ml + È2) multipol~rity 

+ 
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 1eve1 has a 7± spin and 

parity. 
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CHAPTER V - THE0RETICAL DISCUSSION 

A. EVEN-A ISOTOPES 

a. i. Description of the Interacting Boson Approximation 

In the framework of the Interacting Boson Approximation (IBA) the 

collective nuc1ear states of even-even nuc1ei 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): 

(d+ d) (3) 
,JI;: II ' (1) 

The Hamiitonian of the system includes one-boson terms [the scalars in 

1 
(1)] and two-boson interactions [the scalar products of the operatorfl in 

(1)] and the total number of bosons N[ = ns + nd ] (which is conserved). 

The operators in (1) are the generators of U(6): therefare th~ eigenstates 

'are symmetric irreducib1e representations [N] of SU(6) in the space of s-

and d- bosons. The spectrum of the nucleus is defined tby the single boson 

energy difference Ce: E: d - Es) and by the two-body matrix elements: 

222 
<ds2!vlds2>, <ds2lvld 2>, <s o·lvls 0> 

and by the partition [N] of SU(6) to which it belongs, and the Hamiltonian 

ls given by: 

- 153 -
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With different choices of parameters the Hamiltonians produce both vibra-

tionai and rotationai spectra. 

In the vibrationai Iimit, interactions which change s- bosons into 

d- bosons are negligible and the system is mostly defined by the single 

boson energy difference E. The Hami1tonian is then constructed from 

operators in (1) that conserve n
d 

(the number of d- bosons) and ns (the 

number of s~ bosons) separate1y (Arima and Iachello 1976a). Byeliminating 

the degrees of freedom of the s- boson, the states in the case are character-

ized by the number of bosons occupying the L = 2 levei (nd). These states 

forro 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 nd , the angular momeRt:um Land its third component M, n
8 

- the number 

of boson pairs coupled ta zero angular momentum (v = nd - 2n8) when v is 

the boson seniority and nt.. the number of boson triplets coup1ed to zero 

angular momentum. The Hamiltonian in this limit is written as: 

(3) 

o 
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As the single boson energy difference < decrease. a transition from a Vi~-

\ t\ional to a rotational 5pectrum occurs. The Hamiltonian in the rotational 

limit i5 constructed from operators ~hich are the generators of U(3). 
\ 

Therefore, the eigenstates are characterized by the irreducible representa-
\ 

\ 

tians \\f SU(3) in the one-boson space. 

, ii. \ Calculation of Collective States of Even-A Xe Isotopes 

\ 
In the present work we present the results of the ca1cu1ations of the 

properties of positive parity collective states in even-even xenon isotopes. 

In tpe IBA model, an even-even nucleus with N (N ) proto~ (neutron) pairs 
, 1T V 

outside the 50 and 82 closed shè11s, can be considered as a system of N 

bosons (N = N + N). When the major shell contains more protons (neutrons) 
1T 'V 

than proton (neutron) holes, N (N ) represents the number of proton (neutron) 
1T 'V 

116 hole pairs. For examp1e Xe has N
1T 

= 2, Nv = 6 and N = 8, whi1e for 

l3°Xe N = 2~ N ~ 3 and N ~ 5. The energies and eigenvectors were ca1cu1ated 
1T v 

with the use of the computer code ''p,HINT'' ~itten by Scholten (1979). The 

full IRA Hamiltonian (eq. 2) was used, which can be rewritten as: 

H HBAR x n
d 

+ L 1:. 12L+l C [(d+ d+f(L) (dd) (L)]O 
L=O,2,4 2 L 0 

(4) 

where the para~eters HBAR (= E = ~d - 8 s)' CL1 F, G, CH1 and ~ refer to 

_______ ._,. _____ *· ___ ~_.~_.~~~~_~ __ ~, ___________ M __ ~M.~--__ ----

1 

! 
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,\ 
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-' 
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variable names used in the pro gram. In calculating the Hamil~an the 

spherical SUCS) basis was used: 

where 

N = total number of bosons 

nd = number of d- bosons 

nS = number-of pairs of d- bosons coup1ed to L := 0 
J 

nl1 
nU1nber of triplets of d- bosons coupl~d to L '" 0 ... 

Ld total angu1ar 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 tota1 angular momentum of L, and it then calculates and diagonalizes 

the Hamiltonian matrix. 

The level spacings of the ground band in even-even nuc1ei can he 

written as: 

llE '(n) 
exp 

2 = A + B n - Cn n=0,1,2, •••••• (5) 

The variation of the constant, 1inear, and quadratic terms as a function of _ 

the mass numbêr A of the xenon isotopes is shown in Fig. 58, 59 and 60 

respective1y. For a vibrationa1 nucleus ~4e 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. 

Nuclei in the transitional region could he fitted using the ,parameter 

HBAR, C
4 

and G .... However as the nuclei vary towards rotational-like spëctra 
(' 

J 

1 

1 
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\ 

Figure 58 

Variation of the constant term in ÂE 
exp 

as a function of the !DaSS number. 
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Figure 59 

Variation of the 1inear term ia ÂE 
exp 

as a functiort of the mass number. 
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Figure 60 

Variation of the quadratic term in 

6E as a function of the mass number. 
exp 
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the parameters CHI and ~H2 have ta be included. G, the strength of the ~ 

interaction «d20IHI s20» Which changes s- bosons into d- bosons, adds a 

constant linear and a quad~atic term ta the level spacing of the ground 

2 2 
band. HBAR adds a constant term and, C4 «d 41Hld 4»~ a d- boson ~ d-boson 

interaçtion adds a linear term to the level spacing. In fitting the . 

experimental spectra, a set of HBAR, C4 and G which would reproduce A,B, 

and C (eq.(S» was determined. The caiculated, constant, linear and 
~ , 

,'1 
quadratic terms are linear functions of G. TherefQre from the experimental 

v~lue of the quadratic term the corresponding valu! of G.was obtained. From 

this value the corresponding constant and l~near terms that G adds ta the 

level spacing were determined. Finally from the experimental values of 

the constant and linear terms (A,B in eq.(S» the values of HBAR and C4 

w~re obtained. This set of estimated parameters was adjusted slightly 

and CHI was inc1uded. CHI, which depends on the number of s- bosons, adds 

a linear term to the level spacing of the ground bàrtd 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 lachello 1976a) 

is; 

(6) 

where a,S,y can be expressed in terms of CO' Cz and C4 : 

a = (4C2 + 3C4)!7 

e = (7CO - lOCZ,+ 3C4)/70 

y (C
4

-C
2

)!14 

-- -~ .... .. , - J kt """,",,'" 

i 
j 

i 
~ 
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The inverse relations are: 

C4 "" a + 8y 

C2 "" a - 6y 

Co .. a + 106 - 12y 

- 161 -

/' 
Different state,s obtained from this analytic formula are arranged into batld~. 

\ 

The important bands are Y, X, Z and 6; which are defined as follows: \ 

. y - l?and !nd' nb=O, L=2nd , M> nd ~ 0 

X - band !nd , nb=O, L=2nd-i , M > nd ~ 2 

Z - band !nd' na"'O, nb=O, L=2nd-3, M > ud ~ 3 

(3 - band Ind' n/3=I, nb=O, L=2n -4 
d ' 

M > nd ~ 2 

where the Y.- band 18 the ground - band and the X and Z bands combine to 

form what 15 known more conventiona11y as the gamma band. The positions of 

the states in the bands can be calculated from eq. (6). In Fig, 61 the 

energy differences bE "" E(nd+l) - E(nd) of various bands are plotted as a 

·function of spin (number of d- bosons), where: 

M '" e: + C4 
n

d nd ~ 0 y 

M "" e: + C4 
n

d - 8y nd ~ 2 x 

M '" e: + C4 n - 12y nd .:: 3 z d 

Ma "" e: + C4 nd + 4/3 - 16y nd ~ 2 

The different bands are parallel,With an equal slope of C4 • Therefore for 
\" 

vibrational-like nuclei the y band depends only on e: (HBAR) and Cq while the 

X, Z bands depend on 8, C4' and ,CZ' When 8 and C4 have been determined by 

.... 

~ - ---._~-_.~_ .. __ ."" ..... " 

'" 

.. 

1 , 
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Figure 61 

The energy difference ~E for the 

Y-, X-, Z- amd ~- bands as a function 

of the number of d-bosons (nA). 
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fitt1ng the ground band (y - band), the X and Z bands could be used to 

extract the third parameter C2 • However 1n the change from vibrat10nal 

towards rotat10nal nucle1 the effect of the interaction which changes s-

bosons into d- posons becomes important. The most effective term in the 

interaction i~ <s20IHldZO> (G parameter). The effect of the interaction 

on the X and Z b~nds is shown 1n Fig. 62. Th1s effect 1s dependent on the 

~ 
energy difference between single s- and d- bosons (HBAR = E). The parameter 

CHI «s20IHls20» has the same effect on the E and E band energies as it x z 

had on the main band, adding a linear term (Fig. 63). Therefore once the 

ground band 1s fitted the calculated E and E b~d energies were close x z 

to the exper1mental ones. The E and C4 , parameters were obta1ned and 

the E and Evalues were used to adjust the G and CHI parameters. It is x z 

then 'possible to adjust the Cz parameter to reproduce the exper1mental 

energies of the gamma-band. However in the present work the best fit to 

the gamma ~and was obtained with a value of zero for the C2 parameter. The 

parameters used in f1ttlng 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 number de~reases nuclei 

change from vibrat10nal-like structure to rotational-like structure in the , 

middle of the region (N = 66), and again move towards vibrational structure 

as the neutron number decreases from N ~ 66. The single boson energy 

difference (HBAR) ls maximum for nuclei close to the v1hrational limit (Fig.6f). 

Its value then decreases as the neutron number decreases and the transition ,II 

from vibrational to rotational structure occurs; it increases past the 

middle of the region as vibrational structure 1s again approached. The 

., 
\ . 

1 
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• 0 

Figure 62 

Position of the X and Z bands as a 

function of the Hamiltonian parameter G. 
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Figure 63 

Position of the X and Z bands as a function 

of the Hamiltonian parame ter CHI. 
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TABLE 15. 116-l3CXe Hami1tonian Parameters 

A HBAR C4 -G CHI 
" 

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 

" 

0.02 f' 126 0.27 0.11 0.122 
4 

0 

128 0.40 0.105 0.QP6 0.013 '",. 1 
1 

130 0.51 0.08 " , 0.09 O.OOS 

\ 
" J 

In fitting the ground band the results . were found to be 

." Most sensitive ta the parameters HBAR, Gand CHI. The " ' l ... ~ .. , 
best fit tb the y-band was ùbtained by choosing Co = Cz = O. 

( 
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Figure" 64 

Variation of the HBAR and G Hami1tonian parameters 

as a function of neutron number. 
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Figure 65 

Variation of the C
4 

and CHi Hamiltonian 

parameters as a function of neutron number • 
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interaction which changes s- into d- bosons CG) follows the changes in the 

'single bo son energy, as the neutron number decreases from N ::: 76 and E: 

decreases. The results of the present calculation are given in Fig. 66 

where the calcu1ated energies of members of the ground band are compared 

with the experimental ones. In Figs 67 to 71 the ca1culation of the 

, 118-126 , 
gamma-bands for Xe are compared with the experimental ones. The 

122 124 
experimental data of ' Xe were taken from the present work. The 

118-120 118 120 
Xe information was obtained from the decay study of ' Cs by 

Genevey-Rivier et a1.(1977), and the information on 126Xe was obtained from 

the work of Kusakari et al. (1975). Experimental information on 128,130Xe 

wes obtained from the recent study by Goettig et al. (1981). 

/. 
The ca1culated and experimental systematics of the ground band and of 

the gamma-band in even xenon isotopes are shown in Fig. 72 and 73 respect-

ive1y. The agreement with the experiment is véry good and the changes 

observed" from one nucleus ta 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 pQsirion of the second 2+ ls below 

that on the 4~ one for 124-D~e and above it for 118-122Xe . 

