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Abstract

13405 were investigated

13

The energy levels of

-

with single particle transfer reactions,
135

3CS(d,p) and

Ba (t,=z), and via y-ray spectroscopy studies, 133Cs

7 1
(d,py) and lSOTe({Li,BnT). The 133

Cs(d,p) reaction
revealed twentyfive levels up to 936 keV. The t-values
and spectroscopic factors were extracted for twenty—

three of these levels. Four prominent £n = 2 and three

prominent b, = 0 levels were found. Eleven 1_ = 5 °

n
[]

levels were also identified.
The lssBa(t,c) resction showed nineteen levels
up to 1319 keV, but 2-values and spectroscopic factors

were extracted for only eleven of these levels. Four

strong LD = 4 and seven zp = 2 levels were identified.

High resolution singles and coincidence y-ray

133 130

Te(7Li;3n) reactions
134

studies in the Cs(d,py)-and

gave data on the de-excitation of the levels in

The 133Cs(d,p7) study provided detailed information on

134

Cs.

the levels of Cs. These data provided confirmation

of some of the (n,y) wopk of Alexeev et al. (1973,

»

1878).

13

4 level scheme for -°%Cs was deduced from the

accumulated data. Tentative spin and parity assignments

> \ N
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S
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were made for some of the levels. Simple shell model
- . . S -1
p-n configurations, [ng7/2,9ud3/2) )

1 ' -1
]: [W37/2r(Vh11/2) _]

S [137/2_, v

- ! -1
(vslfz) ,a'nd [“ds/zl(“dalz) ]r

were invoked to -make the $pin assignments. The (d,p)
and (t,a) particle data were used to make shell model

configuration assigaments to some of the energy levels,

Poor agreement between <tThe shell model configurations

determined in <the present study and those assignéd by

Alexeev et al. (1978) was found.
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introduction

‘The nuclear force has been a subject of study
since the discovery of the neutron, fifty vears ago. To
date, aﬁzomplete picture of the nauclear force has not
been Iormulated. Simplified modelé of the nucleus are
used to explain and understand the results of exéerimen—
tal studies. One of the most successiul of these models
is the nuclear shell model..

The nuclear shell médei has been most successful
ir desgribing the s;ructure cf even-even, odd A and
lower mass odd-odd nuclei. IFpll'calcula:ions are more
difficult and restrictions mus{ be imposed to allow the
calculations to be performed f{or heavier odd-odd nuclei
and nuclei far from the closed sheils. One approach to
sﬁell mgdel 9alculations makes use of a phencmenoclogical
effective proton-neutron interaction. . The parameters
describing the efiective interaction are obtained Ifrom
fits‘to experimental level energies. The study of the
odd~odd nuclei is significant since the low-lying energy
levels in these nuclel involve th§ coupling 0% a proton
0 a neutron. As more expe:imentél iﬁformation becomes

available, the shell model calculations can be extended

to nuclel of higher mass and further Irom the closed
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shells. -

134

The Cs nucleus has fiftv-five protons, five
>

‘more thaan the c¢losed shell at Z=30 and seventy-nine

. neutrons, three short of the closed shell at N=82. Many

of the low-lying . levels of this nucleus should be des-

cribable in terms of simple proton-neutron shell model

.
H

configurations. - -, 'é
134Cs is only one of thé odd-odd N=79 nuclei.

The others are -13OSb. 1321. 1361'_.3., l:381=>r, léopm and

1422u. The 130Sb (NXunnelly and Loveland, 1877) %nd 1321

(Fransson et al., 1964 and Yousif et al., 1981) nuclei

have been studied via beta decav. Electron capture

. . 138&. -
studies leading to “Pr (Bultsev et al., 1974) and

140

(03]

Pm (Westgaard et al., 1973) also have been carried

136m .o .
out. The decav of 36 La was studied by Gritsyna et al.

(1966) and Goacharov et al. (1977). The levels of 1501,

135 13°Ba(c,t) reac-

. . ——— - - ) 6
tions (Khan, 1977). The y-ray transitions in 13 La were

studied in the 136Ba(p,n) reaction (Summers-Gill and

. . 3. :
were examined in the Ba( "He,d) and

Oluwole, 19278). The decay of lBGmLa has 2also been

studied in <the 133Cs(a,n) and lJoBa(p.n) reactions

(Summefs-Gill et al., 1980).

Experimental studies have also been done on

.-‘
(&%)
o

Cs .  The spins of the ground state and 2.9 hour



_ lsomer were determined in atomic beam studies (Fuller

1976). ~ Sunyar et al. (1954) studied the decay of
. 7

ls%mCs. The 2.9 hour isomer at 138 keV décays_by“tyo
. y-ray transitions, 127.5 and 138.7 keV. The 127.5 keV

B W SR

transition is followed by an 11.2 keV transition to the
ground state. Sunvar et al. determined the multipolari-
ties for the three ztransitions and deduced the spin of

£, .
the 11 keV state to be 5. T

A number of thermal neutron capture studies have

+

been done. The high energy capture y-rays were measured

by Archer et al. (1966) and Berestovol et al. (1968).
Archer et al. 2lso measured some low energyv transitions
in coincidence with 'the capture y-rays.

Alexeev et al. (1975) conducted a detailed study
133

134 . Y
of “°7?Cs with the Cs(n,y) reaction.. A bent crystal
spectrometer provided very precise determinations of the

y-ray energies. Internal conversion electron measure-

ments were made to determine the transition multipolari-

ties for many of the wy-rays. Gamma-gamma coincldence
measurements . were also made. .;hese data were used to
- deduce the enefg; level scheme depicted in figure 1.1.
The transition multipolarit;es-provided the parities for
the energyv levels. The ordering of the levels and the
placement of Ehe Y-Tray transitions.weré based oﬁ the y-v

¢oincidence, y-ray intensity and y-ray energyv data.

Spin assignments -for the lewvels were deduced from the

”

My,

.



o ?igure 1.1
The 13403 level scheme of Alexeev et al. (reproduced

from Nucl. Phys. A248, 248 (1875)). A circle at the end

@f the <ransition means that the coincidences between

this transition and the low-lying ones have been used
for constructing the scheme. Dashed‘lines are used to
iﬁdicaég'energetically possible transitions'(for which.
multipolarities have -not been determiped) between
opposite parity 1eVels.‘ Dots are used-to‘mark'tfdﬁsiﬁ

tions which were not found but which are necessary to

explain the coincidences obtained.
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multipolarities of, the transitions placed in the scheme.
Alexeev et al. (1278) have also run & limited

shell model calculation to determine the energies of the
. ' e -1 -1
members of Fhe [:g7/2,(vh11/2} J and [wdS/z,(vhlllz) 1
multiplets. After apparent success with the levels of

' 1223?, they interpreted a naumber of the negative parity

13

s .

states in 4Cs in terms og the p-n multiplets from a‘
comparison of the calculated and experimental level-
‘energies. | -

Recently)_a'new review of the A = 134 nuclei was
‘publishéd by Sergeenkov and Sigalov (13?1). Many of the
-spinﬁassignmeﬁts madé by Alexeev et al. (1975) were not
adopted by the reviewers. The p-n configurations
assigned by Alexeév et al. (1978) were adopted by the

X

reviewers. - There appear to bé'numerpus misprints.in the
revié; article,  so fhe~present study makes reference to
the original papers‘rathef than the‘review article.

| ‘The present study was initiated to gain more
information about the energy levels in-134Cs and to-try
to determihe the nature of .the levels iﬁ terms of the
shell model. A number of reactions éan be used to popu-

late the energy levels "of 134

~

Cs.® Three single particle
transfer reactions ;;;e‘-considered, 11§3Cs(d,p), 1353&
(t,a), and 135Cs(d,t). The (d;p) and (d,t) reactions
involve neutron transférs to popﬁlate the 134Cs nucleus.:

These reactibns provide an insight into the neutron hole



™ 4

contributiors to the p-n configurétions for the levels.
. .
The -(t,a) reaction transfers g,prbton from the target to

the outgoing particle. This reaction gives information
on the proton contributions to the p-n configurafions.
Only two of theée'single particle transfer reac-

13

tions were used to study -the levels of 4Cs. Enriched

135Cs target material was not available. 3Both 13505 and
13705 are produced in uranium fission reactious. It is

necessary to separate the two isotopes. Unfortunately,

both are radiocsctive, with half-lives of 2.3 x 10° years

133 13705. In separating the

-

for Cs and 30.2 years for

isqtopes, the apparatus would become contaminated with
137¢s, so no one was willing to provide us with samples
of the enriched 135Cs isotope. The (d,t) experiment
could not be performed with the ‘unenriched material
since the energy leveig-of 136Cs from the 137Cs(d,t)

reaction are not known and the triton groups from tkis

reaction overlap the'triton groups from the 135~Cs(d,t)

reaction. The Q-values were determined from the atomic

mass tabulation of Wapstra-(1977) to be -2.01 and -2.57

13 135

MeV for the 137Cs(d,t) and the Cs (d,t) reactions

resgéctively. The ievels of 13663 would completely mask

134Cs‘since the ground state of 134Cs

-

the fevéls of

would appear at about 560 keV with respect to the ground

statg'of 136Cs.

1

The levels of 3405 were also examined . via two



y=TaY Speciroscopy experiments 133Cs(d,py) and 130Te

(‘Li,3ny). Both singles and-coincidence y-ray data were
collected. The y-ray data from the {(d,py) experiment
greatly augmented;the particle spectroscopy data. The

(d,p) y-ray data provided information about the decay

modes of the levels populated in the (d,p) particle

~

spectroscopy experiment and revealed some levels which

were not directly populated.

130

The Te(TLi,Sn) reaction was performed ia the

n

hope of finding some levels of higher spin which would
not be populated by the (d,p) reaction. The ’Li ion is

capablq of transferring more angular momentum into the

~ - -

TR

nucleus. Unfortunetely, this reaction did not prove as
useful as was expected. Perhaps the reason for this is_f
that:inappropriate bombarding energies were selected for

the experiment. -

i

\énother reaction, 134Xe(p,ny), was considered as
- N 134
a means Of 1investigating Cs. It was possible to
. N . . 134y
obtain targe% material that was enriched 1in Xe but
- .\' .

N, .
but it would \hgye higher abundances o¢f other xenon

.
.

“~. B : R
isotopes. This target material .was very expensive. The
. .

~ -
y-Tay sSpectra from protons On the xenon target would

contain lines from several cesium nuclel, such as 132c5,

i34 136CS

Cs and . Since thére is very little information

available on the levels of these cesium nuclei, it would

be difficult to idenﬁify the y-rays. The y-ray spectira



~

Pl

ﬁould have many close lying‘lines $ince these nuclei
have high level densgity and similar level structures.

It was doubtful whether useful infprmation on the levels
134

of Cs. could be learned from this targect. Since the .

high éxpense for the target could not be well justified
the rgaction was not tried. -
The presqnﬁ study providéd data which are
consisTent with the placement—-and spin gssignments of
many energy levels in the level schemé shown .in figure
1.1. Additiéngl levels were alsco found and placeé in
the scheme (see figure‘s.zs. Shell model configurations
are identified for some of thg_ low-1iying levels. A
discussion of fhe new-level scheme and how it &iffers
from the scheme of Alexeev et al. 1is presented- in

. _ Q
chapter 6. This follows a description o©f experiments

e
performed and the data obtained in the present siudy. -

-

o
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Nuclear Theory

2.1 Introduction

Understandings of the nuclear shell model, the
sipgle particle transfer reactions and the electromagne-

tic transitions are crucial to the gnalysis and inter-

.pretation of the experimental data on the nuclear struc-

ture oi.}sécs. For this purpose a general description
of the thebretical background is provided. Detaiied
mathematical descriptions of the shell model already
exist (eg. Bertsch, 1972 and Brussaé}d aﬁd'Glaudemans,
1978). Simflarly, many works describing the mathemati-
cal detﬁils of direct reactions have been published (ég.
Satchler, 1980); The electromagnetic interactiom is
tréated in many works (eg. Siegbahn, 1965, Preston, 1962

ﬁnd Hamilton, 19?8). _This chgpter gives only a discus-—
sion of the bgéic assumptioﬁs and approximgﬁiops useq in

the models and provides the formulae pertinent to the

. analysis and interpretation of the data.