122~X d Fina11y a comp~rison between the experimenta1 leveis of e an 

l24Xe obtained i h k d h IBA d . i d n t e present wor an t e pre ~ct ons are presente 

in Fig. 74 and'75. From these figures lt ls clear that the IBA mode1 

does reproduce the ground band. gamma~band and the position of the first 

+ excited 0 state which ia the head of the beta-band. However it does not 

reproduce the backbending observed irt these nuclei. The fact that the 

- __ e.ng~gy 1evels of the xenon nue lei were reasonably reproduced by the IBA 
~--~---

--------~ 

/ 
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Figure 66 

Comparison between the theoretical and 

experimenta1 energy levels of the ground-

116-130 state band in Xe. 
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Figure 67 

Comparison of the experimental and 

theoretical X and Z bands in llBxe. 
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Figure 68 

Comparison of the eXperimenta1 and 

theoretica1 X and Z bands in 120Xe. 
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Figure 69 

Comparison of the experimenta1 and 

- 122 theoretical X and Z bands in Xe. 
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Figure 70 

" 
Comparison of the experimental and 

thearetical X and Z bands in 124Xe. 
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Figure 7,1 

Comparison of the experimenta1 and 

126 theoretical X and Z bands in Xe. 
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Figure 72 

Theoretical and experimental (data points) 

~e~tics of the ground-state band in 

xenon nuclei. 
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Figure 73 

Theoretical and exerimental systematics 

116-130 
of the gamma band in Xe. 
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Figure 74 

Comparison of the experimental and 

theoretical leve1 schemes of 122xe. 
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Figure 75 

Comparison of the experimenta1 and 

124 
theoretica1 1eve1 schemes of Xe. 
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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 ~otation Alignment Madel 

In 1970 Newton et al.summarized the information then available on 

high-spin yrast states. They reached s~veral conclusions on the~population 

and 'deexciting mechanisms. In particular they pointed out that the feeding 
~. 

point of the ground state band was near its intersection with other bands 

which implies a major change in the nature of the yrast levels above this 

spin value. Shortly after, the backbending phenomenon w~s discovered by 

Johnson et al.(1971, 1972). This phenomenon was observed in the present 

122 124 work in both Xe and Xe (Fig. 7.6, 77). The name "backbending" refers 

to the unusual shape of the plot of the nuclear moment of inertia versus 

the square o~ the rotational frequency (~)2. A sudden increase in the 

moment of inertia 15 accompanied by a decrease in the rotational frequency, 

+ causing the backbend in the plot around the spin 1=10. Since~w ls 

nearly half the rotational transition energy, the backberiding shape results 

from the fact that several transition energies around the critical spin 

,1 + 
value (10 ) are lower than those for spins just below this value. This 

change 'in the nature of the yrast levels at high spin was explained in terms 
, ~ 

of the rotational alignment picture of Stephens and Simon (1972). In their 

investigation of the Corolis effect, they showed that as the angular momentum 

of the system increases particles (particularly those,in a high j shell) 

tend ta decouple ~rom the core and add their rotationàlly aligned angular 

momenta (2j~l) ta that of the core. Enough energy is gained at about 

l > 10 that these states become lower in energy than those states which 

" 
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Figure 76 

Backbending plot for the ground-state 

12~' band 'of Xe. The dotted 1ine indicates 

the position of the side-band. 
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Figure 77 

Backbending plot for the ground-state 

124 band_ of Xe. The dotted 1ine indicates 

the position of the side-band. 
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involve on1y- the rotational energy of the system. The band formed by tnese 

states intersects with the rising ground state band causing the backbending 

; (Stephens and Simon, 1972). 'QIe effect obset'yed in the case of l22Xe 

(1 

124 Il 

and Xe is illustrated in Fig. 78 and 79 respectively. 

The investigation of high-spin states in even-mass rare earth nuelei 

and transitional nuclei with small deformation revealed the existence of a 

negative parity band which has a spin sequence III = 2 and deexcites by 

means of El transitions into the ground state band (Lieder and Ryde 1978). 

Negative parity bands of this kind have a1so oeen found in 126, l28Ba (Flaum 

et al. 136" . 1974 and 1976) and in Ce (Uuller-Veggl.an et al. 1975). These 

bands have been interpreted as two~quasiparticle aligned bands in the frame-

work of the rotation alignment model (Flaum et al. 1976) and (Vogel 1976), 

similar to the rotation alignment of two partieles discussed above which is 

responsib1e for the backben~ing. The side bands observed in the present 

work in bath 122~e and 124Xe (Fig. 51 and 57) have E2 interband transitions 

and feed the ground state band through 'a dipo1e transition. 

The single particle leve1s 3s1/2,2d3/2,2aS/2,lg7/2' and 1hil12make up 

the neutron 50 - 82 major shell. In the odd-A nei~h ouring nuclei decoup1ed 

bands ·built ~>n the h
11

/
2 

state were observed (Barci et al. 1981, Helppi et 

al. 1979, and Gizon and Gizon 1978) with the favou ed and unfavoured levels 

only a few keVapart. These bands aHse from the Coriolis effect on an hll/? 

neutron which partial1y aligns its angular momentum with that of the core 

(Stephens and Simon 1972). The energy spectrum of the bands can be 

c~lculated in the framework of the rotation-alignment mo,de1 from (Stephens 

1975, Stephens et al. 1973): 

h2 
Erot-align '" - (I-a) (I-a+1) tJ ., 
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Figure 78 

The intersection of the ground band 

of 122Xe with the two-quasiparticle 

band. 
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Figure 79 

The intersection 'of the ground band 

of 124Xe with the two-quasipartic1e 

band. 
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where l - (l must be even, and 0 :fs·the projection of the particle angular 

momentum j on the rotation axis. The moment of inertia i9 that of the core. 

Therefore for each value of a. a ~I ... 2 band occurs which has the core 

energy spacings and deexcites by stretched E2 transitions (Stephens 1975). 

The main blmds are classified as the "favoured" band Ca =. j .. 1}) having 

spins l = j, j + 2, j + 4 ..•• and the more weak1y populated unfavoured one 

9 (a = j - 1 = 2) with j - 1; j + l, j + 3, •••• spin sequence. 

The backbending observed in the e'l/en-even adj acent nue lei is the result 

of the rotation-alignment of ,a pair of h
U/2 

quasi-neutrons. This is 

supported by the fact that the h
U/2 

decoup1ed bands observed in the odd-A 

Xe nuclei backbend at a rotation, frequency much higher than the even-even 

nue1ei (Grosse et al. 1973) where the occupation of a leve1 by an h
U/2 

quasif-neutron hinders the rotation-alignment of a further pair of quasi

neutrons qerived from the same orbital. 

Aligned pairs of (h
ll/2

, h
U/2

) quasi-neutrons provide states with 

l = 10+ (Simms et al. 1980). Therefore the backbending observed in 122,124Xe 

'" cou1d be exp1ained as follows. The ground ~tate band (vacuum state 1.0» 

is ,crossed by the two quasi-neutron rotation aligned band where the first: 

quasipartiele has the maximum angular momentum projectton on the rotation 

axis 0 = j .. 11/2 and the second quasiparticle has the maximum remaining 

+ + '" + projection a = j-l .. 9/2 (011/2 (l9/2 10 » where a i8 the quasipartic1e 

creation operator (Stephens 1975). The aligned artgu1ar momentum cou1d be 
.r 

obtained from the experimental data by subtracting the spin of the ground 

band (no quasiparticles) from the .spin of the two quasiparticle - band at .,Ii 

the same rotational frequency ('V Ey/2)' If data are avai1.able from the 

neighbouring odd-A nucleus, it i8 pos~ible to verify that quasipart1cles 
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in a particular j -shel1 couple to farm the 2-quasipartic1e-_ band; the 
;'.1 

a1igned angular momentum' shou1d be the sum of the a1igned angular moment a 

of the favoured (Ct ::: 11/2) and unf avoured (Ct ... 9/2) bands. This idea is 

illustrated in Fig. 80 and 81, where /).E/2 (hw) is plotted versus l for 
[- ... ~ 

12ZXe and 124Xe respectively. The angu1ar momentum of the two Q.P band i8 

matched with the sum constructed from the h
11

/
2 

decoupled bands in l21Xe 

(Bard et al. 1981) for the case of 122Xe and 125Xe (Gizon and Gizon 

1978) for the case of 124Xe. 

Similarly the side-band could be explained as a Coriolis - decaupled 

two quasineutron band. Simms et al. (1980) have found that the condition 

of high - j, unique parity orbitaIs in the rotation-alignment model of 

Stephens was unnecessary. lt was a1so found that features of transit~ona1 

nuclei with low -j and or mixed -j orbitaIs can be understood in a general 

rotational treatment (Smith et al. '19:.75, Samuelson et al. 1979, and 

Popli et al. 1979). This is in accordance with the observation of d
3

/
2 

decoup1ed bands in 121.-129Xe nuclei (Bard et aL 1981, I,.uukko et al. 1981, 

Helpp1 et al. 1979 and Helppi et al. 1981). Therefore the side band could 

be the result of an aligned neutron pair of (hn /2 • d3/ Z)' In the case of' 

l24Xe (Fig. 81) the aligned angular momentum of the side band matches that 

obtained by summing the aligned anguIaI' momenta of the hll/2 (a = 11/2) 

125 
and d

3
/

2 
which is obtained from the decoup1ed baJ;}.ds observed in Xe 

(He1ppi et al. 1979) by taking the even-even nucleus ground band (no quasi-

particle) as reference. This (hll/ 2 • d
3

/ 2) pair a1ignment produces a 

[IV B(b)]. 

..• band. which 1s in agreement with the experimenta1 predictions 

122 In the case of Xe (Fig. 80) the a11gned angular momenta of 

the h11/ 2 and d
3

/ 2 d<? not match that of the side band. This band could be 

, ,\ 
~- ~~-~_._- ~ .... _~-._._-- .. --~_._----- ~--- ~ -
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Figure 80 

TJle angu1ar momentum as a function 

of the rotational frequency for 

122 Xe yrast and side-bands and the 

121-
'h11/2' d3 / 2 decoupled bands in -Xe. 
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< • Figure 81 

The angu1ar momentum as a function of the 

124 rotational frequency for Xe yrast and 

side-bands and the h11/ 2, d3/ 2 decoupled 

bands in 125xe • " 
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the resu1t of an aligned pair of neutrons in other shells. possibly' an 

This, however cannot Ibe verified sinee na decoupled 
\ 

bands built on the g7/2 state are observed in the. neighbouring l2lxe 

nucleus. 
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B. onD - A ISOTOPES t 
'> 

a. i. Description of the Interacting Bosoù.l.Ferm:Lon Model 

The spectra of t~ansitional od A nuclei are difficult to' 'inte~ret 

sinee these nuclei cannat be exp la ned with simple theoretical lDOdels sty!h . . 
as the Nilsson model (Nilsson 195..5). -The triaxial rotor-plus-particle 

~ 

model of Meyer-ter-Vehn _ (1975) ie very suceessfu1 in describing transi-
, -

tiona1 nuc1ei but it 1s restricted to deal1ng with one 1 sing1é-particle ,.. 

1eve!. lt would therefore be expected to be usefu~ only in describing 

negative parity states of the nuclei:ln the N" ·50-82 region which originate -

from the single particle in the h
1l

/2 orbit. The Interacting Boson
/ 

, Fermion Madel (IB~) has had considerable success in describing odd-A 

nucleL The collective states of 123-l29Xe , for examp1e, were re'produced 

by this model (Cunningham 1981b), and it was al~o successful in pttedicting 

low-spin states of l31Xe (Cunningham 1981a). A successful prediction of the 

details .of the low-lying structure 18 cons1dered ta b~ a good test of 

this model. 

In the IBFM the.. odd-A nucleus 18 cons1dered a8 a system- of interacting 
'\, 

,. bosonsl and fermions, where the fermions in ahell model orbitaIs (j) are 
.. 

coup1ed to the boson structure of the even-even core. The Hamiltonian of 

the system i8 written as (Iachello and Scho1ten 1979) 

where Ha is the boson Hamilt,onian [eq. (2)], and the fermion Bamiltonian 

~ 18 written as: , . 

• 
/ 

1 
ri 

i' 
1 

) .. 
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The boson-fermion 4lte~action 'BF has ~h~ follorlng form: 

. 
1 

( + '\;) (2) ] (0) x a!t x l'aj 

+ + f 
where d (d) and a Ca) are the creation (antlihilation) operators of bosanE! 

and fermions respect4vely. In arder ta reduce the nulnber or parameters 

.the BCS equations are solved in the fermion space and the Aj' r ij and 

K Aij are j -dependent; where: 

Aj - A I2j + l 

·rij· - rcuiu
j

- viv
j

) <ill y(2)11 j > 

A~j ... A(uivK + ~vi) <illl'(2) Il K><K" r(2) Il j> 

Here the pal;ameters A, r and A danote the stkength of the monppo1e, . . 
quadrupole and exchange terms of the Dosan-fertriïon interaction and ur' .. vi 

are the BCS occ;upation probabilities (Scholten 1979). 

In the BCS calculation (de Shalit and Feshbach 1974. Eisenberg and 

Greiner 1972) a state of an odd number of par-tic1es corresponds ta a , 

state of one quasiparticle. The quasiparticle excitation energy 'E
j 

ls: 

,1 

E 1 ( À) 2 + ,,2 
j • e:j Ll 

" 
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€j • single parde1e energy 

À " chemical potential 

t:. - pairing gap energy 

• ,and the qccupa rion probability is gi;vem as: 
( .". 

2 . 1 ef~À 
v • - [1 - ] 

j 2 Ej 

,0 

where: 

2 [ 
I: (2j +1)Vj , • ~ j 

Here n i5 the number of partic1es outside the c10sed ,slœlls. For more 
j 

details on the BCS formalism the reader 'is referred to those referenees 
i 

mentioned above. \ 

1-
Calculation of Low-LYing Positive Parity States in 12IXe ii. 

For xenon nue1ei the odd fermion can oeeupy the 3s1/2~2d3/2~2d5/2' 

19, / 2 and Ihll/ 2 single partic1e orbitaIs lying between the major shell 
c 

closures at 50 and 82. In the BCS calculation the pairing energy Il was 
• 

taken to be IJ. !:! 12/ .fA !:! LOB MeV, and the quasiparticle energies and 

occupation probabilities were generated using thè s:fngle particle levels 
1 

:ln l31Sn (Lederer and Shirley 1918) • The BCS caléu1ati,?n o'f 81/
2

, d
3

/ 2 , 

• 
single particle o,:bitals were inc1»ded. However in 

I2L 
t~el IBFM calculation of positive parity states of Ae.,on1y the quasi-

The se partic1e energies of the positive parity orbitaIs were int~Uded. 

quasiparticle energies have been modified slightly ta improve the agree-

ment with the data. The computer code ODDA written by Scho1ten was used 

1 

Il ..... ,. 
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Figur,e 82 

Comparison of the theoretical and 
. i2l 

experime~tal spectrum of' Xe. 
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to perfonn thè ca1cu1ation .<?f- a neutron in the~ 8 1/ 2T ~/2' dS/ 2 and g7/2 

; 122 • ,leve1s coupled tD the even-even Xe core where the parameters of the' 
\ 

latter were. obt~ined fr9m the cal_cul~tion of even-even xenon iS6topes of 

the present work •. -rre. paramete1;'s A, r and A were adjusted 80 as to 
, 4

1 
.,..' • 

produce a good fit. Their values' p however, were chosen so as to vary 
. 

• - smoothly ~th those used in fitting h~àvier odd Xe isotopes (Cunningham 

1981b). The paraméters used in the present fit are listed in table-16. 
,-<. 

In Fig ... 82 a comparison between the expërime1":tal and theoretical levels 

i8 presented. The ca1culation reproduces the lôw-lying levels reasonably-
. ' 

well, and also reproduces. the high spin band built..on the 87/2 stat'e' 

'. '; (7/2, 9/2, 11/2, 13/2, ... ) which was pbserved in the in-beam study (Barc1 

et al. 1981). 
'- ,> + 

Since the existence of the 7/2- leveI at .38 keV ~s un~e:r:tain 
.. 

(chapter Pl)., 
~ 

the theoretical fit was attempted with and ""without the 

inclusion of this leve1. It was found that a better fit was obtained by 

~xcluding" it. 

b. Systematics of Odd-A Xe Isotopes 

The systematics of positive parity low-Iying J...::vels in odd:A xenon 

1\ nuclei 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 

h d d fi i d i 
123,125,127x are t e groun state an rst exc te state ne. The 

" + ' 
position of the 3/2 state drops as the neutron, number decreases from 

+ + 121 125 
N = 73. The first excited 5/2 and 7/2 posit~ons drop from Xe to. Xe 

/
+ ~L 

and the 5 2 suddenly becomes the ground state in' -Xe. This could be 

explained by the lowering of the Fermi level as the neutron number -

., 

- . 

,1 
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TABL!''16. 121Xe Hamllton~ Parameters 

< 

ODD Particle 'Pat;ameters 

Ar. -.05MeV r· -.lMeV A .. ~MeV 

'" 

381/ 2 2d3 / 2 2dS/ 2 19772 

Ej (Mev) 1.2 1.34 1.25 1.4 

2 
Vj .327 .220 , .822 .768 

1: . ' , i 

" 

L 

1 
1 

, , 
,'. ~ ~ 
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Figure 83 

o 

Systematics of positi.ve parity low-1ying 

leve1s in odd-A xenon nuclei 
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deereases. The fact that the Fermi leve1 .is much lower in A - 123 thanin 

125 and 127 is supported by the observation of Many 1/2, 3/2 levels at low 

excitation in 123Xe • The positi~ of the first excited 3/2: and 7/2+ states in 

123Xe is not known sinee in the present ~rk only il!' -1/2 and 3/2 states were 

popu1ated. unfortuna~ly the in-beam results of Luukko et al.(1981~ 

cannot be used with confidence sinee their spin assignments were based on 

, 'IT + + 
the assumption that the 180 and 252 keV 1evels have J '. 5/2 and 7/2 , 

+ +, ,'-
and not 1/2 and 3/2 as the results of the 'present work indicate (chapter 

IV). 
121 123 ' 

Interpretation of low-lying states in " Xe ,\ in terms of Nilsson 

\ -1 
\ 

, , 

\ ~~:~ 
, " 

, " 

/ 

;' 
~ode1 predictions, ea~ be found i~ Sofia et a1.(1981). An Isomerie state ,/ 

l , 

/ 
- " ", 12 7 ' 125 . . / 

of 9 2 ...as observed in Xe and ,Xe with 69 '~e~ ~d 55 sec lifetimes œspect/ 

ive1y (He1ppi et al. 1979, He1ppi et al. i981). This isomeric state in 

123Xe is believed to_be a 7/2- (Luukko et al. 1981) which sugges~s that 

the lowest 7/2- state ia below the 9/2-. No Isomerie state is observed 

in the case of 12~e. sinee positive parity high-spin states in this 
• \ 0 + '-

nucleus 6ccur at low excitation,including ~ ground state of 5/2 • 
\ 

. :--.., 

, . 

1 
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CHAPTER VI 

S~Y AND CONCLUSlON 

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 nuc1ides are of considerable interest 

because a wide variety of theoretica1 mode1s of the nucleus may be used to 

d~scribe the observeœ levels. Studies of the heavier nuclei,name1y 126,128Cs 
1 

and 1~9,127.125cs,have been reported (Pathak et al. 1976, Droste et al. 

1976) and (Jha et al. 1912, schneider et al. la79). Studies of 1ighter even 

, 118-122 
isotopes of Xe were a1so reported (Genevey-Rivier et al· 1977, Batsch 

et al. 1976). However 1itt1e information was previously avai1ab1e on the 

124 123 121 decay Qf ,Cs, Cs and Cs. Previous studies of these decays had aimed 

at determining their ha1f-1ives and decay energies (D'Auria and 

Preiss ~966. Chaumont et al. 1969, Mathur and Hyde 1954, Westgard et al. 
, 

1975) without attempting detai1ed nuc1ear spectroscopy. The present study 

of these nuclei was carried out in order to estab1ish a'complete systematic 
Q 

investigation of xenon nuc1ei which is essentia1 for the Interpretation of 

their structure. 

124 123 12L Leve1s of Xe, Xe and -Xe were popu1ated in the beta. decay of 

~adioactive samples of 124Cs , 123Cs and 121cam,g. The' cesium activity was 

124 ' 
produced by bombardment of 41% enriched~ Xe targets with 15-52 MeV protons 

.through (p,n), (p,2n) and, (p,4n) reactions respective1y, where xenon gas 

targets were used. These gas targets were encapsu1ated in beryl1ium 

containers with the use of agas fil1ing system (Bavaria 1975), which was 

modified for the experiments presented in this work in order ta obtain a 

higher transfer efficiency. This higher efficiency was important, aince 

- 199 -
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124 -
the separated Xe isotopes are' very expensive and hence a very small 

amount of them was availab1e. A fast pneulnatic probe (Bavaria ~975) suit:' 

able fot: gas target transport was used to carry the targets to and from 

bombardment in the McGi11 synchrocy.clotron. 

In the, investigation of low-lying ~evela of those nuclei, S and y' ) 

spectroscopy techniques were employ~d. The investigation waa a cha11enging ,/ 

one due ta the fact that for the se nuclei most- of the S- feeding i8 ta the 

ground state with very little feeding to higher excited states. The 

spectra obtained were complex because of the mixed isotopie 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-reso1ution germanium 

de~ectors. Gamma-gamma coincidence techniques were used in establishing 
, 

decay schemes. Precise half-life measurements -wel'le carried out by observing 

the time decar of y-raya depopulating excfted states which were fed in the 

beta decay of tne parent nucleus. These measurements yielded a half-life 

of 365 ± 4 sec for the decay If 123cs , T
1/2 

= 136 ± 3 sec for the decay 

h 3/2+ f 121" 'd f of t e ground state 0 Cs and Tl 12 ~ 121 ± 3 sec for the ecay 0 the 

l 124 
high-spin isomer (9/2+). in the case of the short-lived Cs, thé use of 

the pneumatic fast probe allowed the counting of activity to start only a 
• J/i 

few seconds after the end of bombardment; hence a precise value oÏ 

29.7 ± 0.2 sec for tue balf-life wa8 obtained. The beta ~nd-point energies 

were measured for the intense positron branches through the S - ,y . 
o • coincidence technique. In these measurements the p,Çsitrons were detected 

with the' use of the beta superconducting solenoid ~Moore et al. 1976). 

Measurements of internaI conversion coefficients by the usual technique of 
1 

/ 
l '1' 

l , 
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reêbrding electron s:pectra were not possible because of thé thickOess of 

the beryllium container, which stops conversion electrons of < 175 keV 

energy and causes br~ Unes for higher -energy ones. J'hus, an· indirect 

method of determin~ng the number of K-shell va~ancies caused by the 
.... 

ej ection of K conversion e1ectrans per unit y-ray intensity by determining' 

x/y was used. Using this method the K-internal conversion coefficients of . , 

. 121 -:1t- 123 the 38 keV transit~on in Xe and tne 83 and 97 keV transition in Xe 

were determined to be <1«38) ::: 11 ± 1, ~(97) = 0.9 ± 0.1 and ~(83) :2 

...1.3 ±, 0.1. These vaJ.ues suggest' tl}at the 38. KeV, transition is 40% Ml + 

60% E2, the 97 keV transition 1s 80% Ml + 20% E2 while, the 83 keV 

transition is inferred to be, 90% Ml) 10% E2. 

Precise gamma ray energies and ~nsirtes supported with the infor-

) -
mation from ganuna-gamma coincidences 1ed to the construction of decay schemes 

of 1240s, 123cs and l21Cs·g,m. Measu~éd end- point energies as vell as 

total beta feeding peJ:'!llitted the detem1nation of percent age feeding to 

the ground state and the excited states and hence the- calcu1ati.on of log 

ft values;! The decay schemes of bath l24xe a~d l23xe rep~'Sent the first 

, 121 m 
e:x:tensive investigatio'n of these nuclei ,and those af Cs ,g" constitute the 

/ 

first decay schemes to be reported. 
. 123 

The investigation of 'the decay of Cs 

and l21Csm,g was sum:rnprized in a publication (Sofia et al 1981) which may 

be found in the Appendix. 