2.2 Nuclear Shell Theory

The nuclear shell model ‘has been a vefy useful
tool in the study of the structure of nucleil. This
model has helped to explain many nuclear properties such
as spin, magnetic moment, and the ordering of the energy

v

9
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-

levels. : g
The shell model is based on the assumption that
in first order the nucleons move independently in a

spherically symmetric average potential. The three

dimensional isotropic harmonic oscillator potential has:

been used extensively to predict the properties of even-

-~
-

even and "‘odd-A auclei. The shell closures, i.e. magic

numbers,.at nucleon numbers 2, 8, 20, 28, 50, 82. and

126 are obtained by a modified harmonic oscillator

potential - addition of a stroog spin orbit potential
and a flattening of the potential well bottom.
In filling the shell model orbitals, the protons

and neutrons, must obey the Pauli exclusion principle.

~

It i1s expected that pairs of like naucleons occupy the

same level by coupling with their spins aatiparallel.
As each pair of like nucleons couple their single
particle .angular momenta ,j-values, to g}ve zero
resultant angﬁlar momenﬁum, the ground state spin ?éf
odd-4 nuclei must be given by thé spin of' the last
unpaired nuclecn. Also the ground state spin of all
even-even nuclei‘must be zefo. Thus, the model assumes
J=3 coup;ing and that j is a valid quantum number. The

asumption that j is a good quantum number can sometimes

be relaxed, when the particle state is taken as the

‘ - . .
superposition of several (nzj)-states that are close in

energy.



-
-

-

This simple form of the shell modé}‘works well
for predict?ng the ground state properties 6f the even-
even and odd-A nuclei.- It does not predict anything for
"the praperties of the odd-odd nuclei as there is no way
to determine which member of the‘multi%;et arising from.
the coupling of the spins of the nhcieoq§ has the lowest
energy.- Tnis'inadequacy i'n the model 1is du; to‘phe fact
that this extreme single particle model aésumes 0o ¢cor-
relations between ﬁniike nucleons; That is, the ﬁrotons
and neutrons are assumed not.to interact. It is asSumed
that thé protons (neutrons) fill orbitals indepeqdent of
the.number of neutrons {(protons) in the aucleus. The

shell model .can be made more realistic by counsidering

-~

the nucleons 1in cqued shells to form an inert core and
-

introducing a-residué¥ interaction between the nucleons
in the unfilled orbitals.’ The predictions for the
ground épate p;Ope%ties of ‘@vég-even nuclei are not
alteréd by these changes to-the-ghell model.

; Experiméntal studiesAof odd-odd nuclei jusf be-
vond closed cores indicate that the residual idteraction
is~§redomipantly‘a short range attractive force. Anti-
" parallel aqd"parallel angular momentum couplings are
lowered mor; in energyv than couplings to an in between
;;lue ova. A more detaﬁled description of the residual
interaction may be found in Preston (1952).

The Nordheim (1250) rules, as modified by 3Bren-
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nan and Berastein (1960), summarize the effect of <the
residual interaction on the spin multiplet formed by
coupling the spins of the odd proton and the odd neu-

. -

tron. For particle-particle or hole-hole muitiplets,

- the spin of the lowest-lying level of the multiplet is:

jl - j2 , 1f N is odd, and

Jy 2 J, ¢ Lf N is aven, _ :

-

where N = iy * g *&1 T ig 1s the Nordheim number, 3y

*and Js, are the spins of the two particles ‘(holes) and i

}-+

and 12 are the orbital angular momenta of the partiéles
(holes)._.For particle-hole multiplets, the spin of the
lldwest-lying.level‘of the multiplet is jl + j2'- 1. The
modified Nordheim rules have been very sﬁccessful‘ in

predicting the ground state spins of nuclei whose.con--
figurations contain only\particles or holes (Brennan and
Bernstein, 1960). The rule which.predicts the ground
state spins of nuclei whose configurations are particlé-
hole multiplets is less successtul. The Nordheim rules
appear to lose tﬁeir validity when ‘the configurations
&re not lowest seniority. The seniority quantum number
ls the number of nucleons rema;n%ng after the removal of
all pairs of nug¢leons coupled to J = 0 and T = 1.

The properties of many nuclei have been success-—
fully described by shell "model calculations in recent

Years, especially when the number of particles involved

is not large (eg. Wong, 1966). There are several

>
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methods for freating the residuél interaction in these
calculations. In one approach, the free ‘nuclecn-nucleon

. - N ) - e

interaction is assumed for the residual interaction and .
the nuélea: —macrik- elements .are calculated frpm ;he

reaction matrix*jkuo and Brown, 1966, .1967).  -Another— —— *
approach treats the‘interaét;on phenbmenoiﬁgically.
Several forms of the p-n residual interaction have 5een
employed'ip the calculations, e.g. surface delti inter-
action Or gaussian interac;ion} The. form of the surface
delta interaction potential (Green and Moszkowski, 1965)

is:

-

&

ySD1
13
where nij is the angle between the position vectors of

= —dmAgs (R )8 (r -R)S(r -R)

the interacting nucleons and R is the nuclear radius.

The isospiﬁ dependent strengths, An, are found by fit-
tingxﬁwo body ;urface délta interaction matrix elements
to the experimental data over a range of mass numbers.

. The use of a phenomenological interaction has
made it easier to perform shell model calculations where
experimental data are &vailaéle. Many of the restric-
tions that existed because matrices were limited in size
have been removed in <the light nuclei. An effective
Hamiltonian, based on a surface delta interaction, was
determined by Koops and Glaudemans (1977). Maéy calcu- ﬁ‘°;J

lations on (fp) -shell nuclei have been done with this

Hamiltonizan. The level energies in Ni and Cu nuclei



were }east squares fitted to. determine the Hamiltonian.
The shell model calculations of van Hienen et al. (19786)
produced good agreements with .the -experimental spectro-
scopic factors in Fhe Zp;isotopes. - The use of a renor-
malized effective charge\in the calculations well repro-
duced the experimental B(EZ2) values  in the Zn isotopes.
More recently, Shikata et al. (lsﬁlj successiully
described fhe M1 and E2 properties of\many in, Ga gnd Ge
nuclel with the same effective Hamil;onian.

When the mass is larger an& ﬁore partidleé and
10les are involved the caiculaéions become mdre-diffi-
cult. Restrictions are needed because the matricgs
involved are much larger than in the (fp) shell.
Several shell model calculatiqns have been performed in
the light rare} earth region. Wildgnthal (1968) per-
formed extensive calculations on the N = 82 nuclei, for
4 = 138-145. Macphail (1973) ran lowest seniority shell

. : 14
model calculations on the odd-odd N = 83 nuclei, “OLa;

142Pr and 144Pm, with good success. Calculations have

also been done on the odd-odd N = 81 nuclei, 138La and
4 7 _

l‘OPr, by Islam (1973) and Helton (1973).

Recently, Alexeev et al. (1878) performed shell

. . 122 134
model calculations on Sb and Cs. Thevy used a

residual interactiorn of the form:

«

2,2
. . (=r7/r )
V= (Vo * ?l“s) €



where Te = 1741 - (up-cn)} is the singlet operator, Vé
is the renormalized parameter of Wigner forces, Vl is
the parameter of the'singlet force, which is not renor-
malized, r is the relative distance between the gquasi-
particles and. ro is the range parameter. The force
parameters in the residual interaction were obtained
from fits to the levels of the particle-hole configura-
tions.¢ Experimental data from (d,p) and (d,t) reactions
were available =to identify the configurations when
: - : ; 122,
Alexeev et 3l.: (1278) made the comparison for Sbh.
The authors reported good agreement between the calcula-
. , . 122
ted and experimental parity levels for Sh. The
calculated and experimental brénching ratios were found
to agree to about a factor of two. However, no particle

134 X
or “°“Cs, so they

H,

transfer reaction data were available
‘simply chose configurations to suit their conscience.

Configuration assignments to ten negative parity states

. 134 : ;
in “Cs were made from = comparison of the calculated

and experimental level energies.

4 .
2.3 13‘Cs Shell Model Considerations:

The levels in 134Cs are expected to originate

from the p-n coniigurations. involving the five valence’

—
- . -
protons and the three neutrén holes. The neighboring

1
. odd-2 *33Cs nucleus has a 7/2+ ground state (lg7/9



proton) and two close lyving 5/2ﬁ states at 81 And 151
keV (Ledere; and Shirley, £978). Lowest senibrity shéll
model cohsiderat;on§ predict only one 5/2+ stéte due-to‘
a 2d5/2 proton. Low-lving ;fates at 384 f3/2+), 437
(1/2+1 and 60§ (11/27) keV are probably due to:protons
in the 2d3/2, 3;1/2 &nd.lhll/z orbitﬁls, respecEivelﬁ.

~

"2 it o
The neutron orbitals zre 2d3/2, 351?2 and lh11/2

as will be explained in section 3.1.

In the lowest seniority scheme, the. levels of

4
‘13‘Cs arise from the odd proton coupling to the odd

"neutron. The positive parity states arising from these
-~F .

¢ouplings are: (e
R PAE A
[vg7ﬂg,(vsl/2)'1] - 47, 3"
[nds/z,(vds/z)_l] e A
[:ds/z,(vsl/g)_l] - 3%, 2"
[:ds/z,(uds/z)‘l] - 37, 2%, 1%, ot
[wd3/2,(usl/2)_l] -2t "
{nsl/g;(vds/z)-l] - 37,27, 17, 07
[wsl/g,(vsl/z)—l] - l+,'-0+
{’hll/z'(“hll/z)—l] - 117, 107, 9", 8", 77, 67,

~ . + + + + + +

The negative parity states are:
-1 - - .- - - - - o
[“87/2,(\,1‘111/2) ] 9 , 8 , A » 6 ’ 5 , 4 y 3 y -
. "y Lt 76 5T, 4, 3T
{wds/z,(unllfg) ] 8,7 ,6,5,4,3

SCVERSLIEVI o
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-1 - :

{7"51/2:(\’1’111/2) )] -6, 5 . -
[?hll/z,(udafg)-‘l] - 7-p _6-! -g—l 4-

-1 - :
[:hll/2,(usl/2) ] -6, 5. -

The members of the {ng/Z,(uds/z)_l] configuration are

expected to be among the lowest-lying levels in 134Cs

The lowest-lying negative parity states are expected to
1S . - .

. -1 . .

I T T ‘ £i . 7T
arls: from the [ g7/2’(°h11/2) ] configuration he
states invelving the d5/2 neutron should also be found
a4t relatively low excitation since the 5/2+ state 1is

very near .the 7/2+ state in 133Cs.

2.4 Nuclear Reactions

Nuclear reactlons can be lelded into two cate-
gorles, q;rect reactions and compound nucleus reactions.
Compound nucleu; roacnions are characterized by reson-
ances whose widths are of the order of a few electron
volts. Associated with these narrow energv resonances
the time scale on which the processes occur ‘are of the
order of 10—16 sec. ,in compound nucleus reactions, the
energy of the incident projectile is'dist;ibuted over
the whole nucleus. Many different nuclear configura-
tions may be excited and decay back to other configura-
tions. Thus, the initial and final states are generally
uncorrelated as the final state has ”forgotten" the ori-

gins of its formation. The differential cross- sectlons

for compound nucleus processes are usually non—isotro-
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pic. If there are no interference effects, the c¢cross-

sections display a fore and aft symmetry. Large fluctu-

ations in the cross-section may occur as the incident

projectile energy is varied.
Direct puclé&r processeé occur on much shorter
time. scales, of the order of 10—22 sec. . The associated
energy resonanceé are correspondingly much broader, of
'~the order of a few million electron volts. In the dir-
ect reaction, the incident projectile intefacts with
only & few nucleons of the.targetf Thus, tﬁere is a
stfong cgrrelation between the initial and fingl states
- of the struck nucleus. The reaction.cross-sections vary
smoothly with the iﬁcident projectilq energy. The fore
and aft symmetry of the compound nucleu§ cross—-sections
is missing. lThe angular distributions display oscilla-
tory patterns akin to the diffraction patterns observed
in optical phenomena. The shapes of the angulaf distri-
butions depend upon the orbital angular momentum of the
transferred particles. Analysis of the angular distri-
butions provideé information on the z-values of the
transferred nucleons and the spectroscopic strengths for
the levels populated. The spectroscopic strength gives
a measure of the overlap of the final nuclear state with
the t&rgeé nuclear state and the transferred_particle

occupying a shell model state.