Low-1ying levels in l21Xe were Utte? using the I.nteracting Boson 

Fermion Model of Arima and Iachello (l976B). A reasonably gaod fit was 

obtained for levels· observ~d in the beta decay as weIl _ as high spin 

states observed in the in-beam study (Bard et al. 1981). 

The position of the f.irst excited 0+ states (heap Dl the f3 band) in 

even- xenon nuc1ei of mass' 122 and 124 w~~e confirmed in fhe present 'WOrk. 
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124 These states were pQstulated in the present beta- 'decay study of Cs 

and in the 122Cs study of Genevey-Rivier et al. (1977) on the basis of 

their decay patterns. The present measurement confirma these 0+ assign-

ments by Y - Y angu1ar correlation t~chniques; in these studies the 

angular-correlation spectrometer consisted of a fixed Ge(Li) detector and 

a movab1e NaI(T1) ,detector. 122 
F.or. the case ,?f X~ another Ge(Li) detector 

124 was used in place of ~he NaI detector. The Cs ra~ioactive samp1es were 

produced as mentioned ear1ier in the (p,n) reaction on enriched 124Xe 

122 0 

targets. Samp1es of Cs were produced tn the (p,3n) reaction at 45 MeV 
. 

bambarding energy. These measurements identified the leve1s at 1149 and 

+ 122 1269 KeV to be the positions of the first excited 0 states in Xe and 

U4 + Xe respectively. The position of the second excited 0 position in 

124Xe was a1so identified ta be the 1690 keV l~vel. The resu1ts of the 

present work have been presented in a publication (Singh et al. 1979). a 
, 

copy of which cau be found in the Appendix. The identification of the 

+, ' 
first'e~cited 0 position/fits in the systematics of ~he position of these 

states in xenon nuc1ei where the energy increases with increasing numbers 

of neutrons.' This is in agreement with the results of the dynamic 
o \ 

ca1culations of co;Uective states (Rohozinski et al.' 1977) of even-even 

neutron deficient Xe and Ba isotopes. The ,positions determined are a1so 

in agreement with the positions predicted in the Interacting Boson 
,,). 

Approximation calcu!ation of even~ven xenon nue!e! which was carried out 

in the present work. 

The present s!udy a1so reports on high-spin states of 122xe and 124Xe. 
" . 

These states were populated in the (a,4ny) reaction on enriched targets 1 

" 
of 122Te (96.5%) and 124Te (92.4%) respectively. The investigation of these 



" 

l 
r 

1 
! 

r 

, , 
t . 

1 
I~ 
f , 

1 
1 

f 

, 1 

( \ 

L 

( 

- 203 -
\_~ 

isotopes was carried out using in-beam gamma-ray spectrosc~py techniques. 

Contributions to the development of these techniques as well~as to the 

construction and development of the in-beam set-up at McGill were made by 

the author. Precise gamma-ray energies and intensity measurementa were 

carried out. Assignment of y-rays were done on the basis of excitation 

functions, and by gamma-gamma coincidence measurements. Information on the 

multiplicity of gamma raya belonging to different cascades was obtained --through the y- multiplicity fil ter technique, which proved to be a very 

powerful technique in reducing beta-delayed actiVity as weIl as in enhancing 

y-rays which are members of long cas~ade4. In these measurements y - y 

coincidence information of events was recorded along with the multiplicity 

of each event. The y - y coincidence set-up consisted of two germanium 
) 

detectors, while the multiplicity was recorded with the use of an array of 

six Na! detectors and one BGO. This array did not provide any information 

on the y-ray energies, Another technique which was uaed in the investigation 

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 n~mbers of outgoing 

neutrons. It also proved very effactlve in minim~z!~g radioactivity lines. 
, ./ 

/ 

Information about the mutipolarity of thé emitted y-rays and the spin

values of the levels was obtained from ~hé angular distribution measurements, 

where the y-ray yield at various angles relative to the incoming beam 

W8S obtained. These measurements were repeated in order to confirm the 

assignments. 
, . 
" 
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122 124 In this in-beam investigàtion of ' Xe the ground-state band~ up 

TI + ' ta J = 16 were observed. A1so the so-ca1led quasi-gamma bands were observed 

up to J 7T III 5+ or 7+. Th b kb di b d i b h 1 i e ac en ng was 0 servé n ot nue e ta occur 

around spin ft ... 10~ where the name refera ta the unusual shape of the 

plot of the nuclear moment of inertia versus the square of the rotational 
1 

frequency. At some critical value of the rotational frequency the sud den 

increase in the moment of iner~1a was accompanied by a decrease in the 

rotational frequency, causing a backbend in the plot. The present observa-

"'" tians of th~s anomaly 1n the ,structure of the ground seate band is the 

first ta be reported for the xenon isotopes. In the present study, the 
. 

backbending observed was interpreted in the framework of the rotational 

alignment model of Stephens and Simon (1972) as the result of the crossing 

of the ground state band and a decoup1ed two hll/ 2 quasi-neutron band, 

where the quasi-neutr~n pair is broken by the Coriolis force and their 

angular momentum 1s aligned with that of the core. An anoma1ous 6I .. 2 

sideband wae a1so observed in both 122Xe and 124Xe nuclei. These bands . , 

+ were found to be connected ta the 8 states of the ground band by pure 
+ + 

d1pole transitions. The,efore their possible spins are (7,9)-, (9,11)-

+ and (11,13) -. 126 ~28 ' Similar sidebands have been observed in ' B~i8otopes 

,,(Flaum~ et al, 1976). However this is the first observation of such bands 

1n xenon nuclei. These sidebands were interpreted as decoupled two-

quasi-neutron blinda. This ia in accordance with the rotaÙon alignment 

picture (Stephens and Simon, 1972, Simms et ,al, 1980). 

Finally the-ground-state bands observed in 116-130Xe as weIl as quasi-

gamma b~nds in these nuclei were fitted using the Interacting Boson 

Approximation. A good fit to the experimental spectra was obtained with a 
~ 

j 
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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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RadiatioDl from 12ICs"" and \l3es, produced by bombarding 41 % cnrichcd .12'Xe gas 
targcts witb protons, have bccn investigated with severa1 Ge detectol'8 in singles, two 
parameter y.yand f3-r coïnCIdence, and multispectrum modes. Two groups of pmma 
rays with sliahtly dift'crent half-1ives arc observcd in IlICs"'( + +) to decay to hi'" spin lev

e1s with a balf-IICe of 121 ± 3 sec, and 121es-( + + 1 to low spin levels with 136 ± 3 sec half· 

life. The decay ertergy of llIes" .... I2IXe' wu mca8urcd to he 5.40 ±O.D2 MeV and that of 
mCs (365 ± 4 sec) to Ile 4.0± 0.1 MeV. K-convenion coefficients detennined by the x/r 
method are 11 ± 1 for the 38.38 keV transition of 12ICs"', and 1.3 ± 0.1 and 0.9 ±O.l for 
the 83.38 and 97.39 keV transitions of f2les, rcquiring thesc transitions to bc 40% 
MI + 60% E2, 90% MI + 10% E2, and 80% MI + 20% E2, rcspectivc1y. The logft 

.values, the above multipolantics, and the brançhings of e1ectromagnetic transitions coable 
8 few spin and parity assignments to levels in f21Xe and I23Xe. Dec::ay schemes of 
I2ICs"'( f + l, f2fCs'( f + l, and \l3Cs( + +) are dcducc4 from these observalions. Sorne of 
the levcls of l2lXe and f2l)(e, can he idcotificd witb low lying excitations of intrinsic sta~ 
of the Nllsson model with defonnation parameter (3 = +0'.16 to + 0.19. 

[

RADIOACTIVITY 124Xe(p,2n)123Cs, Ep = 33 Me~; , J 
124Xe(p,4n)12ICs, E = ~2 MeV; measured Er> Ir> y.y coÎnCldence, 
ICC, QEc; dcduced f2lXe, mXe levcIs, logft, J, 1Ii enriched Xe gas 
targcts. In-beam J22Te<a,5nr>I2IXe, E", = 69 MeV, Y-r coincidence, 

enriched Te targcts. 

I. INTRODUcrION 

The aim of this investigation is ta obtain further 
knowledge of the structure of nucJei in the transi· 
tional region. Isotope shift and Coulomb excitation 
studies1 of even-even stable Te, Xe, and Ba nuclei 
havé demonstrated that the def'onnation pararneter 
is about 1 p J ~ 0.1 at N = 80 and increases with 
decreasing neutron number N to 1 {J 1 = 0.22, at 
N = 68. Sorne theoretica1 unifiee! mode! calcula· 
tions2 preceded the experlmental evidence and had 
speculated on the existence of shape isomerism 
whiJe predicting for odd-A Xe nuclei a deformation 
pararneter (3 increasing from + 0.1 S or -0.16 a! 
N = 73 to ,,+,0.26 or -O.3Ô at N = 61. Odd-Â Xe 
nuclei with N ~ 69 50 far have not been the subject 
of sufficient research, whlle even-even Xe nuclei 
down to A = 114 have been extensively and inten-

24 

sively investigated. Spin and parity measurements3 

of the Cs isotopes have reveaied that, Cs nuclei with 
'N 5 68 require a Nilsson mode} dec:cription with a 
def'onnation pararneter f3 ~ tO.28 to explain2 

12ICs"'<-r[404f]), I2IC~( + [422!]), and 
J2.lCs( + [420t]) levels. These deveJopments indÎ
cate that the daughters 1ZIXe and 123Xe may exhibit 
characteristic Nilsson level structure of moderate 
defonnations, as weil as the Cs parents. 

The present work is aimed at exper'imentaUy in
vestigating the nuclear structure of 12IXe and 123Xe, 
using 41% enriched 124Xe gas targets bombarded by 
protQns to produce III Cs"',, and \23Cs through 
(p,4n) and (p,2n) reactions. Previous studies of 
these decays had aimed at determining tbeir hall· 
lives4- 1 and decay energies4,8 without attempting 
detailed nuc1ear.spectroscopy. In the following ex
perimental procedure, 'Fe8ults and decay schemes of 

1615 @1981 The American Physica1 Society 
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121C,M, I2ICs', and 123Cs are presented along with 
relevant discussion of the nuclear structure of IlIXe 
and 123Xe in terms of Nilsson model intrinsic states. 

II. EXPB1lIMENTAL PROCEDURE 

Target mat.erial of 100.0 mole % Xe gas consist· 
cd, in terms of mole % abundances in parenthesis, 
enriched ta 124Xe (40.S), 12~e (9.7), \2IXe (12.5), 
l~e (34.9), IJOxe (1.0), I3IXe (1.1), 132Xe (0.3), 
134Xe, and 136Xe kO.1). This target gas was 
transferred into a beryllium target container in a 
vacuum. This target container bad a tapered head 
of about 0.25 mm wall thickness and 0.8 mm side 
wall. After sealing, it wu mounted in a 2.SO cm 
outer diameter Delrin holder.9 ln order to reduce 
radioactive buildup, several such targets were used 
in rotation. These targets were blown down perlU
matically t~ the predetermined proton orbit radius 
of the internal circulating beam of the McOill syn
chrocyclotron. After bombydment for a time 
period of the arder of a fraction of the half-life of 
the isotope to he produced, the target was blown 
back pneumatically. Cooling these activated tar
gets for about a half minute reduced the short-lived 
activities of 124es (30 sec) and 126es (98 sec) signifi
candy. Beryllium (99.88% pure) wu cbosen for 
target container material sinee it is a nonporous 
material and does not produee short-lived 'Y activi
ty when bombarded by protons.9 Becausé' of the 
isotopie composition of Xe target material, several 
(p,xn )Cs, (p,pxn )Xe, apd (p,axn)l isotopes were 
produced along with I21Cs or 123es of concern here. 
High resolution Ge detector y-ray spectra together 
with half-life data from multispectta were usually 
sufficient tq identify 'Y rays of an isotope. 