Single particle transfer reactions, stripping

o
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and pick-up reactions, have been used extensively <o
obtain nuclear structure information. The stripping
reaction transfers a npcleon from the -incident projec-
tile to the <target nucleus and the pick-up reaction

rransfers a nucleon from the target to .the incident

projectile. _ ~-

2.4.1 Distorted Wave Born Approximation

The DWBA model is very usefulf in the analysis of
direct‘reaction experiments. Many detailed descriptions
of the DWBA model have been written (e.g. Satchler,
1980, Austern, 1970 and Jackson, 1970), so it is not
necessary to preseant moré than a brief description of
the nodel ﬁnd its basic assumptions in this work. éo
treat the direct reaction process ekactly requires
knowledge of the exact nature of the‘ nuclear Iovrce.
Also full anti-symmetrized many-body wavefunctions and
many-hody matrix elements present formidable complexi-
ties to the calculations. Some approximations and
assumptions are™ required to perform the cg;gulations.
These approximations reduce the many-body q;antities to
manageable p;oportions. The epproximations are accom-
plished with the use of the optical model.

For a reaction A(z2,b)B, the transition amplitude

has the form:
- 3"

3=
rx d rb

8-l Vox T ¥pa = P

»

_ L) RO
? =son < p 0.y > d



20

where the subscript, x, denotes the transferred parti-

“cle. !é') is the outgoing wave and °p is the wavefunc-

ad
.ving the target, A, and the incident projectile;, z. It

~ tion for the final state. v(*) is a wavefunction invol-

is an exact solution. to the problem and contains in-
formation on all of the possible reaction processes,
such as elastic and inelastic scattering and particle

transfer. va describes the interaction between the

outgoing and transferred particles. VbA denotes the in-
teraction between the outgoing particle and the target
nucleus. Uy represents'a. distorting potential. " The

transmission amplitude used -in most DWBA calculations,

such as the computer code, DWUCK4 (Kunz,'1974), has the

form: i
- (=0 . (+) L3 3
T .I !? < °a | Vbx(£)7] 0, ¢ > L q”rx d Ty
where °A is the target' wavefunction, % is a wavefunc-
tion for the projectile (internal). In this transition

amplitude for DWBA_calculations, the~eiact wavefunction
has been replaced by a.product of the wavefunctions of
the target, the projectile ground sfate and a distorted
wave to reproduce the elastic scattering dafﬁ. Alsq the
interactions represented by vbA and Ub have béen omitted
because -the interactions are ﬁpproximately- equal, so

vbA - Ub = 0.

It is assumed that the single particle transfer

reaction is much weaker than elastic scattering. Single
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particle transfer reactions are treated as first’ order

perturbations’.of the elaftic scattering process. Usual-
1y this is the case. - .
The cross-sections are calculated with an opti-

cal model potential. This .requires that the distorted

.

waves be wavefunctions' of the optical potential. The
2—-4kﬁ$:fof the optical potential’ which is used in the
. . o .
calgulations is: -

V(z) = Vo o+ VO£(Xp) v 1[WHPE(X) + Wy (dE(X))/eX)]

R =V J/T)(AT(X ) /X ) (Le3)

- -

«
£(X;) = 1/[1 + e ']

X. = (r - roiAl/s)/gi‘f(i-=.R for.real,'quor imaginafy

ot

&

- ' R and so for spin orbit)
" >

where VC is a Coulomb potential for a spherical charge

distribution of radius r_ a‘/3,

V is the real well depth for a volume Woods-Saxon

potential,

W is the imaginary well deth for a 'volume ¥Woods-

Saxon potential, "

WD is the imaginary depth for. a surface Woods—

Saxon poténtial,
Vso is the well depth for a spin orbit potential,

Toi is the potential well radius parameter,

ay is the potential well diffuseness and

-
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A is the mass number of the target.

The parameters of the optical model are selected
to reproduce fhe elastic¢c scattering crosé-seétions. The
. elastic scattering data determine the wa#eﬁnﬁctions of
the projectile outside -bf the region of the nucleus.
Any wavefunctions with the same phase shifts at large‘
distances from the’hucleus will reproduce the ;lastic
crqss-sectioﬁs, However, these wavefunctionslcan give
very 1diffefent DWBAJ reaction cross—secti@ns. " Thus,
these ambiguities id thexopfical model parameters lead
- to uncertalntles in- the DWBA cross:sectlons.

The experimental cross-sectlons, for: the strlp-
'ping reéction that"transfers a :nudieon to ;he {ne3d)
orbltal of the targ°t nucleus, is-related to the dis-
torted wave. Born approximatlon (DWBA) cross-sectlon by‘
- B . ) : : v
‘;NS\ ' .gJ 1+¢1 *dq-DWBA

= =Sy —— —
da . . . 23 + 2'-- :

jdc exp

nej - T - 2J$,+.l da nej:

. . ' ‘ t
where JA,is thp spin of the target, JB is the spin of

the final state, and j is the spin of the transferred
uucieon. Snzj(gB) is the spectroscopic factor for the
fidal state. N is a normalization factor which aepends
upon the types of incoming and outgoing particles invol-

ved in the reaction (1.55 for the (d,p) reaction). The

corresponding relationship for the pick-up reaction is:

o
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‘;‘u - .
dg ©XP N ds DWBA
— = — S_,.(Jdg) — . .
da . 2+ 1 azj ’B dn .
agj : nij

. 7 1 .

. . . . ]
The normalization factor:® for the (t?a) reaction Zs
usually taken as 23 although the best value is sbmewhat

uncertaia. : -
For this work, DWBA calculations were pefformed
with the computer code, DWUCK4 (Kunz, 1974). The compu-
pér code uses.a zero range approximation. The 6-fold
integration for thé-transition amplitude is reduced to 3
3-fold .integration by, éssuming‘ Vbx(z) ao(z)"has zer;
range. Finite range effects are treated with 2 local
energy approximation (Buttle and Goldfarb, lé&é). The

non-locality of the optical potential is also included

iz the computer code (Perey and Buck, 1962).°

2.4.2-Snectroscpnic*FacFors

The spectroscopic factor countains all of the
structure:ihformation. It is a measure of the single
particle component of the” final state. The Spe?trosco—
pic fac;or‘represents the overlap of the f{inal nuclear
state and the initial nuclear stete coupled to thne

transferred nucleon, i.e.

- g
S = [ vi_C)‘gtn 1 ¥s >17,

where Yo Teny and ¥, are the wavefunctions of the tar-

™

get nucleus, the transferred nucleon, and the ?esidual
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nucleus respectively. 'mueC)symbol represents the anti-

"s¥mmetrized vector coupllng of the two wavefunctlons.

The same Spectroscopic factor appears in the pibk-up and

stripping reaction eéxpressions relating the_cross—sec-_

tions. The pick-up reaction Spectroscopic . factor -is"

identically equal to the stripping reaction spectrosco-
pic factor since only the overlap of the initial and

final wavefunctions is involved.

Tm

-~ .

There are two useful’ sum rules that can be ap-

'

plied to the spectrdscopic factors. The_sum rules— £&7
_ 23

-

" stripping and Plck-up reactions are:

275 +1 h .
- 5 e zj(JB) = Nz (strlpplng)
B “°4 |
; 1395 =80 (pick-up)
B

ey

h . - . . . C
where N1 1s the number o?® holes in the orbital, n:j, in

tzg target nucleus, and Nf is the number of particles in
tite orbital, neJ, in the target nucleus. It should be
noted that both of these 'sum rules are 1ndenendent of
the spin of the final states as one experimentallv
peasure; ((2J +T)/(°J +1))S ae in Stripping reactions
and the facuor (2J *l) does nou appear in the sum rule

for plck-up reactlons. The energy centroid for the

‘levels with & particular (ngj)- value is glven by: ¥

RS



- lhll/° orbitals are expected in the (d,p) reaction. ‘The

]
[#]]

- -

[z ((20571)7(2J,+1))8, () E(Ig)]

Enzj = JB ' (stripping)
[3 ((2JB+1)/(2JA+1)JSn1j(JB)l
B a
i-f? . EL | iek— '
Ene s L Sheildg) u(JB)]/{E Snzj(JB)] (pick-up)
B . B
y The l34Cs nucleus was populated in two separate

133

. . . ) . 4.
single partzcle'transfer reactions, the Cs(n,p)13 Cs

135

'and the, Ba(t}a)l34Cs reactions: _The‘(d,p) reaction

transfers a neutrod from the incoming deuteron to ‘the

LsoCs target. The low-lying energy levels that are

populated in the (d,p) reaction shéuld originate from

the coupling of the ground state proton configuration of

the 133¢5 target ~to, the transferred neutron. The grouﬂa_
133 . . . A ’

state of Cs is known to Have spin 7/2 (Lederer and

Shirley, 1978). 7+ is believed, from nuclear shell

v - -
model considerations, that this 7/2 ground state 1is due

to & proton in the lg7/9 subshell. It is shown in sec-

tion 3.1, that 1q—values of 0, 2, and 5 corresponding to

_neutrons filling vacancies 1in the 3s,,,, 2d " and

3/2° -

-

spins of the levels resulting from the coupling of the

odd ground state proton in the- 133Cs target to tThe

transferred neutron are: -

"'lr - +

[387/2;(\’51/2) I- ".4" !3

.- -1 e
[737/2',(\’03/2) ] - D‘ s = ,3 § -

ce | -1y L g- 8" 77 67 57 47,337,237
., [”gT/zf(“nll/z) ] 9,8 ,7 26 5,4 ,3-,2 .
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The (T,x) reaction removes a proton from. the
135 13

odd-N nucleus Ba. The low-1lying levels of 4Cs that

~

are populated in this reaction are. expected to result

from the coupling of the ground state neutron hole con-

135

figuration of. Ba and the odd proton that remains when

one proton is picked up. The ground state spin of the
133 . . + . . . .. i

Ba target is 3/2 , which is exbected to arise from =
neutron nole in the 2d3/2 neutron orbital. The discus-

sion in section 4.1 shows that f,-values of 2 aad 2

coresponding to pulling out a proton from the 2d57 5

.1g7/9 orbitals are expected for <this reaction. The

spins of the levels arising from the coupling of the odd
135

ground state neutron hole..in the Ba target to the
_transierred protoa are:
-1 N T
T - 4 2
. [Tg‘,/zv_(\"ds‘/2) ] 2 » X |3 *
1 + + + +

- [wds/z,(udsfg) ] - 4,3 ,2 ,1 .

)

Thus, not all of the configurations shown in_section 2.3

are expected to be populated in these single particle

transfer reactions.

. 133
P There are four neutron holes in the Cs target

SO the total spectroscopic strength is expected to be.

four in the 133Cs(d,p) reaction. There are six wvalence

135

protons in the Ba target so the total s.eétroscopic

streagth should be six in the :9°8a(t.s) reaction.

: »
2.5 Electromagnetic Transitions
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The electromagnetic operators are weli known and
the electromagnétic interactidn is well understood. ‘The_
study of electromagnetic <tTransitions bgtween nuclear
states can p}ovide information on the spins and paritiesg
of the levels. The moaes of‘electroﬁagnetic transitions
between levels placé constraints on the pbssible spins
. of the levels.

Electromagnetic transitions” between nucléar
levels oc¢cur as electric or magnetic'interactions. The
electfom%§hetic'bperators governing these interactions
are easily expressed in terms of spherical harmonics.

The nuclear structure information 1is contained
‘in the matrix element of the initial state, |i>, the
appropriate electromagnetic operator, Qiu, ;nd the final
state, If). Thesé matrix elements are related to zhe

transition probabilities in the following way:

B8x (L+1) l) m)“ _
T. . (o,L) = == B(aL,J.~J,)
U pewn? fx( B

where ¢ is the type of radiation (electric or magnetih),

L is the multipolarity of the transition and B(cL,JifJf)
is the reduced traasition probability:

., <

- = + ' . G PO -
B(oL,J =J) = 1/(23, + 1) oy [T ML) R 1T M
' i

y iTE
by

The subscript, u'(=Mi—M:). is the z-projection of the
£
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angular momentum carried away by the photon. The
transition probability .assumes that the wavelength,

9¢¢c/w, of the photon is much larger than the nuclear

. N 2
dimension, R. ‘

The transition probability is commonly expressed-
in terms of Weisskopf units. The transition probabili-
" ties for some low order multipoles are as follows:

1.50 x 1014‘A2/3E3 sec”! for E1

3.15 x 1otd g3 sac”t for M1 )
s _

7.25 x 10 A4/3E$ sec™t for B2
2 3 - N

1.20 x 10° 2?97 sec L tor M2
. ) ‘

1,10 x 10° k{g; sec™! for E3

where E 1s fhe y—-Tay energy- in MeWw and A is the mass
number of the nucleus.