Singles 'Y-ray spectra and multispectra were 
recorded with an x-ray detectar 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 ta the on-line computer 
(PDP·1S). A r-ray multispectrum was observed 
over four half-lives, consisting of scveral time bins, 
with and without the positron annihilators. This an
nihilator was a 4.267 glcm2 Cu jacket around the 
source. The multispeçtrum with this annihilator 
yielded the total positron count relative to the prom
ment r ray of tbe Isotope, so that a ground 10 
ground positron branch could be deduced. 'Y-ray 
spectra were analyzéd for energy and intensity and 
the multispectra l1ata were used to sort them ac· 
cording ta half-Iüe. 

Four Ge detectors were used in two pairs 10 

record two parameter y-'Y coinèidence data by 
means of the on-line computer. Data were recorded 
on magnetic tape event by event. In these coin
cidence experiments the two dett!ctors were placed 
ncarly 9(j relative to each other with the source at 
the center ta avoid collinear or 180'" coincidence 
evmts from annihilation quanta. The interscattering 
betw~ the two detectars wu minimized with radi
ation intercepting graded absorbers. Such coin
cidence data were analyzed by setting digital gates 
on either· detector spectrum. 

The decay mergy of 123es wu measured by 
means of two parameter fJ-r coincidencp. For this 
purpose a vertical superconducting solenoid was 
used to minimize y-ray background in the intrinsic 
Ge detector which determincd the energy resoludon 
or the positron spectrum. IO A vertical 8% Ge<Li) 
detector below the source wu the 'Y-ray spectrome
ter with 2.4 ke V FWHM. Data analysis wu simi
lar to the two parameter 'Y-y coincidence experi
ments using digital gates on the y-ray spectrum to 

9~tatn coincident positron spectra. Fermi·Kurie 
(PK) plots of such coincident spectra gave the posi
tron endl.point energy, from which the decay energy 
of 123CS was deduçed. 

The larger decay energy of I2ICs was manife$ in 
y·ray multispectra with Ge detectors, in that the 
positron spcctrum, with over~riding 'Y rays, was 
clcarly visible from 1 MeV upward in the r-ray 
spectra. The r-ray count beyond 3.5 MeV was 
negligible sa that a Fenni-Kurie plot analysis of the 
3.5 to 4.0 MeV region of these multispectra gave 
bath the half-life and end-point energy of the highest 
energy positron group. While these multispectra 
were without the annihilator, the r-ray multispec
trum with positron annihilator had shown that the 
I2IC~-+ I2IX~ positron spectrum (83% of llICs 
decay) dominllte5 ait other positron components in 
this energy region. Therefore, the end-point energy 
from this Fcrrni-Kurie plot was used 10 deduce the. 
decay energy of 121Cs'. 

The Be container of the Xe sas target, 47 
mglcm2 thick in the tapered end and 140 mglcm2 

thick on the sides, stops intemal conversion elec
trons of 175 keV and less. Energy loss and strag
g1ing persists up 10 500 ke V resulting in broad lines 
and large low energy tails, riding on a Compton 
continuum oC 'Y rays. The most highly intema,lly 
converted transitions of interest are the 38.38, 83.38, 
and 97.39 keV ones. An indtrect method of deter
mining the number of K-shell vacancies caused by 
the ejection of K conversion electrons per unit 'Y-ray, 
intensity by detennining X Ir waS used. The two-

1.1 l 

) ( 
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parameter y.y coïncidence data was sufficient to ob
tain the K conversion coefficients (ax ) of the 83.38 
and 97.39 keV transitions of 123es. However, to 
detennine the ax J>f the 38.38 keV transition 121Cs 
and to ensure that this transition does appear in 
high spin band structure, an auxiliary experiment 
122Te(~9 MeV a,Sny)\21Xe WP performed with the 
extemal a beam of the ~cGill synchrocyclotron. 
In this experiment a 122Te target isotopica1ly en
riched to 96.45% and containing 0.14% I23Te, 
0.34% 124-fe, 0.45% usTe, 0.88% 12~e, 0.97% 
128J'e, and 0.77% IlOte was used. Oné x-ray detec· 

- tor and one I~ge volume Ge detector were used for 
two parameter r-r coincidence in-beam experi
ment. From the two parameter coincidence data 
analysis, the X Ir ratio of the 38.38 keV transitions, 
which was found as intensely as in 121es decay, was 
determined and used 10 deduce its ax. 

III. EXPERIMENTAL RESULTS 

A. I2ICs'" and 121Cs' 

Energies and relative intensities of r rays were 
determined with y-ray spectra obtained by means of 

\< 

~ 

610 
ENERGY 

810 
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a 250 eV FWHM x-ray detector [Fig. 1(a» and a 2 
keV FWHM large volume Ge detec10r [Fig. l(b)]. 
y-ray nrultispectrum data,obtained. with a large 
volume Ge detec10r and with an x·ray detector sug
gest the existence of tw~ distinct groups of y rAys of 
I21Cs decay: the group of r rays of energy 179.4, 
196.1, and 234.5 keV having 121 ± 3 sec half-life 
(Fig. 2), which are known 10 belong 10 the high spin 
band structure of positive and negative parities of 
121 Xe, II and a second group of r rays of energy 
85.85, 153.75, and 239.6 keV witb 136 ± 3 sec haIf-

'life (Fig. 2), which are not associated with tbis high 
spin band struc~e. Il The ~t group of r rays is' 
due 10 121CS"'( ï ) ~ecay and the second one is due 

to l2lC~( 7 +) decay. Previous half-life detennina-
.. tion had resulted in 125.6 ± 1.4 sec (Ref. 5) for 

l2les, witbout 12ICSm and l2Ie~ distinction. The 
'existence of a r decay branch for mCsm is con· 
. finned by the obsc.:rvation of Cs K /11 and Cs K f!2 
x rays of about 2 min half·life [X 13 magnified re
gion in Fig. 1(a)]. The Cs K fJ x-ray inten'Sity is 
3.0 ± 0.5 relative to the 38.38 keV y ray. Based on 
h W · k f' . . 9 T 1+ M3 t e ClSS op estlmate an lsomene ï -+ ï 

transition with a half-life of about 2 min bas an en-

oô (0) 
!!! 

'" 
on",,,, 

si .. iii", ......... 
'" "''''''' \ \\ .----

---------
1150 200 aDO 

(b) 

~ 
ID 

~ 

v l 
(kiv) 

lOf 0 1210 ,.,0 
FIG. 1. llIes y-ray spcctrum. recorded r with (a) low energy photon detector, and (b) a large volume Ge(Li) detector. 

Cs K III and K /12 x rays and 38.38 keV r Tay are shown magnified. ' 
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103~~ _____ ~ __ ~~ _____ ~ __ ~-L~102~~ __ ~~~-L __ ~~ __ -L~ 
o 2 4 .f! 8 0 2 4 6 8 

t (min) 

FIG. 2. Two distinct groups of r rays of 121Cs with 121 ± 3 and 136 ± 3 sec half-lifc. , -

ergy of about 36 keV, aT~ 11100,12 Therefore. au~ J22Te(69 MeV a5ny) l2IXe in-beam two 
the isomeric y-ray intensity of 0.0065, relative to the parameter y-y coincidence experiment does bot gen-
Cs K /JI x ray [Fig. 1 (a)] is. below ~e limits of obser- • erate any K capture x 1"8YS and the region of the 
vation. These results, together with the fluorescence 0 38.38 keV y ray also shows the weil resolved Xe 
yieldl3 for CS, ~K .,,;. 0.895, and K x ray to K fJ x- K /JI and K /Il x rays due ta the dominant internai 
ray intensity ratio of 5.257,13 require 121CSm to have conversion ofthis transition (Fig. 4), recorded with 
(60 ± 4)% isomeric tpmsition to 121est. and the x-ray detector. From this y/X ratio, the K con-
(40 ± 4)% positron emission and electron capture 10 version coefticient a~ =:= Il ± 1 is deduced for this 
12IXe._ There are more than 25 other y rays with 38.38 keV transition, USÛlg the fluorescence yield lJ 

about 2 min half-life identified from multispectrum for the K shell of Xe, OJK = 0.889, and the K fJ x 
analysis as belonging to I2lCs decay. ray to total K x-ray intensity ratio ofO.lSS.1l 

r-r coincidence results (Fig. 3, Table 1) obtained Theoretical l2 a,. values for yarious multipolarities 
with the I21Csm .. source Md analyzed by setting di- of this 38.38 keV transition in 121XC are 1O.4(.E2), 
gîtal gates on either the x-ray detector or the large 11.Sl(M 1.>, 2.44<E 1), 263(M2), 18.2<E3), and 
volume'detector ~e mutual coincidences O.1230(M3). Prom a comparison of the experimen-
between the 196.1 and 38.38 keV r r~ys, and no t8I and theoretical aKS, the 38.38 keV transition is 
coïncidences between the most intense y rays of cp- inferrCd'to be 40% Ml + 60% E2. This.a,. 'and 
ergy 153.75, 179.4, and 196.1 keV in any pairwise mu1tipoJarity require a total ICC12 of 
combination. The y rays of 196:1 and 38.38 keV ar = 43, sa that although the 38.38 keV y-ray bas 
are in coincidence (Fig. 3), but which one of them only 3.8 ± 0.5 % in~ty relative to the 196.1 keV 
dircctly feeds the ground stalc of l21Xe cao he deter- Y ray, the 38.38 keV transition intcnsity is 167% of 
minrd only by knowing the total transition intensity the 196.1 keV transition. Therefore, the 38.38 keV 

- of these two transitions. This requîtes the internaI transition ia below the 196.1 keV transition in the 
/ 

conversion coefficient (ICC) and multipolarity, in coïncident cascade and these two are at the bottom 
particular, of the low energy highly converted tran- of the negative parity band structure. 1 1 

sitio~ of j8.38 keV. The spectrum of Xe K x rays The standard deviation on the aK does not rule 
and the 38.38 keV y ray in the 196.1 keV y pte out pure M t or pure El multipolarities. Pute E2 
(Pig. 3) Bives through the x Ir ratio only an upper multipolarity requites a totallCC of aT = 62.'6, 
limit ofax < 27, because Xe K x rays arise both whiçh would make the 38.38 keV transition intensi-
due ta K conversion and K capture,p~. The, ty 242% of the 196.1 keV transition, which would 

~ 
o 
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FIG. 3. y-y coincidence spectra of l2Ies for r gales in ' 
keV shown therein. 

J 

mean more feeding and a lower logft value for the 
38.38 keV level. Pure MI multipolarity would 
mean an ICC of ar = 13.4, 50 that the 38.38 keV 
transition intensity is SI % of the 196.1 ke V transi
tion; in this case the 196.1 keV would he bcJow the 

.. 
TABLE J. l2Ies"''' gamma-gamma coincidedee results. 

Gate 
E,. (keV) Coincident gamma rays, Er (keV). 

38.38 
85.85 

153.75 
179.4 
196.1 
235.2 
239.6 
270.5 
280.4l 
281 r 
321.5 
554.0 

196.1 
153.75, 210.2, 321.5 
85.85, 296, 915 
23S.2, 270.5, '280.4, SS4 
38,38, 1S9.9, 28J • 
179.4 
210.2, 321.5 
179.4 

17,?.4, 196.1, 427.3 

85.85 
179.4 

1619 

38.38 keV. Witbout extremely precise values no 
certitude can be associated with the ordering of 
these transitions. ' 

After ~arating the decay of \21es into 
I2ICs'"( .! T) and I2ICs'( 2. +) decay schemes based 

2 2 

on the 121 ± 3 and 136 ± 3 sec half-Jives, respective
Iy, and usin3 the coincidence results in Fig. 3 and 
Table l, and the Ritz combination principle, the 
tra:sitions belonging 10 the two separate decay 
modes were deduced in tenns of their energies and 
intensities (Tables Il and III). There are a few othér 

- low intensity r rays, such' as the. 90.6 keV r r~ys in 
Fig. l, which have about 2 min half-life but which 
could not he definitely placed in either of the decay 
modes. ThcYiÎtre not included in Table Il or III. 
A 69 keV transition was observed in an in-beam 
study by Chowdhury et al. il and assigned to the ' 
negative parity high spin band. In o~r y-y coin
cidence in-beam measurement we did not observe 
tbat transition (Fig. 4). From tbese data one con
c1udes that if the 69 keV r ray does exist it would 
he very weak, < 3% of the 38.38 keV r-ray intensi
ty. 