The probability of detecting prompt colncidence
events'between-yérays feeding and de-exciting 2 staté
dependé upon the lifetime of the fed state. The
Weisskopf estimates of the transition probabilities show
Qhat the lower order multipoles are expected td‘do%inate
T—{ coincidence events since these multipoles usually
have larger transition probabilities; However, transi-
tion probabilities may be enhancéd or retarded from the
Weisskbpf estimates allowing higher oyder multipoléé to
cémpete with lower order multipoles. The mean 1ife of =

. . .

state 'is the inverse of the sum of the transition

probabilities, SO prompt coincidence events are fewer
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for states with longer mean Llives. Essentially nq.
prompt coincidence events are detected for states with
mean lives of the order of the coincidence resolving
time since they are masked by the chance coincidence
events.

/’ ) Selection rules which govern the multipolarities
oﬁ elgctromagnetic'transitions hetween states are:
i) conservation of parity: -

. -

: L . . s

(ﬁiwf) = (-)" for electric transitions,
L+l . .

(=3 for magnetic transitlons,

~ (T\'i-lf)
ii) conservation of angu;gr momentun:

13, - Jel L L T+ T,

a ,
. These selection rules prevent electric and magnetic

multipoles of the same order from competing with each

other in a given_}ransitibn. Additional selection rules

aTise from the applicafion of different nuclear ﬁodels.
Transition multipolarities are determined from
internal conversion electron and y-ray angular distribu-
. -

tion measurements. The internal conversion coefficient

is the ratio of the probability of electron emission to

the probability of y-ray emission. The conversion coef-
- ficient depends upon the multipolarity and the energy of
+he transition. In the A = 134 mass region, the inter-

nal K-conversion coefficients for M1 and E2 transitions

are similar for y-ray energies between about 130 and 400
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45
The angular distribution of The y-ray transition

is given by:
2

W(9) = 4 * 4,2, (cos 3) +‘A4P4(cos 8)
. where W(8) is the detected vield of the y-ray,
§2'4t005 8) are Legendre bolynomials;
AO.Az,A4_are coefficients charactérized by Ji’ Jf
and the transition multipolarity and
9 is the angle between the detector and the beam
direction. When a nuélear state decavs soon

enough after the formation of the sState that the nucleus
does not undergo re-orientation in random atomic magne-
tic fields, Az/ao and A4/AO are close to their full
theoretical values..- Since there is anisotropy in the -

y-radiation pattern, singles y-ray vields are usually

measured near 125° to the beam direction because Pz(cos

-

1250) is zero and A4 is small compared to Azf'

~



~Thre233cs(d,p) 13%s Reaction

-

3.1 Introduction

The single particle transfer reaction 1s known

to be a useful tool for “probing the structure of the

. Q
nucleus. - Both the stripping and pick-up reactions =are

widely used and well undenstood. These reactioﬁs‘pro-

vide information on the low-lying energy level structure

of the resultant nucleus, the orbital angular momenta,
zJ%alués,_gf the transferred nucleon, and -the spectro-
scopic strengths of the energy levels.

An examipation of the neighbouring N = 79, even
Z nuclei provides information concerning the nature of
the levels expected to ﬁe pqpulated by the (d,p) reac-
tion. Since > Xe, 1345 and *3°Ba Bave the same number
of neutrons, the same neutron orbitals shoufd be occu-
pied for‘the low-lying states. The low-lying states of
133Xé and 1358& should arise from thé odd ﬁeutron occu—

pying shell mgdel orbitals.

The ground states of l33Xe and lasBa_have g spin

of 3/2+ (Lederer and Shirley, 1978). Thg‘134Xe(d,t) ang‘
lSéBa(d,p) experiments show that both ground states are
- strongly populated by 2, = 2 neutron transfers (Schneid

and Rosner, 1966 andgvon Ehrenstein et al., 1970). A

31
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133

level with spin '11/27 is observed in Xe at 0.233 MeV

and in 13552 atv 0.269 MeV. The -3%Xé(d,t) experiment

>
populates this level with an ~1n-value of 5. Also a
level with 'spin 17é+ occurs at 0.263 Me¥ in 133¢e while
in 13°Ba this level has an -energy of 0.221 MeV. This

"

spin 1/21 level 1is populated by an ;n-value of O‘iﬁ the
heutroa transfer experiments. ¥
This shows that the 3/2% state in '33%e and
135 < B
Ba originates from a 2c13/2 neutron orbital in the
shell model scheme. The 11/27 state would be identified

-

as the lh,, ., neutron orbital and the 1/2° state would

be-the 331/2 neutron orbital. The orbitals that are

133

expected to be populated in the Cs(d,b) reaction are

P

thus the‘st/z, 351/2 and lh11/2 orbitals, correspondiag

to £n—values of 2, 0 and 5, respectively.

3.2. Experimental Set-up

T‘33Cs(d.p)13~’Cs experi-

P fhe targets used iﬁ.the
ment were made f;om CsNO3 deposited on carbon, Cesium
thas only one stable 1isotope. A chemically very pure
sample was Qurchased from Alphe Division of Ventron Cor-
poration. Since cesium compounds are highly soluble in
water and generally very-hygroscopic, the thin carbon
backings were floated off from their glass slides and

mounted on aluminpum frames pfior to depositing the_CsNO3

on the backings. The cesium nitrate was heated in a”

L
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v
tantalum crucible and deposited on the carbon backings

by vacuum evaporation. The nominal thicknesses of the

target and bicking were 30"ug/cm2 and 20 ug/cmz,

»

hS
respectively.

Tpe_odd—éad nuclei in this mass region have high
energy level densities. It is important to have as good
energy ?esolution as possible.. fhis requires a very
stabie monoenergetié beam of'deuterons; The McMaster
van ée Graaff accelerator was used to provide such a
beam o©f deuterons. The deuteron beam energ§ was 12.0
MeV. This choice of beam energy gave the deuterons

v -

enough energy to overcome the Coulomb barrier of the

13304 -nucléﬁs. The energy was chosen such that the

peaks from the 28

Si(d,p) .reaction obScure@ parts of the
specfrum at as few of the angles for which data were
collected. The beam current on the target was tyﬁically
1.2 to 2.0 u4d during this experiment. .

To further ensure that good energy resolution'
can be attained, 1t is necessary to have a well col-
limated and §harply focused beam on the target. There
are surface irregularities inherent in the target. A
well collimated beam prevents the beam from wandering
very far across .the surface of the target.

| A set of collimating slits was placed at the en;

trance to the target chamber to define the position of

the beam. The horizontal and verticel dimensions of the
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aperture were 1 mm by73.5 mm. Thié'prevehted the Dean
spot from moving very far across the target. A farad#y
cup was placed at 0° to the beam direction to act as &
béam'stqp and to monitor the Dbeam current EACLdent on
the taréet. A current digitizer was éonnected to the
faraday cup so that the total accumﬁlated charge on the
‘cup could be determined. ‘A_solid state silicon suriface
barrier detector with a depletion depth of 1 mm was
placed at -30% to the beam direction. A tantalum aper-
ture Qas placed in froat of this detector to define tn;
solid angle subtended at the detecto;. The detector
'subtended a solid angle of 0.13 msr. ~

o This detector was used to coupt the deuterons
that: were elastically-sc&ttered from the cesium nuclei
at -30° to the beaﬁ direction. A TN 1710 %ultichannei
analvzer was used to collect the counts from the'surface
barrier detector.

Tﬁe protons were momentum analvzed in an Enge
magnetic Specfrograph. The entrance aperture of the
magnet was adjustedj{o zive a solid angle of 1.3 msr.
?he_protons were detected on Ilford‘KS nuclear emulsions

which were mounted in the focal plane of the spectro-

graph. Aluminum absorbers of 3/3 mm thickness were

’
-
e

placed 1in front of the emulsions. The absorbers were
thin enough to allow the protoas to penetrate to the

emulsion but neavier particles with the same magnetic
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rigidity, mv/g, as the protous would be stopped in the
absorber. Th; exposures were taken for an integrated
chﬁrge that varied from 9000 ;C at 7.5% to 18000 wC at
_750. ‘The emulsions were scanned in 0.25 am SIrips with
a micreoscope.
| In aadi;ion, short duration elastic exposures
werelcollecteﬁ. For these exposures, the solid anzle at
the éntrandg to the spectrOgraph was reduced to 0.104
msr. Ilfor&xKS emulsions were -used to detect the deu—
'terons,but no.gbgorbers were u§ed. Tﬁe elastic'scags
tering data weré collected at a laboratory angle of 300.

The elastic exposures were collected for _an integrated

charge of about 5 uC.

3.3 Data Anal&éis

-

The reaction and elastic cross-sections are

related to the number of counts in a peak as follows:

- .

h
e
ct
&

Q )
FON = e ——— =— AQ (L
" Ze

where -
N is the number of counts in a peak
Q is the total accumulated charge
7 is the charge state of the incident particles

e is the electronic charge

i
o

is Avogadro's aumber



.

W is the atomic weight of the target

%g is the differential c¢cross-section

a2 1s the solid angle subtended -at the detector

¢ »
f is the fractional abundance of the isotope and
t is the target thickness jexpréssed as a
. surface'aensi:y).
The absolute reaction cross-sections can be
determined without the knowledge of the target thickness
-

if data are also collected simultaneously for elastic.

scattering. The relative reaction cross-sections can be

determined f{rom the monitor counts as follows:

Lemul gg) ' ( )emul

_reac _ (da reac reac (2)
mon da mon ) _ -
Nel (dn)el (QQ)

where the superscripts and.subscripts denote the reac-

o~

tion (reac) scattering yields on the emulsions (emul)

and the elastic scattering (el) detected in the moaitor
(mon). Similarly the elastic scattering.vields on the

L4
emulsions give: : . )

——

d T
N:Tul (38) o1 (An)iTul :
—_ = - d (3)
mon d o
\ ' Nel ' (d;)el' (An)m i

Dividing equaticon (3) into equaﬁion {(2) gives:



37

emul ymon e (ﬂq)émul
“reac _ “el _ ‘di‘reac. ~* ’reac R
emul mon, . dg : ~yemul O . A
) Ne1 ' @Re1 (&Q)e; - T

from which the absolute reaption cross-sections c¢an be

calculated. The elastic scattering cross-section 1is

obtained from 6ptiéal model calculations with the compu-
. ¥
ter code DWUCKZ (Kunz, 1974). The elastic cross-section

-

given by DWUCK4 differs from the Rutherford scatteriag

cross-section by about 2% at 307 for 12-MeV deuterons on’

lSSCS

*

The automatic peak-fitting computer coge SPECTR

{QO'Neil, 1970) was used to extract the'peak_areas and

peak positions from the experimental data. The computer

code utrilizes a skewed gaussian function coﬂsisting qf
the sum of a gaussian function and an exponential func-
tion. The purpose of the exponéntial functlon 1is to
provide a "tail" on cne side of fhe gaussian function.
There are two main con£;ibutors to this "tail": Impro-
pef location of the detector with respect to the  focal
plane can casuse a "talil" on either side of the neak.
This is usually less important than the other source of
the "tail", straggling;

The width of the peak and hence the energy reso-

\

lution are also affected by the aforementioned contribu-

tors to the "tail". The energy.- variation due to the

different stopping power , dE/dx, curves of the proton

L)



38

and deu;eron also affects the energy reso;upion. The
energy of the outgoling p?otops‘ in the {(d,p) reaction
varies because the depth in the target at which the
reéction occurs varies.

The -form of the functién used by the computer.

code is as follows:

o

-(x-xo)z/Gz -(x-xO—GG)/A :-(x—xo)zfdG
y(x) = H(e + se {(l-e DD

where:
H is the height of the peak

-

X5 is the position of the gaussian'centroié'
G, GG are gaussian width pa}ameters

s is the parameter specifying the contribution

of the exponential tail and,

A’is the exponential decay constant.

The exponential term 1is only calculated for (xfgo) > b
or < 0, depending on which side of the peak.zgg "tail”
is located. - h ’

Thesé. parameters are selected to beét. fit =a
fchésen sample- pesak. Then, with the shape fixed, the
computer code performs a non-linear least squares fit
.over, the spectrum. A spectrum taken at 20° is shown in
figure 3.1; The energy resolution of the spectrum was

= 13 keV.. The typical errors in the experimental cross-

sections were about 10%. The error estimates account



%

Figure 3.1

133Cs(d,p) spectrum was ta#gn at a laboratory angle

The

of 40° with a beam energy of 12 MeV.

F3
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for the error in extracting the areas of the peaks and

)///é oss-section. s .

To extract the i-values and the spectroscopic

uncertainties in the normalization for the ‘absolute

rac'tors from the experimental -angular distributions,

DWBA calculations were needed. These calculations were

performed,with the comﬁutef‘code DWUCKZ (Runz, 1974).”

)

The optical model parameters used are shown in tadble

3.1. The deuteron optical  model parameters were

-4

- extracted from a systematic study of eladstic scattering

differential cross sections and polarizations (Loar and

- - . . ‘
Haeberli, 1974). The proton parameters were obtained in

a2 similar manner from the, systematic anal{jis by Bec-

chetti and Greenlees (1969). The neutron parameters are

also frém an analysis bg Beccheéti and Gfeenlees. The
neutron well depth was a {free pﬁrameter adjusted to
reproduce the neutron binding energyv. Non-local range
corfections were made  to the calculations. The nonlocal
range.parameters of 0:84 fm for the groton (Perey and

Buck, 1962) and 0.542 fm for- the deuteron (Bassel, 1968)

- -~

. were used. The normalization factor which appears in

the expression relating the experimental to the DWBA

differential cross-section in @gection 2.4.1 was zdopted
us 1.53 from Kunz (1974).

Differential cross-section calculations were

h)

pérformed for ln = 0, 2 and 5 corresponding to 351/2,
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2(:13/2 and 1h11/2 neutron tiransfers, respectively since

it was seen earlier that these were the zq-values expec-

--téd.in the 133Cs(d.p) reaction. an-valués of 1, 3 and 4

.wereinot considered fbf these iow—lying states becaﬁse'
no neuﬁron holés in p, £ or g orbitéls Eeré expected
from shell model - considergtions. The discussion in
section 3.1 indicated ,that 2= 0, 2 and 5 are the

1-values ﬁhat are expected for the low-lying levels in
134 s . .

Cs. Angular distributions.were generated for centre
of masé,angles between 0% and 90° in. increments of 2.53°.
The @Rlculations were performed for three excitation
énergies, O, 500 and 1000 kaV, The change ina the
'differentiai cross-sect;ons over this range of excita-~
tion enefgies was less than 5%.

. .The calculated angular d;stributions for zn = 0,
2 a2nd 5 show charactérigtically different shapes. This
allows unambiguous assigaments of 1n—values to states
disp%aying these shapes. The experimental angular dis-
tribufions were least squafeé fitted with the DWBA cal-
culations and the 1n—values and the spectroscopic fac-
Tors were extractedf None of the levels were success—
fﬁlly fitted witp incoherent mixtures of ¢ = 0 + 2
which indicates an absence of significant-mixing. The

angular distributions and their DW3A fits are displaved

in figure 3.2. A summary of the zn-values and  the



Figure 3.2

The &angular distributions and their DWBA fits (solid

- curves) for the levels populated in the 133Cs(d,p)

reaction with 12 MeV_deuterons.
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Table 3.2

44

Energy levels, zn-values, and Spectroscopic Factors for

the 33cs(d,p)13%s Reaction

Energy * n 2Jf+1

(keV) 3

25, +1

0 +2 2 0.46 + 0.06

11 2 2 0.69 + 0.11
60 2 0.61 + 0.08

~ 140 22 .5 0.47 + 0.09

174 +3 2 0.35. + 0.06
191 +3 0 0.13 + 0.02
207 +3 2 0.057 + 0.018
235 +2 0 0.14 + 0.02°
263 +3% 5 0.37 + 0.16
344 +2 5 0.16 + 0.06
377 +2 0 0.32 + 0.05
435 +2 5 0.21 + 0.07
455 +2P 0 0.019 + 0.008
501 +3 0. 0.009 + 0.004
520 +3
580 +3
623 +2 5 0.29 + 0.09
691 +2 5 0.50 + 0.16
720 +3 2 0.020 *+ 0.012
742 +3 5 0.27 + 0.07
782 +3 5 0.21 + 0.06
830 +3 5 0.18 + 0.07
911 +2 0 0.038 + 0.012
936 +2 5 0.24 + 0.10
: unresolved 257 and 267 keV doublet '

possibly doublet



spectroscoplice factors are presented iﬁ table 3.2. - The
differential cross-sections for eaéh of thé‘energy
levels identified are tabulated in appendix A.

Four prominent e, = 2 and eleven (since the 263
keV peak listed in table 3.2 is 2 "doublet) Significant
0= 5 spates vere observed in the (d,p) reacti?n. The
~presence of three ‘rather than 2}0 strong 2n'= 0 states

-~

indicate that sonme fragmentation of the spectroscopic
strength .may have occurred. In addition, there are a

number of weaker states. The nature of these states is
. . . ' E
quite uhcertain, given data from the (d,p) reaction

-

alone. The only significant impurity peax in the
1
spectra was from 28Si(d,p)'. The emulsions were scanned
- ~—

up to about 1300 keVAexcitation for aboﬁt 1/2 of the
angles. Many peaks appear above 936 keV but none were
positively identified as belonging to 134Cs

The total observed L, = 2 strength in the 133Cs (d.p)

reaction is 2.2 while the total 10= 2 strength in/thé
134Ba.(d,p) reaction was 1.73 (von Ehrenstein et al.,
1970). The £, = 0 strength in the 133Cs(d,p) reaction

'is 0.66 which is comparable to the-value of 0.46 found

by von Ehrenstein et al. (1870) in <the 1-3433(::{,13) reac-

tion. The total observed Lo = 5 strength in the 133Cs

(d,p) reaction is 2.9 but no comparison with the 13483.
* ~™

(d,p) reaction can be made because the 2o = 5 level was

not identified in that reaction.
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The sum over all‘in-values of the spectroscopic

133

"strengths 1is 5.8 for the Cs(d,p) reaction. The sum

rules predict that this should be equal to the number of
13 '

neutron holes in the 3Cs target, which is four. The
disagreement suggests that the DWBA_cfoss—seétions are

too small or that the experimental cress-s2ctions are
toQ large:

133,

Comparisons of the centroid energles of Xe,
13555 and in 13405 sor ¢, = 0, 2 and 5 are shown in
table -3.3. Qualitative agreementi.is found for the

locations of the centroids for ‘each in—value.

\/4
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- 2 3.3
‘ Centroid Energies of l33Xe, 1353@ and Cs for ln = 0,
2 and 5. ‘
133Xel) - 134,.2) 1353a3)
(d,t). Energ? (d,p) Energy (d,p) . Energy
T . .
J .iin (keV) 2, (keV) n (keV)
3727 2 0 2 57 2 198
i1/27 s 233 5 543 a .269
127 0 263 0 344 0 292
1) Schneid and Rosner (1966).
_23 this study.
3) von Ehrenstein et al. (1870).
2

The 269 keV level in +°°ga has spin 11/27 (Lederer

and Shirley, 1978).



_ neighboring odd Z, even N nuclei,

The 1353&(t,ﬁ}134Cs Reaction}

4.1 Introduction

Another approach to the étudy of the léw—lying

levels of l34Cs LS‘provided by the 13

tion. fhe-low-lying states of 13%05 are populated by

sBa(t,d)}S%Cs reac-—

the removal of one of the siﬁ protons beyond the Z=50

135

closed shell. The ground state of Ba has spin 3/2+

- (Lederer and Shirley, 1878) and was observed in the

13

4Ba(d,p)lssBa reaction to ﬁe populated by an'in 2

ﬁeutron transfer. The ground state of ;3sBa conforms to
2 peutron holé in the 2d3/2 orbital.
The shell model orbitals occupied by the six

valence protons can be ascertained by qeiamining the

133C3, ;SSCS,'137CS,

133 13 13

La, 7La and™ gLa. The ground states of all but

135La have spin 7/2+ and their first excited states have

spin 5/2% (Lederer and Shirley, 1978). However, the

first excited state of 137

-

La is only at about lp keV, so

the: ].g.?'/2 and- 2d5/£- proton orbitals are very close

135

together. The ground state of La is 5/27 but its

first excited state at 119 keV is 7/2+.'.Proton.tr£gsfer

13705 and 139La

. - -
(Wildenthal et al., 1971). The ground states of 137¢s

data is available for two N=82 nfuclei,

47
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- 13

1 - ’
3nd.‘39La are populated by & = 4 rgton transfers in
DOT 5 p .

lqug(sﬂe,d)" resactions, with

The lssBaid,sﬁe) and

strengths of 3.57 and 0.54 respectively.  The first

excited states of these 1Wwo nuclei, 137¢s and lsgLa

r

are ip = o with strengths of 0.71 and 0.90 Téspectivély.'

4.2 Experimental Set-Up

_In the discussion on the (d,p) reaction it was
nbted_that the odd-odd nauclel in the A=134 mass rggion
have high level densities. This nécessif&tes the use of
a-stablé monoenergetic beam of particles whiqh.is~weil

‘eollimated and sharply focussed on the target. Nega-
tively charged tri;ons were produced in a Middleton type
sputter source and iccelerated to 15 MeV b§ the McMaster
tandem van de Graaff accelerator for.this purpose.

This beam energy gavé the tritons enough energy

L)

+o overcome the Coulomb barrier for l3°Ba kept to & min-

imgm the number of angles at which'peaksfﬁrom the LSO

(t,d) reaction obscured p;rts of the spectrum.
Isotopically enriched 1358&0 deposited on a car-
von foil. backing was used as a target. The isotopnic”
‘compositions of the target, given in table 4.1, are
-those stated by the supplier (Union Carbide Corpora-
+ion). The target material was obﬁained in the form of
135Ba(NOB)é. The barium nitrate was heated in a tanta-

ium crucible to form BaO. The barium oxide was then

-~ -



Table 4.1

Isotopic Composition of 13580 Target

TR

‘Isotope - Af&mic Percent Précision
‘ ‘4 1305, <0.01
132g, ‘ < 0.01 -
‘ 13%33 | 0.36 | +0.05
| °13535 ' . 93.60 §.01
iseB&. . 1.6l 0.05
_ - | 0.876; | 0.05
S 138y, - 3.56 0.05
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~
A

vacuum evaporated anad cgndensed'on the carbon backing

mounted on aluminum frames suitable for use ia the tar-
135

get chamber of the spectrograph. The Ba0 target was

2 -
nominally 50 ug/cm2 on’sé 30 wg/em carbof backMig. From

135

table 4.1, it is seen that the Ba is not 100% pure.
. > i

: . s 1 :
The prominent impurities are 363@ and 1BSBa. The (t,=)

135 13

. . . s . 137 )
rexzctions on these impurities lead to Cs =and Cs,

respectively.

The Enge magnetic spectrograph was used to mpm—.

entum analyze the c—particies from the reaction. Two
focal plane detection systems were emplayed-ﬁo-colléct
the data, %}igrd K-1 nuclear emulsions, anq a delay line
counter construcied after the Michigan State University
design {VMarkham and Robertsoﬁk 1975 "apnd Wilkin, 1976).
A number of complications occurred duringfthe experiment
which indicéted,that aﬁ alternative to the nuclear emul-
sions might be useful. Very intense grohps of deuterons
from the lgC(t,d)lSC and 16O(t,d’)lTO reaétions occurred

at the !same ,ocations along the focal plane as some

. A
a-particle groups of interest. Since the focal plane
nhad been adjusted for the kinematics of the 13%5a(t,0)

—

reaction, the focal plane was not correct Ior the (t,d}
reactions on the lighter nuclei. Hence, the peaks were
very broad and portions of the (t,e) reaction spectrum

were uncountable. The K-1 nuclesar emulstons were used

since they are less Sensitive to ionizing radiation than

X

1%
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X5 emulsions. The deuterons and tritons make very much
lighter tracks in the K-1 emulsions than the a-parti-

cles. However, the deuteron groups were so intense that

r

portions oI the K-1' emulsions wgfe- bleached. The =

tracks appeared very.indistinctly'and out of focus, SO
thgt %%§§as not possible to count';he tracks in these

regions. -

In addition, at a number of angles there was 2

continuum background from tritons scattered f{rom the

coliimating slits.. For s-particles and tritons with the
Same'maghetic rigidity. mv/q, the tritons have one-third
6f the a;particle energy. Thesé--zritons have very
nearly the same range in aluminum as the a-particles.

To ensure that the ad?article groups would. all penetrate

-~the absorber while the tritons would stop, the absongr

thickness was varied along the focal nlane. A graded
aluminum absorber was used to stop the tritons and allow
the -e—-particles to penetrate to the emulsion. The
absorber was 0.18 mm thick for the first 80 mm of the
plate, 0.165 mm for the next 30 mm, and 2.15 mm for the
rest of the plate. Since the ground state a-group was
expected about 53 mm Irom thefend of the plate and the
dispersion was about 26 keV/mm, the thickest part of thé
absorber covered the first 780 keV of excit&tion and the

0.165 mm thick aluminhum covered the next 780 keV of

A Y
excitation.
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.