The annihilation quantum intensity due to all pos
itrons of I2ICs'" + I2IC~ relative to 100 r rays of 
196.1 keV w~ determined From the r-ray mu]
tispectru~ with the 4.267 glcm2 positron annihila
tion of Cu by extracting the 2 min èOmponent 
through least squares analysis to overcome contribu
tions from other Cs, Xe, and 1 positron emitters in . 

4800 ..f. .. 
)( ,.,. 

3600 
VI 
1-:z 
:> 
0 
U

2400 

Er'IVlV) 

FIG. 4. 122Te(69 MeV a.5ny)IZIXe in-bellm Y-r coin
cidence ga'ing spectlllm recorded with 250 eV FWHM 
low energy photon detector to determine aK of the 38.38 
keY transition, The arrow pamis pt the position of a 
proppsed 69 keV transition . 
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TABLE II .. IZ ICs"'(121 ± 3 sec) gamma-ray en~gy and intensity. 

"ET (keV) IT% 

38.38±0.02 3.8fO.S 
lS9.8 ±0.3 4, ±l 
179.4 ± 0.1 96 fS 

'-- 196.1" ±0.1 100 
234.S ±0.1 :w fi 
235.2 ±0.1 6 fI 
280.4 ±O.S 16 ±l 
281.0 ±O.S 6 fi 
287 ±1 2 fI 

the 121es source to be 12363 ± 716. corresponding 
to 6182 ± 388 positrons of l2Ies'" + l2Ies'. Earlier 
decay energy measurement8 thropgh the fJ-r coin
cidence method had obtained 12~3 ± 282 annihila
tion q~anta of l2Ies pel' 100 r rays of 195 ± 1 keV. 
The present positron intensity and transition intensi
ty balance require 98 ± 7 % of the l2Ies' ( 136 ± 3 
sec) decay to feed 12IXe', corresponding to 89% 
poSitron branching. This is the most intense posi
tron group in the decay of J21es. mes'" activity of 
positron emission plus electron capture was only 
5.7 ± 0.5% of the corr~ponding activity of I21Cs' in 
the source of 121es from the (p,4n) reaction. This 
result, together with the Cs KIJ x-ray intensity, sug
gest that the activation cross sections of 12<4Xe(52 
MeV p,4n)I2ICs"''' are in the ratio of 
(0'~/2+/0':12+)~6. r 

'< With the large volume Oc detector x-ray muI
tispectrum without the positron annihilator of Cu, a 
very conspîcuous {3 continuum following a half-life 
of 2 min Was noticed in the 1 to 4 MeV energy re
gion. The 3.5 io 4 MeV region of tbis continuum 

ET (keV) • If% " • 
414.6±0.2 19 ±5 
427.l±0.1 39 ±4 
4S9.8 :t0.1 51 ±3 
SS4.0 ± 0.2 8 ±1 
684.5±0.3 1.9±0.S 
70l.0± O.S 1.S ±O.S 
706.6±0.3 3 ±I 
733 ±1 2 ± l ' 

1418 ±l l.O±O.S .. 

was free from r-ray disturbance. In view of the 
above inference that 98% of all positrons of 121Cs' 
or 92% of (Ill positrons of I21Cs"' + 121esr is the 
ground to ground positron 'component of l2Ies de
cay,:this continuum in this resion is considered to 
be due to this component. A Fermi-Kurie plot 
ànalysis (Fig. 5) of, ~ positron component from 
the 2 and S min ~s of the y-ray multispectrum 

, tbrough the least square metbod resulted ~ 
4.37 ± 0.02 and 4.42 ± 0.06 MeV, and a w~ghted 
mean value of 4.38 ± 0.02 MeV, for the end-point 
energy of the highest energy and higbest intensity 
positron component. Only the standard deviation 
from the )~t squares anaIyses'are shown in these 
num~: This result corre$pOnda to a decay energy 
of l2Ies' to IlIXe' of QEC = 5.40 ± 0.02 MeV, to be 
compared to the earlier result8 of 
QIlC ~ 5.65 ± 0.49 MeV (where EC represents clec
tron capture). If the mass exCdlS of I2IXe is taken 
as - 82.33 ± 0.11 MeV, then the mass excess of 
l2Ies' is -76.93 ± 0.11 MeV from the~resent 
result, wbile the earlier tabulationl3 w .. ·'-77.13 

) 

T ÀBL~ III. IZICs'( 136 ± 3 sec)· gamma-ray energy and intenaity. 

,ET (keV) If% 4 E" (keV) - lr% 

38-.38 ± O.OZ 0.009 ± 0.005 296.2 ± 0.1 10.6±0.S 
8S.8S ± 0.05 11.4 ± c)'6 321.5 ± 0.1 10 ± 1 

IS3.7 ±O.OS 73 ±2 4SO.5±5 9 ± 1 
179.4 ±0.1 10.3 ±0.3 563 ± 1 13 ±2 
196.1 ±o.l 0.33 ±0.16 6W.O·~0.S 3 ±l 
210.2 tO.S 10 :1:2 836 tl O.4±0.2 
2~.S ±O.I 0.0,7 'f 0.04 ;91S.1 ± 0.2 1.8 ± 0.8 
239.6 ±O.l ~ ±l 1070 :1;,1 0.1±0.4 
270.S ±O.S 11.3 ±0.3 

/ 
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FIG. 5. PK plots of f3 spectrum of I2ICs' ___ IZlXe' ob-
served in 2 and 5 min bins of a larse volume Oe(Li) mul
tispectrum. Solid lincs are thé leasi squares fit tO data 
points. The end-pOint energy shown is the weighted 
rnean of the two results. 

MeV from mass systematics. The isomeric 
121CS"'( f +, 121 ± 3 sec) state, being ~ 36 keV 
above the I2ICs'( + +, 136 ± 3 sec) state, bas a mass 
ellcess of -76.89 ± 0.11 MeY. 

The y-ray spectrum of the- (p, 2n) reaction prod
uct 12Jes recorded with an x-ray detector [Fig. 
6(a)], and a 2.2 keY FwHM Ge(Li) with a positron 
annihilator of Cu [Fig. 6(b)) and without the an
nillilator [Fig. 6(c)] indicates that' the number of 
impurity y raya is l~ wit~ t2Jes than \Vith I21Cs 
(Fig. 1). 1 This is due to the fewet exit channels of 
(p,xn), (p,pxn,), and (p,axn) reactions at 33 MeV 
than at 52 MeV proton energy. The y-ray mul
tispectrum with x-ray and Ge<Lil detectors yields 
the half-Iife of 12Jes to be 365 ± 4 sec, for the Most 
intense 83.38 and 97.39 keV y rays. This result is 
to he compared to 336 ± 6 sec,· 352 ± 3 sec,~ 360 
sec} and 480 ± 30 sec.7 The other r rays nearly fo1-
10wing this half-Iife wer~ identified as belonging to 
l2Jes decaY. Their energies and relative inteosities 
are given in Table IY. 

Digitized y-y coinci4ence events were recorded 
on magnetic tape event by event. A sample of coin
cident y-ray spectra for à few signi1jcant gates is 
shown in Fig. 7, and most of the coincidence results 
are .given in Table Y. Coincidence resulta tequire 
the 610 keV y-ray peak to be a doublet consisting of. 
610.3 ± p.2 and 610.9 ± 0.2 keV components, whose 
relative intensities were deduced to 'be as given in 
'table IV. 

. TABLE IV. 123Cs(365 ± 4 sec) gamma-ra)' energy and intensit)' . 

ET (keV) lr% E; (keV) 1r% 

71.26 ±0.03 1.2 ± 0.1 596.4±0.2 57 ±3 
83.38 ± 0.02 21 ± 1 610.3 ±0.2 1.3 ±0.4 
97.l9 ± 0.03 100 610.9 ± 0.2 0 16.7 ± 1.9 

180.77 ± G.03 3.1 ± 0.3 644.1 ±0.1 15. ±2 
209.7 :!;0.2 '. 0.7 ± 0.2 667.6±0.4 7 ± 1 
238.0 ±0.5 2.2 ±0.6 693.6±0.4 8 ±2 
2S2.0 ±O.S '>i-' 2.2 ±0.6 711.0 ± 0.2 4 ±l 
261.9 ±0.1 13 ±1 725.0±0.5 1.3 ± 0.3 
278.0 ±0.5 1.1 ± 0.4 741.5±0.1 17 ±2 
294.5 ±0.5" 1.6 ± 0.4 , 750.7 ±0.2 4.8±0.7 
304.0 ± 0.1 " 5 ±1 819.0 ± 0.5 1.2 ± 0.6 
307.1 ±0.1 21 ±1 841.8 ±O.2 1.8 ± O.S 
344.5 ±0.5 3.4 ± 0.9' 849.0±0.5 0.7 ±0.4 
405:0 ± OoS 1.1 ±0.2' 945.0±0.3 1.9 ± O.S 
422.0 ±0.5 0.7 ±0.3 1125.3 ± 0.3 3.7 ± 0.3 

,430.0 ±0.5 0.8 ±0.2 1176.2 ±0.4 .9, ±4 
434.3 ±0.2 4.7 ± 0.7 1255.8 ± 0.4' 1.6±0.5 
498.9 ±0.2 6 ±2 1273.2±0,2 14 ±2 
SIl (ri) 1300 ±200 135,5.6 ±'O.S 5 ±2 

.. 540.5 ±0.5 4 ± l, lUtO± O.S 1.1 ± 0.5 

"N of placed in the decay scheme. 

\ 
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FIG. 6. 123Cs r-ray spectrum ~ with (a) 2SO 
eV FWHM 10\}' energy detector, (b) 2.2 keV FWHM 
Ge(Li) detector with positron annihiIator, and (c) without 
this annihilator. 
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FIO. 7. IVCs y.y coincldence spec:tra for the ptcs 
ahown as r-ray Glergy in keV. 

Gate 
Er (keV) 

83.38 
97.39 

261.'9 
304.0 -
307.1 . 
498.9 
610.3 t 
.610.9~ , 
644.1 
66-7.6 
741~S 
750.7 

TABLE V. IVe. gamma·gamma coincidence résulta. 

Coïncident pnlma rays, Er (~V). 