The delay line counter was tried because it had

two advantages over the nuclear emulsions, the spectra.

could be viewed immediately and particle discrimination
was possible. The AE signal from the back counter
provided a mesxns of identifying the particles since the

rate of ‘energy  loss per-ldistance travelled, dE/dx,

differs for deuterons, tritons, and s-particles. By

[

setting gates on the 4E signal and requiring coinci-
i2nces between the position sensitive front counter and

the 2E back counter, spectra, with the deutefon peaks
and triton background absent, could be’ dollected.

- LY -
Difficulties in the operation of the counter led

~

to it not being used. 1T was necessary to have enérgy

resolution which was at lesst as good as that attained

with the nuclear emulsions since ‘the level density in .

1840s 45 high. It was found that the energy resolwtion

was not easily optimized without seriously affecting the

- - Ll

counting efficiency. Problems were encountered in set-.

-ting up and adjusting the counter zand its associated

electronics to count with the same efficiency across the

length of the counter. 4 slow long term drift in the.

flow rate of the gas through the counter led to diffi-
culties originating from the change in the signal gain
for the back counter and a corresponding change in the

resolution and counting efficiency in the front counter.

Since there was not sufficient time to overcome the
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shortgomings of the delay-line counter while the -triton
biam was available, it was decided to collect the data

with the Ilford K-1 nuclear emulsions.

Angular distributions were collected for labqr—
atory angles between,?.so and 409; The triton beam

current oa the target was between 120 and 160 nA. The

spectrograpan solid angle was 1.3 msr. The integrated

charge on the faraday cup varied from 1000 uC at forward

&ngles TO SOOO‘uC AT the backward angles. A silicon
surface ba&rier-detector.at -300 to the,beam diredtionr
Qas ‘used to count the elastically scattered. tritons.
The total number of tritons, elastically Scattered from

the barium nuclei, was used to normalize the exposures.

- Absolute cross-sections were determined by nor-
maliziag the reaction vyield to the elastic scattering
vield. The elast&c scattering vield was collected in
short duration exposures on X5, nuclear emulsions. For
these exposures, the solid angle of the spéctrograph_was
<reQu£éd to 0.104 msr.

The spectra were obtained by scanming the emul-
sions in 0.25 mm strips. The data were fitted with the
peak search computer code, SPECTR‘(O'Neil, 1870). An
example of the (;,a) reactior spectrun and the computer
generated fit is shown in figure 4.1.- The spectrum was

obtained at a laboratory angle of 15°. The energy

resolution was” about 21 keVK The total accumulated

-



Figure 4.1

135

The Ba(t,a) spectrum was taken at a laboratory angle

of ,15° with a beam energy of 15 MeV.
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charge {or the 2xposure was 1000 ,C.

4.3 Data Analvsis

The ‘experimental differential cross-sections
were obtained from the data in the manner described in
chapter 3. The 60 keV peak was used as the referéncq

for the energies since the ground and 11 keV states  were

. ot resolved. The typical errors in the differential

cross-sect;ons were about 10%. -

To obtain the zp-values for the fransferred
proton and ﬁthe 'épectroscopic tactors for the energy
levels, DWBA calculations were performed with the
computer code, DWUCK4 (Kung, 1974). Th2 optical model
parameters employed in these calculations are shown in
table 4.2, The triton parameters were obtained from
Conjeaud et al. "(1973). The alpha particle parameters
were obtained from Perey and Perey (1876), hnowever, the
radii for the real and imaginary wells were increased
from 1.4 Im to 1.5 fm to give better fits to the experi-
mental -angular disffibutions.' The calculated elastic
sc&tteréng differential cross-sectiodﬂ at 30° differed

from the Rutherford cross-section by about 3% for 15 MeV
135 '

tritons on Ba. -
The experimental angular distributions and. their
DWBA fits are shown in figure 4.2. A summary of the

observed 1levels and the corresponding zp-values and

r
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Figure 4.2
The angular distributions snd the DWBA fits (solid
curves) for the 1levels populated in the 1353a(t,a)

reaction with 15 MeV tritons.
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SpeCtr0$COpic factors are}\shown ‘in t;ble 4.3. 'The
differential cross-sections for each energy levéi At
" each angle are tabulated in appendix B. These results
were obtained by least squares fitting the DWBA caleu-
lations to the‘experimental angular distributions}

Table 4.3 l}sts Rineteen levels which were iden-
tified and assignéd to l34Cs from the‘(t,a) reaction.
There-are eleven levels with asgigned spectroscopic }ac—
tors and g-values. Four levels were assigned :p = 4 and
seven leéels were assigned'tp = 2. The.ap-= 4 levels

' & .
are among the most strongly populated levels in the

*

(t,x) reaction. . ’

There is some uncertainty in the absolute values
of the Spectiroscopic factors since the normalization
factor for <the (t,a) reaction is not well known. A
value of 23 was adopted (Flyan et al., 1977). This noc.
malization factor results in the sum of the spectrosco-
Pic factors %Qr tﬁe assigned zp = 4 gtates being 3.a7
and for the assigned LD = 2 states being 0.70. From sum
rule considerations, the sum of the spectroscopic fac-
tors for the proton pickup reaction equals the number of
protons in a particular orovital beyond the neares:
closed proton shell.) The nearest closed shell for 13533
is at 2Z=50. There should he six protons distribuéed

among the 1g7/9‘and 2d5/2 orbitals. 4 look at the Spec-

troscopic strengths in the lsSBa(d,3He)137Cs provides an
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Table 4.3

- Energy, zp-values, and Spectroscopiz Factors for the

1353a(t,a)134Cs Reaction.

-

Energy (keV) ] ' . S

g.s. + 11 +3

a possibly doublet

4 2.23 + 0.16
_r——

60 4 0.77 + 0.15
173 +2 4 0.46 + 0.05
189 +2 2 0.27 + 0.06
207 +2 2 0.11 + 0.04
234 +2 2 0.10 + 0.02
344 +2
377 +3
455 +2% 2 0.16 + 0.02
513 +2 "o 0.027+ 0.010
586 +2 2 0.021+ 0.005
723 +3
802 +3
849 +3
908 +3 \ 2 0.012+ 0.004
936 +3
1282 +3 .
1319 +3



indication on how the. protons are divided among the

1g7!2 and;%dsquorbitals. The 'ground state oﬁ 137Cs was

w

populated with ta = 4 with spectroscopic strength of
3.57 and the first excited stat2 carried 0.71 units of

- lD = 2 strength (Wildenthal et al., 1971). - The totaL

lsaBa(t,u) reaction

strength for_i.p = 4 was 3.47 in the
which agrees well with Wildenthal's value of 3.57 and

g

the total strength for zp'= 2 of .70 also agrees well

' w{th the value iound-by Wildenth&l et al..(197i).~'Thus,

the agreement appears to be goond when 2 normalization

" factor of 23 is used.

The sum of the spQCtroscoﬁic.strengghs Qve;‘gll
%t the zp-va%pes is. 4.é but @  value of 6 is expected
since 'there are. a fotal of é‘ﬁvglence protons in- the
1353, target. This suggests that thepDWBA calculatfons
are predicting-bross-sections that are too lérgeﬂor that
the experimental cross-sections are subject to ﬁn unde-

tected systematic error.

Alpha particle groups from reactions on the

136B 138 . - _ .
_ a and Ba -impurities also appear in the spectrsa.

"

The Q-values-for the 1‘?":3533.(‘:.,::). 13GBa(t,c) and lSSBa

£ &) reactions are 11.563, 11.281 and 10.812 MeV (Gove

and Wapstra, 1972), respectively. The c-particles from

,

the ground state of ‘35Cs are expected to appear at

- s . -, 134 .

about 282 kxeV with respect to the ground state of Cs.
N 135

The excited states of Cs are expected to appear at



N

calculations. The ground state of

V]

€1

about 530, 588, 888, 1067, 1261 and 1342 keV with

respect to the ground state. of§_134Cs. These states

Cwonld be very Qeakly populated 1f they appeaf. There is

& peak. at 288 keV which has the strength expected for

the ground state of 19%¢s. This is based on the.

abundancefof 1368% listed in table 4.1 and an estimate

of the 1b = 4 strength from the total observed 20-= 4
125 . [

strength 1in the Ba(t,a) reaction. No peaks are

identified at the energies corrésponding to the excited

135 . - . .
states of 3°Cs. The c-particles corresponding to the

l37Cs would occur at abcocut 750 kev with

respect to the ground state of l34Cs. The first excited-

.

state would occur at about 1210 keV and the second exci—

ground state of

ted state would appear about 1600 keV with respect to

the ground state of 134Cs. The spectra do indeed show

peaks at 750 and 1210 keV. Since the plates were not
scanned past about 1400 keV it is not known whether the

peax at 1600 keV appears. The cross-section for the

sround state of (g is comparable to the total cross—

sections for the corresponding zp = 4 states in 134

137

Cs.

Similarly, the first excited state of Cs has a cross-

section which is comparable to the total observed cross-
134CS

sections of the 1p = 2 states in
137

-

The two levels of Cs that were present pro-

vide a futher check on the normalization and on the D¥BA

137Cs is known to be
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. . Figure 4.3
_ . - _ - -
The angular distributions amd the’, DWBA ‘fits (solid
R ST
curves) for the first two states of 137Cs in the
1383a(t,n) reaction with 15 MeV tritons.
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populated by zD = & proton transfers (Wiidenthal et al.,
1871). The first excited stafe is similarly known to be
populated by L= 2;proton transfers. The angular dis-
tributions for’ these levels are shown 1in figure 4.3.
The ground state was found to haée & Spectroscopic fac-
tor of 5.2 aud-tﬁe first excited state had a spectro-
scoplic facforoof i.2 when 2 normalization of 23 was
used. These spgctroscoﬁic\factors.are in gualitative
agréement with‘what is expected from the (d,SHe)-results
of Wildenthal et al (1571). Hence, 'the normaiization
factor of 23 seems to be reasonable.

- The centroid energies for the i, T 2 and 4

134 137 139

Cs, Cs and

strengths in La are presented in’

table 4.4. The lqcations of. the centrolds are éimilar
in all thre= nuc-l_ei_.< :

The interpretation of these results in terms of
shell model configurations 'énd the assignment of the
spias and“parities are left for a latér_czgpter. These
results ére combined with the results of the (d,p) par-
ticle wofk,l the y-ray studies @escribed in the next
chapter, and the pu@}ished:data of Alexeev et al._(1975)

to give a proposed energy level scheme.

-



 Table 4.4

Centroid Energies of 13403, 137
: and 4.
h ]
137,.1) 134,.2)
a

(d,3He) Energy (t,z) Energy -

Cs and 139

64

———

la for ¢ = 2
o

. 139, 1)

(3He,d) Energy

J¥ 1 kv 1 keV L keV
o (kav) P (keV) o ( )
+
7/2 4 0 4 42 4 0
s/27 2 4 ass8 2 295 2 166

>

1) Wildenthal et al. (1871).

2) this study.
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y=-ray Studies

5.1 Introduction

-

>
The preceding chapters have described the use of

single particle traansier reactions to study the low-

lying levels in ;34Cs

in which the electromagnetic transitions from the de-

excitation of the excited states were examined. The

y—ray transitions in the 133C5(d,p7) and 13OTé('Li,Sny)
reactions were studied.

The use of y-ray spectroscopy provides one ad-

vantage over charged particle spectroscopy. The energy

resolution of the germanium y-ray detectors is superior

to the energy resolution dttainable in charged particle
spectroscopy. This 1is highly desirable when the nucleus
under study has a high energy level density &s in the

case of 134Cs. The y-ray+transitions in the 133Cs(d,py)

A

reaction were examined to gain a better understanding of

the levels ob&rved to be populated in the particler

-
.

Spectroscopy experiﬁent>

The (d,p) and ét,as reactions did- not populate
;évels of high spin. Energyﬁlevels involving the lhll/Q
ﬁeutron hoie were not popﬁiated at all in the (ﬁ,a)

reaction. In the (d,p) reaction, the zn = 5 levels are

65

4+

. Further studies were conducted-

2 .

)
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not among the strongeSt peaks in the spectra. The (n,y) -

reaction (Alexeev et al., 1973) pgpulated some levels of

-

modest spin but generally did not populate levels of

high spin. The ~>°Te('Li,3n) reaction was used in the

-

hope of ga{hiné information on levels with-%}gher spins.
This heavy ion reaction is less selective in the levels
populated than the single'particle'transfer.reaq}ions.

The heavy io; reaction proceeds ﬂia the compound
nucleus reaction mechanism rather than the direct reac-
tion process. The formation o©of the compound nucleus
tarough the fusion of t@é‘aghvﬁ ion‘projectile and the
target nucleus generally imparts large amounts of angu-
1$r momentum énd energ{ to the compound nuéleus. The
highly excited compoun& nucleus initially de—excites‘by
the emissioiv of particlés,- but eventually, ‘the total

‘ L4
epgergy 1is not sufficiént to permit particle emission and
y-ray emission takes over.