11.26, 97.39; 26t.9, 430.3, 667.6, 945.0 
83.38, '1J'I}.7, 261.9, 498.9, 644.1, 667.6, 75();7, 1355.6 
83.38, 97.39, IBO.77, 405 
209.7, 307.1 
304, 434.3, 540.5, 610.3, 725,.819 

\ 97.39 

307.1, 841.9 

97.39, 71l 
83.38, 97.39, 180.77 
711 
97.39 ' 

, , 
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Because gas targets are enclosed ln 175 kcY clec
tron energy équivalent Be containers, the ICC of 
tbe highly converted high intensity 83.38 and 97.39 

. keV transitions werc dctcrmined by the X Ir ratio 
method. X rays in coïncidence with any r ray are 
due to intemal conversion and e1ec:tron capture; the 
annihilation quantum (511 keV) pte wu used to 
bypass capture x rays. The resulting x-ray detector 
spectrum [Fig. 8(a)] shows Xe Kal , K/Il, and KfIlll 
rays and both 83.38 and 97.39 keY r rays. If tbe 
intensity ratio of the 83.38 and 97.39 keV r rays in 
the SIl keV gate is Ct and that of the Xe K x ray 
and the 97.39 keV r ray in the same spectrum is 
Cz (0.085 ± 0.005 and 0.86 ± 0.02, respectively), 
and if aK(83) and aK(97) are the K-conversion 
coefficients of the 83 and 97 keV transitic>Ds, then 

(l) 

where lJ)g is the K sheU fluorescence yield of the Xe 
atom (lJ)g = 0.889).0 At least one more coin
cidence relation between the 83 and 97 keV transi
tions is required in order to solve for their ax's. 
The 261.9 keV r gate providès [Fig. 8(bl] this need-
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FIG. 8. Low energy y spectra in coïncidence with (a) 
511 keV annihilation quanta, and (h) 261.9 keV " rays, 
used III detennining "K'S of the 83.38 and 97.39 keV 
transitions. 

ed relation. If C" is the ratio of observcd relative 
intensities of the 83.38 and 97.39 keV ., rays in this 
gate and sinee the transition inlensities of the 83 and 
97 keV transitions shoUId he equal in the 261.9 keY 
gate, then 

C.aK(83) - aK(97) = R (1 - C.) , (2) 

where R is the aK 10 totalICC, ar ratio, which is 
the same for both the 83.38 and 97.39 keV transi· 
~tions, being 0.86 in the M 1 lirnit. 12 A contour plot 

\ of tbese two coincidence relations gives 
R = 0.80 ± 0.01 for both transitions. Using C", 
y.rhich was deduced to he C4 = 0.79 ± 0.03, it is 
possible to solve these coincidence relations with the 
resu)ts ax(83) = 1.3 ± 0.1· ,and aK(91) = 0.9 ± 0.1. 
Theoreticall2 ax's of J.20(J.{) and 2.12(E2) for 
the 83.38 keV transition suksests that it is probably 
90% Ml + 10% E2 multipolarity, and those of 
O.77(M 1) and 1.32(E2) fot·the 91.39 keV transi· 
tion sugest a 80% Ml + .20% E'l multipolarity. 

The Ge(Li) multispectrum with a positron annihi
lator of Cu yields the total positron intensity of 
mcs to be 650 ± 100 pet 100 r rays qJ the 97.39 
keV transition. A Fenni·Kurie plot of the positron 
spectrum observed in coincidence with the S96.4 
keV'Y ray, in the two parameter IJ-r coincidence 
measurement, using an intrinsic Ge detector and a 
superconducting solénoid,lO is shown in Fig. 9. To 
obtain this, the positfon spectrum in the neighboring 
background gate was subtracted aîld the spectrum 
was folded to improve the count rate pee datum 
pdint. The solid line in Fig. 9 is the lesst squares fit 
10 data points resulting in the end-point energy of 
the positron group to ilie 596.4 keV level of 
a; (596.4) = 2.37 ± 0.14 MeV. This corresponds . 
10 a decay energy of I23Cs of aBC = 4.0 ± 0.1 MeY, 
and a Iilass CX(.e8S of mCs of - 81.29 + 0.14 MeY 
if the mass cxcess of 123Xe is - 85.29 ± 0.10 MeV.il 
EarUer results on the mass excess of 123es Viere 
- 8 t .19 ± 0.32 ~eV ,13 and on the dec:ay energy of 
123es were 3.6 ± O.S MeY" and 4.1 ± 0.3 MeV.1I 

IV. DECA Y SCHEMES 

A. mes'" ad 'Jl1Ca' 

The ~meric. 12ICS"'( f + l, an~ the ground, 
l2ICsJ( 2' +), stata which were identified in sfin and 
parity measurements with f + [404 f] and + [422!]' 
Nilsson states at a deformation parameter 
IJ:::= +0.28 were found by Ekstrom et al.J 10 emit 
positrons wlth nearly the same half-life of.2 m~. 
Unified model ~culations2 had earlier predlcted 

- ..... ------__ h ______ rw. ____ ............................................ ~ b Il 1 1 MW ,- •. ,..-........ ----- --" --~~.~. _. 
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mulf:ipolarity of 40% MI + 60% E2 o'f the 38.38 
keV transition, ~uire this tirst excltecl state at 3 

> .. 

~ 
I 
v 
6 
+1 .... 
l''! 
N 

" *+ ry<fl. 

! 

1280 1920 2560 
E.s (KeV) 

FIG. 9. PK plot of the 123Cs positron spectrum ID the 
596.4 keV y gAte. The solid line is the lesst squares fit 
to data points. Q; shown is the result for the end-point 
encrgY,of positron spectrum to the 596.5 keV level from 
this least squares fit. ') 

P J+ = +0.27 or -0.26 for the 2' (422!] ground 
state of 12les. The ground state of I2IXe has been 
inferred to be + + from its 40.1 ± 2.0 min P decay 

. 7+ ,+ 3+ 
predommantly to 2' , ï ' and ï states and very 
• 9 + 1'" 121 . 

httle to î and 2' states of I. The half-life of 
61.9 ± 5.6 psec (Ref. 13) of the tirst excited 2+ state 
of 122Xe suggests P( I12Xe) = ± (0.22 ± 0.01 ), 50 that 
odd-even staggeringl of {J requires 
{J( 121 Xe) ~ + 0.22. The unified model2 predicts 
{J = +\0.26 or -0.25. Based on the present experi
mental results on the half-life of isomeric and 
ground states of I2ICs, 'Y-ray energy and relative in
ter1sity 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 /1 x-ra~ intensity to detcrmine isomeric 
branching, the decay schemes of I2ICsm(121 ± 3 sec) 
and I2ICs'( 136 + 3 sec) in Fig. 10 are proposed. In 
the decay. sch~e of f + 12ICS"'( 121 ± 3 sec), while 
there is no décay bran ch to I2IX~( + +), the branch. 
ing ratio of positron and capture mode to isomeric 
mode of the parent stale bas been inc1uded in ob
taining the logft values in Fig. 100a). 

The fU"St excited 38.38 keV state, now self~dent 
from both I2ICs P decay and the 122Te(69 MeV 
a,5nr)12lXe in-beam 'Y..ray spectrum, is fed bya 
7.2% IJ+ + EC braneh with a logft of 6.3 ± 0.3. 
This allowed or tirst forbidden (3 transition, and the 

38.38 keV to he '2 +. If the negative parity band 
head ll is above the 196.1 keV r 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 El multipolarity and therefore this 234.5 keV 
1 1 ul 

$- 7-
eve co d be a ï or 2' state. The {J transition 

from the f + parent state to this 234.5 keV level bas 
a logft of 6.16 ± 0.03 and corresponds to an al
lowed or tirst forbidden transition. It appears that 
this 234.5 keV level is a f ~ state and is possibly 
the head of the !legative parity band. Il Tliis agrees 
with the systematic observation of a negative parity 
band head in Odd-A Ba nucIei l4 that it is ~ - at 

9-
N = 77, T at N = 71,73, ,and 75, and f - at 
N = 69, so that this band head is aIso possibly + -
at N = 67 in Ba and Xe nuclei. 121CSm( T +) decays 

to the 179.4 keV level with a logft of 6.17 ± 0.08, 
.\. h' 1 l' . '7 + 9 + Il + 

50 " .. at t ~s eve IS posslbly î ,2' ,or 2 . The 
179.4 and 414.6 keV levels are observed in the posi- ' 
tive parity band structurell connected by â/ = 1 
transitions, so that these two levels may be ~igned 
7 + 9 + . 
2' and 2' ,respectively. The logft of 6.6 ± 0.2 
for the P transition from the f + parent to the 414.6 
keV level does not contradict snch a f + assign
ment. The level at 394.3 keV, fed by a (3 transition 
oflogft 1.2 ± 0.1 and connected by the 159.8 keV 
transition to the ( f -) 234.5 keV level and by the 
35~ keV transition to the (+ +) level, has f - or 
f - spin and parity assignment. The other levels at 
459.8, 515.5, 701, 733, 886.6, and 1418 keV are as-
. 7± 9± . 

jllgned '2 or 2' on the basls of the logft of {J tran-
-4sitions from I2ICsm( f +). 

, The decay scherile of I2ICs'( + +) in Fig. 1 has 

the highest branching of 98% to the ground state 
of 121Xe with a logft of 5.20 + 0.07 for an allowcd 
fJ. transition, supporting the f + assignment to this 
ground state of 12JXe. The 153.75 keV level is fed 
by a {J transition with a logft of 7.37 ± 0.09 and 
4eexcites through ont y the 153.75 keV transition 
with no branching to the + + state of 38.38 keV, sa 
that it appears to be a + + state. The 239.6 keV 
• • 1 + J ± . 
level 18 a 2' or '2 state on the baslS of the logft 
of 7.12 ± 0.06 for the P transition, antl the observa· 
tion of the 85.85 keV r ray in coincidence with the 
153.75 keV r ral and a crossover of 239.6 keV to 
the (+ +) and (î +) states. The levels at 450, 562, 

dt70kV 
. 3+5± 1+3+~:!: 

an 0 e are asslgned (-:; '-2 ), (-2 '-2 - ,- ), 
)_,+ '.' 2 

and (2" '2' -) on the basis of logft values and deex-
citing r rays. 'l'~ 
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FIG. 10. Decay schemes of (a) 121Cs"'( t +; 121 ±.3sec) and (h) 12ICs'('f*; 136:±- 3 sec.) Transition intensities shown 
after cnergy in keV are per 100 decays of parent. The circular insert for the ground state transitions reflcet the uncer
tainty in the intcnsity of the 38 keV transition and thus the lowest level ordering. 

Nilsson model predictions for neutrons with 
Parameters IL = 0.45, x = 0.0631, and (3 = +0.16 ,.. 5 + . 
to + 0.19 predict a 2' [413 n ground state and 
low-Iying intrinsic excitations of + + [ 404l), 
1+ 7- 9- , 
2' [41H), î [5231]. and î \[5 14t]. The decay 
schemes in Fig. 10 permit the identification of the 
above NUsson states with the + + ground state, 

7+ 1 + 38.38 keV (î ). 153.75 keV (î ), 234.5 keV 
7 - 9-

(î ), and 394.3 keV (î ) levels. The 179.4 keV 
::' + + and 414.6 keV f + levels are the quasirotational 

levels based on the 2' +[413l)' ground state, with the 
cinertial parameter (h 2/21) = 25.83 ± 0.01 keV 
characteristic of traDsitional nucIei where intennedi-

ate coupling in the unified model is applicable. 
These comparisons with the predictions of the 
NUsson model2•3 suggest that 121Xe is probably asso
ciated with li deformation parameter of fJ ~ + 0.16 
to + 0.19. This f +[413!1 sUte, whicb is the posi
tixe parity band head in I2IXe, is a1so the positive 
parity band herI15 in 117.II~e with 6S and 67 neu-

trons. . \ 
, \ 

The spin of + and magnetic moment of 
1.389 ± 0.016 mm bave resulted from an atomic 
beam magnetic resonarn:e3 studics for 123es. This 

1 
l 
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ground state of l23es has been identified in this 
context3 to he the Nilsson + +[ 420r] proton state 
at a defonnation parameter comparable to that of 
121es, {3 - +0.28. The ground statel6 of 123Xe has 
been inferred to be + + from its fJ deca~ with a 
half-life of 2.08 h to the 148.91 keV + level of , 
1231 having lo&(t = 5.59 and the absenee of a (3 
branch to the T + ground state of 1231, The present 
experimentaI results on the 365 + 4 sec deca"" of 1+ - J 
123Cs( ï ) with a decay energy of 4.0 ± 0.1 MeV, 
r-ray energy and intensity measurements, and r-Y 
coincidences lead to the decay scheme of 123es ln 

Fig. 11. 

The fJ transition to ilie ground state of 123Xe has 
• 1 + 1 + 

a logft of 5.2 ± 0.2 whlch supports a ï -+ ï na· 
ture of thlS transition. The 10gft of the transition to 
the 97.39 keV leve1 is 5.82 ± 0.05, requinng a 
(I:J = 0,1; • .:111" = +) a1lowed nature of this {3 tran· 
sition, se that the 97.39 ke V leve1 may be assigned 
1 + J + ' ï or ï . The X·shell conversion coeffiCient of 

thé 97.39 keV transition, measured here to be 
0.9 ± 0.1, requrring a multipolarity of 80% 
M 1 + 20% E 2, aise supports these spm and parily 
assignments. The logft of 6.3 ± 0.1 for the {3 transi· 
tion to the 180.77 keV level and the 90% 
MI + 10% E 2 multipolarity of the 83.38 keV 
transition from its K shell conversion coefficient, 
measured here ~ be 1.30 ± 0.06, require a + + or 
+ + assignment to this level. In the contextl7 of a 
6.3 JLsec isemer with î - assignment, this 180.77 • 

keV leve1 had ~ assigned + + and the 97.39 keV 

'. r- ~. O' -C-"'..t:'~"1 
+ .:J, ~ ., o.:o$';s.- ,-o' i' ~, 

, ~.pcf'''~~ ~'b ,,0'o$J9 $' 
+ ~ fJ!Io O· "\ ~.;.~, 

leve1 had been assigned + +. The 252.03 keV level 
was considered by tbese authors13,16,17 to be the 
f - iSOlDeric state sinee 1970. A thoroQgh search 
of all possible very low intensity transitions has 
been made bere to seek justification fot;,. earlier 1 

results.I3·16.11 However, the best that can be in
ferred about the 252.03 keV level is tbat it tnay not 
he the f - isomeric state because it is fed by a fJ 
transition from the + + parent with a logft of 
7 4 0 6 h· h . 1 ± 3 ± . . ± . • W IC requlres a"2 or ï 8SS1gnment 
to the level. The present observation of a 252.03 
keV gamma rar"!o the + + ground state of 123Xe 
aIso forbids a ï assignment to this 252.03 ke y 
level. It is proposed from the present results that '. 
th· 1 1 h . d . 'f 1 + 3 + b IS eve as spm an panty 0 ï or T ' ut not 
9-
ï . The logft deduced for the other levels re-
quires the allowed classification of (3 transitions to 
596.4, 611.1,741.5, 848.5, 1125.8, 1273.4, and 
1452.8 keV levels which May be assigned spin and 

. f 1 + 3 + h'l h th a . . panty 0 T or"2 ,w 1 ete 0 er fJ transJtl0!ls 
to 307.1,442.7,693.6,917, and 1032.6 keV levels 
are of allowed or first forbidden nonunique 'classifi
cation, reQuiring these five levels to have spin and 

. f.l± J± panty 0 T or T . . 
Unlike the level structure of I2IXe, in the d~ay 

of a high spin I2ICsm( î +) and a lower spin 
121 J + ~ + . Cs'( "2 )to ï states bemg observable, thlS 
mCs( + +) decay populates 123Xe levels with just 
+ ± or f ±. The Nilsson model with the same neu
tron parameters3 as 121Xe can account for the 

5 + change from the T [ 413 ~] ground state at N = 67 

123C +.' 
1~+ ~~ lee (3&5- lac) 

/ qEC. ".0%0.1 M.~ 

14~2.8%o.!I 1.3:t 0.3, e.0:t0.2 

1273 ... iO.3 2.!! :to.!! !I.e .t0.2 

112~.8;t0.4 0.87to.09 e.4.t0.l 
10J2.&.:!: o.e 0.21%0.02 7.1 %0.1 

~~'Ii ",o.:~O'''O'o,~,-v :-
t 1 ff \;: "o.:"o.:.,\!o$J\o· lb'", o!J :1 
± 1 ~.~"i!'..~ .... 1: Q :-. 

' tf f!> ~",,~;;" b'-O' t>'~'" ~tr~"" .... --Q17 ± 1 0.1do.05 1,Jj:0.4 
848.!! iO.4 2.0 ± 0.2 8.2.:1:0.1 
741.!! ± 0.2 J.!! ± O.~ 8.0±0.1 
eQ3.e±0.4 O.Q± 02 8.8:t.0.2 
eU.l.:1:0.1 2.0tO.2 8.3:1:0.1 
~.4±0.2 7.1.t. 0.4 !I.8:1:0.1 
4427.:1:0.1 1.1.:1:01 8.7%0.1 

307.1 tO.l 0.8 tO.2 1.0%0.3 
2!12.03 % 0.04 o 27±018 7.4.:1:0,6 
180.77%0.03 J.!!±O.3 ,0.3%0.1 
Q1.JQ.:I:0.03 12 !I%O 6 !\.82±o.0!! 
0 82 ± '" 5.2%0.2 

+ 
+ ",Ji. "i' ~·\.cto·"\.",,o·,-o·:"\ .. lu 'II -

.p~.fI' 'l'~!J ... ~ -,,-,t .t !'-
, , Cl ~ Cl'" ";-~t;;-~ h':::: 

'" . 1 l,f' ... .yI\~!V!2·Ji ~----.. 
~-:t. ~ ~'" CI) ~!\ nJ--

1 Il''' ~'dl!l!!! 
'" ~ ~ fit===-

H 1- I~--
Il ~ a 

E(kczV) ,.8~EC% log ft 

FIG. II. Decay scheme of 12JCs( + (. 365 ± ~:r) with the ,same notatJons as in Fig. 10. 
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I21Xe to the + +[41U] 123Xc ground state, at the 
same deformation paramc:ter li == + 0.16 to + 0.19 
as l2lXe. The 6.3'psec isc,meric state13,16,17 of 12~e 
is possibly the f -['523t] NilssoD state as in 69 neu
tron· mBa,14 ratber than' the higher lying T -[S14r] 
state. 

V. CONCLUSIONS 

, Dccay schemea of Il ÎCs"'( f:'" i, 121Cs'( + + ), and 
123Cs( + +) dcduced from r-ray spectroecopy hm 
sugest that 12IXe and I23Xe arc moderately de
fonncd with (J = +0.16 to +0.19, which is less 
than the li value for the parent states. The ground 
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0+ excited states ln 121,124,126,128Xe 

B. Singh, R. Iafigliola, K. Sofia, J. E. Crawford, ind J. K. P. Lee 
FO$ttr Radilltioll Laborotory. McGlII UIIIVtmty. MOIIIIWJL (Qu,h«. CaIlGdo 

(Rlc:eived 28 Novcmber 1978) 

1-"/ directiona1 correlation meuurements have been carried out and the rollowina 0+ spin auianments have 
bèen lnade. IlZXe: 1149 keV 1evel, 124Xe: 12~9 and 1690 keV, 126Xe: 1313 keV, IlIXc' 1583 and 2S99 kcy 
ln addition, value of 8 ror the 493 keV <21 ,-2t) transition in l24Xc bu been meaaured to he 8!\ 

rRADIOACTIVlTY 122,tUCs [from lUXe (p ,xn), enrlched U'Xel; U6,t28Cs Ifromj 
ua,U8Ba, t33C8 (p, xn)J; measured 'YY(6), lZ2.1U.U6.128Xe levels. \Deduced J, y-

mlxIng, Ge(Li), and NaI<TI) detectors. 

In each of the even-even Xe nuclei from A = 118 
to 128, at least one exclted 0+ state has been 
postulated fr'om j3-decay studies on Cs isotopes. j-4 

In the case of 118Xe and 12O](e, first excited O' 
states were Identified1 through the observation of 
EO transitions. - For the other'nuclel, the 0+ states 
were postnlated mainly on the basls of their decay 
patterns. The purpose of the present investiga
tion ls to confirm these O' assignments by y-y 
directional correlation measurements. During 
the course of our measurements, results of a 
simllar study for 128Xe were reported in a con
ference proceeding. S 

The angular correlation spectrometer consisted 
of a fixed Ge(L1) detector of 18% relative efficiency 
and a movable 7.5 cm x 7.5 cm Nal(TI) detector 
placed at distances of 7 cm and the 10 cm respec
tively from the center of the source. For the 122Xe 
study, another 15% Ge(Li} d~ector was used in 
place of the Nal detector. In each case the coinci
dence resolving Ume was aoout 15 ns. The random 
rate was kept at a negUgible levei. Coincidence 
data were recorded as pairs of addresses on a 
I1lagnetic tape and were later sorted by selecting 
appropriate Windows /(ott" and "off' the 'Y-ray 
peaks of interest. NormaUzation of data at various 
tngles was carried out wlth a singles spectrum ac
cumulated simultaneously with the coincidence 
spectrum. Source sizes were kept reasonably 
s~ll sO' that corrections were negUgtble. 

The !o s 12acs and 30 s 124Cs activlties were 
produced by (p, 3ft) and (p, ft) reacUons, respec
tively, by lrradiating targets of isotopicaUy 
enrlched Xe gas containlng 41% of I2tx~ by 45 MeV 
and 15 MeV protons, respectlvely, from the Mc
Gill synchrocyclotron. A total of about 2000 sam. 
pIes were llsed 'for ea'Ch of the experiments. The 
ltradlation time was about 10 s and the counting 
perlod wU àbout 1 m. 

The 1.6 m 12ecs and 4 m 128CS were obtained as 
daughter products of 97 m 12eBa and 2.4 d 128Ba, 
whlch were produced by (p, 8n~ and (p, Sn) reac
tions, respectively, on natural Cs.' Enjrgles of 
the proton beam were 85 MeV and 65 MeV, re
spectively. Alter a waiting period of about 30 m, 
barlum isotopes were separated chemlcally by 
the following procedure. Irradiated cesium 
nitrate was disolved in water, and a few drops of 
barium chloride and ammonium hydroxide were 
added. Barlum precipitate was separated and 
washed twice with water. This procedure gave 
fairly clean samples of barlum isotopes. Seven 
samples were prepared for 12BXe and only one for 
the 12BXe studies. 

Normalized péak areas were plotted as a function 
of the angle between the two detecoors. Figure 1 
shows suth curves for aU cases which were of 
interest in the present investigation. SoUd lines 
are the result of a least squares fit of data points 
to the lunction 

W(8) = .40 +A~P2(cos8) +~P4(cOS9) 

=.40(1 +~P2(cos8) +AtP2(cos9», 

where 

~=t and .4.:;:~ . 

With the glven geometry, the soUd angle correction 
factors were 0.86 for Ag and 0.59 for.4.. The 
values of the coefficients ~ and At, after the cor
rection for solld angles, ar~ listed in Table l, 
together with the spin assignments of the cor res
ponding levels. AU the curves shown in Fig. 1 are 
characteristic Of a 0+ - 2~- O· directlonal côrrela-, 
tion pattern. Although the errors are fa,irly large 
in a few cases, a large ~ value uniquely describes 
a zero spin asaignment to the levels quoted in 
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FIG. 1. Angular correlation measurements of the cascade "Y rays sbown ln the Inset8. SoUd Unes represent least 
squares fltted to the experlmental results • 

..1 
TABLE 1. Summary of angular oorrelatlon measurements in I2Z.I24.128. 128Xe. 

Level Casoade "Y-ray 
Nuoleus (keV) energles Oœ V) Az· A.· Spin sequence 

.0 

lZZXe 1149 818-331 0,2 ~0.2 1.1 :1:0.4 0+_2+_0+ 
124Xe 847 493-354 -0.16:1:0.04 0.32:1:0.05 2+-2+-0+ (6=8!:i> 

1269 915-354 0.23:1:0.12 1.14:1:0.18 0+-2+-0+ 
1690 1336-354 0.10:1:0.20 1.0 :1:0.3 0+ -2+ -0+ 

I"Xe 1313 925-388 0.30:1:0.14 1.-.10 ;1: 0.20 0+_2+_0+ 
lzBXe 1583 U:40-443 0.29:1:0.10 1.05;1:0.16 0+-2+-0+ 

2599 2156-443 0.36:1:0.16 1.10:1:0.23 0+ -2+ _0+ 

• 'l1Ie nlaes quoted molude soUd angle oorrectloos. 

L~,.~ __ ., _____ .. ____ ," _____ ,_. 
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Table L Other possible spin values of 1, 2, 3 or 
, 4 will not eatlsfy these correlation coefficients.~ 
Theoretical coefficients for a 0-2- 0 cascade.. are 
Aa =0./357, A.t = 1.108. As a byproduct of thls mea
surement, the correlation of the 493-354 keV 
cascade in 12txe bas been obtained. Values of the 
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coefficients are Az = -O.lh 0.04, A. =0.32:1: 0.05, 
which glve a value of ô'=8!~ for the 493 kèV transi
tion. 

These O· assJgnments in Xe nuc1e1.,are in agree
ment wlth PQstulatlons of the earller worka. 
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