Excitation fuﬁctions can provide a means oI
identifying y-rays with their nuclei of origin. The
vields of the Y;rays are well defined functions of the
hombarding energy. The crosé-séctions for the neavy ion
reactions rise'g}om 2 value of zero to- some maximum
value, -then decrease as the bombafding energy 1is
increased. The threshold energy and the energy for

maximum. yield depeﬁa upon the Qevalue and the Coulomb

harrier for the reactiocn.



-

Complications in the use of excitation functions
arise when thick targets are used. The beam particles
slow down and stop in the target. The neasured vield at
‘éach bombarding GNETgY represents the integrated yield
"from that bombarding energy down to zero energy. For
bombarding energies well beyond the maximum cross-

e . iy . . .
section of a given rgaction, tThe measured vyield

approaches a constant value.

g

Gamma-gamma coincidence measurément§ provide
additional information for ideptifying yvy-rays with their
nuclei of orig%n. These measurements identify coincie
-dence relationships bhetween ;hé transitions. These
relat;on;hips collect the y-ray transitions together
into small groﬁps. Identifying one or more elements in
thé groué\ ustally provides ;n identificatidn of the
nucleus td which the group belongs.

5.2 Experimental Set-Up

13

5.2.1 3Cs(d.oy)134Cs Reaction

A thick metallic cesium target was used for the
y-ray invesﬁigatién of the 133C§(d,p)l?%Cs reaction. 4
humber of cesium compouﬁds, Cszo, CsOH, CsCi, were tried
initially as target material. The Cs,0 and CsOH targets

decomposed under ‘vacuum and whiie being bombarded with

the ion beam. The CsCi target: produced a number of 38Cl
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y-rays which were undesirable.

-

A long thin—walled plastic tube was used for a

-
—-

target chamber. Two tantalum apertures were mounted in

the tube to act as collimators for the ion Dbeam.

Absorptlon of the y-rays 1in the walls offthe target

chamber was minimal since the plastic coniisted of low-2
materials and the walls were “thin. ’ :

- An aluminum target holder - was construct\ﬁ to
serve as the end plug segling the-plastic tube. During

the preparation.of the target, 2 glove bag was connected

to this ;tube. The glove Dag containing the end section
b

of the beam line and a sealed vial of cesium was filled’

o
with.argon. The vial of cesium was warmed to body tem-

nerature to melt the cesium. The vial was broken open

-

-k

and molten cesium was poured into & recess in tne target

nolder to maké a target about 0.3 cm thicg_and 2.2 ¢m in*
diameter. an ice pack, ocutside the glove hag, ~was
placed next 10 the wall o£ the gldve'bag. The target
holder was heid against the 1ice pack from within the
glove bag to cool the cesium. When the cesium solidi%
fied,: the target holder was inserted into the end of the
plastic tube and the beam line was‘evacuated. *The glove
bag was then removed. The taréet was kept cold by cla-

cing an 1ice pack around the. end of target holder. This

easured that the targel remained solid during}the'

experiment.
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. 3 . . .
4 1 cm” Ge(Li) detector and a 15 cm_. iagriasic

-

germanium detector were used. to gollect the singles
y-ray @ata. Thé detectors were place& facidé’%ﬁgngBﬁt"
oé' the target, at about- 150°. The detectors were
between 10 and- - 15 em. from - target. Lead bricks were
placed around the tube to shield the two detectors from
vy-rays originating from the téntalum apertures.

The deuteron beam energy wag 12.0 MeV, the same
as the bombardiﬁg energy fo? the (d,p) particle spec-
troscopy experiment. The current on the target could
not bé monitored reliably. The presence of the ice
against the target holder caused tpe electrometer to act
.er}atically; 'The beam current (5-10 na) was adjusted to

pfovide an adequate count rate which gave about 10% dead

time on ﬁhe ADC's. .
The detector signals were amplified in linear
amplifiers and passed :hro&gh linear gate and stretcher
modules. The outputs of_the linear gate and strétcher
ﬁodules were used as the energy signals to the ADC‘s. B

=0 : )
A la“Eu source was placed near the target and:

the spectra containing both the reaction %-ravs and the

152Eu source lines were collected. The well known y-ray
energies of the l:’2Eu.source (Lederer and Shirley, 1978)

were used to calibrate the spectra.. The derived ener-
gies for the strongest reaction lines were then used to

internally calibrate the singles spectra.

2 Bl
4
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A standard three parameter coincidence set-up

was used ’for the coincidence data collection. Two

planar detectors, a 15-cm3 intrinsic germanium and a 1ix

3 : - Cos . -
¢m” Ge(Li), were used for the coincidence expariment.

The detectors were placed ,facing the front of <the

. .0 . '

target, at 1350 . The distance -to the target was less
. . '

thap 10 cm. Thin ecadmium and copper absorbers were

~

placed in front of the detectors to prevent low energy
x-rays from reaching the detectors since the high count

~rate from the x-rays would overload the electronics.

Timing filter amplifiers amplified and shaped
the detector signals. for constant fraction. timing dis-

criminator (CFTD) modules. The CFTD .modwles provided

" -
fast negative signals for a.time-to-amplitude coaverter

_ : ) 5
(TAC). The discriminator thresholds were set o 0.50
volts. The 15 cm° detector supplied the start signal

»

and‘the 14 cm” detector supplied the stop signal for, the

TAC whose resolving time was set to 100 nsec. The time
peék was about 10 nsec (FWHM). The wvalid stop fignal
“from the.TAC %as-used to gate three ADC's, one for the
time‘ spectrum and one for each of the two energy
spectra. . |
The output of the linear amplifier for’ the 15
cm3 aetector was coanected to A second linear gate and

‘stretcher module. This energy signal was put into a

fourth ADC to accumulate a2 singleé mecnitor spectrum.

T



Qwvere later used to set the energy and time gates:

71

-
-

- At the end of the coincidence experiment, energy

+

and efficiency calibrations were performed for the 14

o’

cm® and 15 cm® _dete2ctors. The data acquisition was
switched from the coincidence mode to- a singles mode to
obtain the calibration data. The energy calibration was

done as describe8 earlisr for the singles experiment.

182

For the efficiency calibratioh, two sources, Ta and

13254, were placed in the target chamber in place of the
target and thelr spectra accumulated. The efficiencies

of the detectors were determined from a compardiison of

«

' A Y
the measured energies and relative intensities with

those listed in the Table of Isotopes, 7th ed. (Lederer

and Shirley, 1978).

Data acquisition was performed' by a PDP-9

computer. The c¢oincidence data were written as address

recorded events on 2400 foot magnetic tapés. The total

"projections for each ADC were also collected. These

-

The address recorded events were replaved on a
PDP-15 computer and the éoincidence spectra were accumu-
lated. In thgs sorting process, zates were set on the
time spectrum and on each o0f the energy spectra. Two

time gates were set, one on the time peak, for the true

plus chance events, and dne on the time background, for

chance events. The ‘energy gates consisted of a gate on

the y-ray photopeak and two gates on the Compton back-
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-

ground, one on each side.of the photopeak. Counts were

- - - . . - . SN - ..
*®*added ~t> the appropriate spectrum when events occurred

in " the phlotopeak and time peak gates. When events-
occurred in a background gate, either time or energy,.
counts were subtracted from the'apprOpriateISpectrum.
Thus, the resultant- spectra represented the true evéﬁts
with the Compton background removed.

130

5.2.2 239%7a¢7Li, 303

4Cs Reaction

The target was a pellet of isotopically enriched

139 130

?e in the oxide form, TeO. The isotopic composi-

tion qf the material as stated by the supplier (Union

Carbide Corporation) is listed in Table 5.1. The 130TéO

pellet was mounted on a tantalum backing. The pellét.

P

was sufficiently thick that the ion beam was stopped in

) ;the target.

The target chamber that ;asrﬁged in the (d,p)
experimé:i was used in this experiient obut a slightiy
different target holder was used. The pelle;'and'ats
backing Qére mounted in éhe tube, perpendicular to the
beam direction with an end plug to seal the chamber.

A 15 cm3 pianar intrinsic germanium'anq a 37 cm3
coskial Ge(Li) detector were used. fhé detectors were
placed facing the target at approximatelQ'IBSO to tlre,

beam” direction and. less .than 10 em from the target.

Lead bricks were placed on either side of the beam pipe
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L

Table 5.1 -

>

1307pe0 Target

Isotopic Composition of the Enriched
o .

A Isotope ° Atomic Perceat Precision

1207 <oz Jp—

CE i??Te | 0.04 0.0
12374 . .02 0.01
1240e o ooz 0.01
1257 ' 0.03 ~ 0.01
, | 126pe o 0.10 " 0.02
‘ 1280 0.30 | 0.05
1300s - 99.49 0.05

4

"
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to reduce the chance of y-4rays scattering directly from
one detector into the other. Thin cadmium and copper
absorbers were placed! in front of the .detectors to

eliminate the counting of low:-energy x—;g}s.

7

A beam of 'Li ions was produced in a NMiddleton

type negative ion source and accelerated to energies of.
27 to 34 MeV with the McMaster van de Graaff accelera-

tor. A beam current of 0.06 nA, measured on the target

provided an adequate couht rate for the experiment.

-

To obtain excitation functions, y-ray spectra -

were collected for a series of bombarding energies from
27 MeV to 34 MeV. The total charge deposited in the
target was used to normalize the y-ray Qields. Tﬁe
y-ray spectra were collected in singles mode with &

PDP-9 computer. The areas of the photopeaks o: the

w4

y-rays were extracted from the spectra with the computer

pfogram SOFT on the\?DPAls compuﬁer. After normalizing

the yvield, plots of the y-ray yields versus the inciden®

beam energies were made.

Beém energies of 32 and 34 MeV were éelected for
the’ coincidence experiment. Sincé the yield for severél'
y-rays which matched “in epergy with T;r&YS reported in
the (n,¥) work of Alexeev et al. (1975)' appeared to
still be inéreasing up to 34 MeV, it was decided. to run
at 34 MeV. During the experiment, the stability of the

acceferator deteriorated, high voltage sparking
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occurred, and.the energy was lowered to 32 MeV.

-—

. £
The/:—y coincidence electronics were set-up sim-

133cs(d,pyy)-

experiment. Unlike the (d,py) experiment, no singles

LI - ‘
ilarly ‘to the set-up, described for the

experiment was conducted separately. Singles y-ray data
were obtained from the monitor spectrum. This was accu-

3

mulated from the 15 cm™ detector with the y-y coinci-

denqe data collection proceding simultaneously. Hence
the count rate was not ideally suited for the singles
data scguisiticon and the energy resclution in the
singles spedtra was not as good as it could 5e.

. Energy and effiéiency calib;ations were also
perforned as described for the 133Cs£d,pv) experiment.

Y

The same radioactive sources were used in this

experinent.

5.3 Data Analysis . -

l33Cs(d,§11134Cs Reaction .

133

5.3.1

- .

The ( Cs + d),reaction produced several final

nuclei. The y-ray spectra contained lines from 133Cs,

134 133 134

Cs, ““7Ba, and Ba. The y-rays associated with the

13305(d,py) reaction were identified on the following

basis:

-

i) their energies agreed with yvy-ray transitions assigned

to 134Cs'by Alexeev et al. in the (m,y) study,
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ii) their energies fitted the transition energies

4 . .
between levels\in 13‘Cs known Ifrom the (d,p) particle
spectiroscopy study to * 3 keV, .

iii) the y-rays were observed to have coincidence rela-

tionships with y-rays‘alrgady identified with 134Cs

The' lines not specifically identified with competing

reactions in the target, from Teactions in the slits, or

from reactions on impurities such as O, F, €, Na, etc.

are also considered, at least provisionally, to belong

to 134Cs. -

5.3.1.1 Singles y-rav Measurements

The earlier singles experiment collected data

for about 10 hours. Some weak lines which did not

appear in <this earzier singles expériment were seén’in
the monitor spectrum. The singles dsta from the mSnitor
spectrum were collected for about thirtv hours with the
15 cm3 detector and the spectrum is shown in figure's.l.

The energy resolution is about 1.1 keV a1t 121.8 keV.

Thq r;lative yieldé 0of the y-rays are presented
in.table 5.2. _ The yielﬁs were correctea for detgctOr
éfficiency and targei apdsorption, and then normalized to
the yield of the 116.2 keV line. The detector efficien-
cy corrections were made wiih the efficiency calibration

described earlier.

Target absorption corrections were more diffi-



Figure 5.2

Singles. y-ray spectrum for (15°Cs + d) .with 12 MeV:

deuterons.
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I

cuit to make. The fraction of y-rays that are detected . .

L

is given by:

~

o(E) e—ux/cos 8. ax

)

I

; Yo

O o
'

g(BE) dx :

".where o(E) is the reaétionwcross-section at beam energy,
E, u is the mass attenuation coefficient, 8 i the angle
between the detector and the normal to the”t;rget, and'R
is thé range of the deuteron in the target. ?he mess
attenuation coefficients for y-ray energies‘froé 80 to
200 keV were ohtained from the compilafion by Stogh'and
Israel (1970). The depth-energy relationship was esti-
mate& from the sfopping power tabulation of Northeliffe
and Schilling (1970). iStopﬁing power data are not given
'for cesium, so data for. silver and europium were inter—
polated to obtain the §top§ing power for cesium.

The reaction cross-section as a function of

energy was estimated from the excitation functions for

116

the Cd(d,p) (Padalko et =2l., 1974) and Sn(d,p)

(Madueme et al., 1976) reactions. These excitation
functions provided estimates for the  ;e1ative Cross—
sections for deuteron energies from 7 tb 12 MeV. The
excitation functions ghow that the cros§4section at 7
MeV is about 8 times smaller than the cross-section at’
12 MeV. The contributions to the integral become very®
small for deuteron energies less- than 7 MeV, so the

[
-3
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calculation was-cut off at 7 MeV.

A 5 MeV loss in the beam,enengy corresponds to
penetr&ting to a depth of 239 mg/cmz.{ EY is calculated
to be 36% for 60 keV y-rays, 76% for 100 keV y-rays and .
96p for 200 keV y-rays. The correction becomes negli-,
gible for y-ray energies ‘greater than 200 keV. .Uncer-
tainties in the correctlons come from the dlfficulties
encountered in estimatlng the cross—sections, the -depth
of penetration, and .the finite solid angle of the detec-
tor. These uncertainties amount to about 10% of the

. t
correction.’ _ X -

Low energy singles data were obtained with the
1 cm3 detector.s Liues were found at 38.5, 60.1, 67.2,
74.0 and 86.9 keV. All but the 38.5 keV line were also
observed in the 1% cm3 detector.. A weak peak was
observed at 38.5 keV in the 1 cm3 detector. No relative
yield is given for tbis line because the detector effi-
ciency is not known. De%ector efficiency corrections

‘ p

were not made for the 1 cm3 detector since an efficiency
calibration was not obtainéd. The low energy 37.0 keV
transition suggested by Alexeev et al. (1975) to'explaiﬁ-
a coincidence relationship was not found; The 44.1 keV
transition suggested by Alexeev et al. (1975) and repor-

ted by them in a later publication (Alexeev et al.,

1978) was also not observed in the (d,py) spectrum.

-



Table 5.2

e

30

y-ray Energies and Relative Yields in the (13SC$ + d)

Reactions at Ed = 12 MeV

A
Energy (keV)

Relative Yield*

59.8(1)
66.9(1)
69.4(2)
72.8(2)¢

74.6(2)%°¢

79.4(2)%
80.7(1)%
84.6(1)¢

86.9(1)%®

92.9(1)
97.3(1)
109.7(1)

113.2¢3)¢¢

116.2(1)
118.2(1)
120.5(1)

127.4(1)

130.0(1)
139.8(1)
142.5(1)
149.4(1)

160.4(1)?
T174.2(1)

176.2(1)

30.6
14.6
42.0
48.5
64.0
30.4
64.0
6.8
14.2
2.2
1.3
11.5
178.0
100.0
15.6
13.7
20.3
57.0
2.8
5.3
1.1
4.7
13.9
56.0

(4.0)
(1.0)
(4.8)
(5.3)
(6.0)
(1.0)
(6.1)
(0.7)
Q;i})
©»3)
(0.3)
(0.4)
(4.6)

(0.5)
(0.5)
(0.9)
(1.8)
(0.2)
(0.5)
(0.2)
(0.4)

(0.7)

(3.9)

l“_-‘-._‘

e



.Table 5.2 (continued)

Energy (keV) Relative Yield
179.8(1) 2.8 (0.8)
186.7(1) - 10.0 (0.8)
189.8(1) 3.7 (0.4)
197.4(2) 16.0 (2.0)
198.3(2) . 28.0 (3.3)
200.6(1) 2.8 (0.7)
205.5(1) '54.3 (2.5)
207.7(1) ) 2.1 (0.1)
209.4(1) 2.0 (0.1)
211.2(1) 4.1 (0.2
218,3(2) 4.9 (0.2)
219.8(2) 8.2 (0.3)
229.0(1) . 1.5 (0.1) |
232.1(3) i 4.8 (0.2)
234.0(1) 28.0 (1.0)
245.7(1) 37.0 (132)
251.2(1) 0.8 (0.2)
254.8(1) 1.8 (0.2)
256.2(1) 6.0 (0.3)
260.9(1) 8.6 (0.3)
263.6(1) 2.3 (0.1)
268.9(1) 1.8 (0.1)
271.6(1) 2.2 (0.1)
276.0(1)% - 92.0 (4.0)
278.8(3)Pd 242.0 '(8.0)
285.7(1)° ' 13.5 (0.6)
287.0(1) 8.4 (0.3)
290.5(2)° 43.0 (3.0)
291.6(2)P 41.2 (2.7)

293.3(3) . 3.4 (0.2)
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Table 5.2 (continued)

Energy (keV) " Relative Yield

295.5(1) - " 23.6 (0.8)
302.4¢3)%°P:¢ | 74.2 (5.0)
306,4(3) 9.4 (0.4)
307.8(3) : 21.2 (0.7)
309.6(2y°’¢ 5.0 (0.2)
316.2(2) _ 2.1 (0.1)
317.6(2) 5.3 (0.3)
322.9(1) 2.6 (0.2)
328.7(1) 3.1 (0.2)
338.6(1) . 5.4 (0.3)
345.1¢1Y 2.2 .(0.2)
347.2(1) 1.8 (0.2)
353.4(1) . 2.1 (0.2)
- 356.1(1)%9 19.7 (0.7)
366.6(1) 16.1 (0.6)
368.0(1) 2.4 (0.2)
371.7(1) 3.8 (0.3)
377.0(1) . 6.1 (0.3)
381.9(1) 0.9 (0.1)
384.5(1) 6.5 (0.3)
385,9(1)° . 8.5 (0.3)
387.4(1) o 3.3 (0.2)
©390.3¢(1)¢ _ 45.8 (1.86)
393.7(1) ; 1.2 (0.2)
401.8(1) i 1.9 (0.2)
405.3(1) = 1.1 (0.2)"
407.6(1) 1.3 (0.2)
412.6(1) 1.9 (0.2)
417.3(1) 2.1 (0.2)

421.6(1) 14.7 (0.6)

j



Table 5.2 (continued)

Energy (keV)

-Relative Yield

424.3(1)
427.8(1)
_439.0Q(1)

442.7(1) -

449.4(3)
450.6(3)
451.4(3)
454.4(3)

458.1(¢1)

" 461.0(1)
464.9(1)
469.6(1)

475.3(1)°

480.9(2)

482.1(3)%

488.2(3)
489.8(3)
492.1(3)
495.2(1)
500.1(1)
503.6(2)
510.9(2)
518.8(3)
519.7(3)
525.7(3)

527.3(3)°

528.2(3)
529.6(2)
539.8(3)
540.6(3)

7.3
3.9
2.4
5.9
5.2

13.6
8.5
0.7
4.8
4.0
2.8
3.0
9.7
2.8
2.7
1.7
3.5

. 4.0

25.8
7.0

40.0

(0.4)
(0.4)
(0.2)
(0.3)

(0.3)

(1.8)
(1.1)
(0.1)
(0.3)
(0.3)
(0.2)
(0.2)
(0.4)
(0.3)
(0.3)
(0.2)
(0.2)
(0.3)
(1.0)
(0.4)
(1.4)

420.0(18.0)

3.8 |
. 3.8
2.3
7.6
10.1
6.8
4.8
4.4

(0.7)
(0.7)
(0.86)
(0.8)
(0.8)
(0.5)
(0.7)
(0.7)

i
r

I
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Table 5.2 (continued)

. -~

Energy (kev) Relative Yield
- )
544.7(2)° - 4.3 (0.3)
554.5(2) 8.3 (0.5)
560.4(2)%P 34.4 (1.2)
563.3¢4)° ' 38.0 (1.3)
565.2(4)° 162.0 (5.0)
570.2(3) 6.6 (0.3)
572.1(3)P 10.7 (0.4)
585.3(2)2¢ ‘ 28.6 (1l.1)
589.0(2) . 3.9 (0.3)
592.1¢2)°7¢"4 87.5 (9.0)
595.9(2)° 14.4 (0.6)
604.7(2)° 191.0(16.0)
610.9(2) 7.9 (0.4)
613.3(2) & 145.0 (5.0)
618.2(2)° S 40.0 (1.4)
621.8(2)° 19.2 (0.8)
624.5¢2)*¢ - 30.7 (1.1)
626.9(2) 32.0 (1.2)
632.7(2)%P 72.6 (3.0)
638.0(2)° ‘ 0.6 (0.2)
641.8(2) o 10.1 (0.5)
645.7(2) - 4.8 (0.3)
649.2(2) 4.3 (0.3)
654.3(2) ‘ 3.3 (0.3)
658.6(2) 1.7 (0.2)
664.9(2)° | 84.0 (3.0)
668.6(2) . . 6.3 (0.4)
676.0(2)° 7.7 (0.5)
680.5(2) 126.0 (5.0)

705.8(2)% 17.5 (1.0)



Table 5.2 (continued)

Energy (keV) Relative Yiéla
713.0(2) 3.8 (0.3)
714.5(2) 4.2 (0.3)
718.2(2) 9.2 (0.5)
722.8(2) 2.7 (0.3)
728.3(2) ; 9.0 (0.8)
733.6(2) - ' 5.0 (0.4)

 737.4(2) ‘ 33.0 (1.3)
743.5(2) 33.0 (1.3)
750.2(2) 7 19.0 (1.0)
752.8(2) 7 3.8 (0.3)
754.8(2) . 11.0 (0.5)"
768.0(2) 28.7 (1.2)
775.5(2) 4.0 (0.3)
779.0(2) o 11.2 (0.6)
788.6(2) . 14.2 (0.7)
795.2(2)° 243.0(12.0)
797.9(3) . 112.0 (6.0)
802.1(3) 9.7 (0.6)
811.1¢3)2:¢ 41.3 (1.7)
815.1(3) 23.0 (1.0)
819.4(3) 6.3 (1.0)
826.4(3) 3.0 (0.3)
828.9(3) 5.4 (0.4)
835.5(3) : 10.2 (0.6)
839.3(3) 2.1 (0.3)
850.9(3)° ‘ 70.0 (3.0)
859.1(3)° 5.2 (0.4)
890.1(3) 28.0 (1.1)
899.7(3)° 10.7 (0.5)

916.5(3) 2.8 (0.3)
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- 133CS

¢ 134
e

Yields are

Ba )
lead x-rays

.
-

L

Energy (keVv)

Relative Yield

Table 5.2 (continued)

920.7(3)

926.6(3)

929.0(3) -

962.7(3)

969.7(3).
- 980.8(3)

994.5(3)
997.7(3)

1009.6(3)P

1014.7(3)

1020.4(3).

1034.4(3)

1039.3(¢3)°

1051.1(3)
1061.9(3)
1067.4(3)

1100.6(3)°

1105.0(3)
1128.1(3)
1134.1(3)
1140.7(3)
1145.3(3)
1176.6(3)
1188.1(3)

b 1335,

d 134

3.2
13.3
11.6
2.7
5.0
8.8
3.6
8.3

12.4

25.0
31.0

4.3
17.0
17.0
16.0

7.7

10.7

(.

4.0
3.6
3.8
2.2
4.0
12.0
8.0

(0.3)

(0.7)

(0.7)
(0.3)
(0.4)
(0.5)

(0.4)

(0.5)
0.7)
(1.1)

(1.3)

(0.4)
(1.5)
(1.5)
(1.4)
(0.6)
(1.1)
(0.4)
(0.4)

£0.4)

(0.2)
(0.4)
(1.2)
(0.8)

L

Cs contributes part of the line

86

normallzed to the 118 kev line and cor-
rected for target absorptlon and detector efficiency.

W
;

v



5.3.1.2 Coincidence Méasurements

The coincidence data established relationships

betwee the y-rays and helped to identif{vgge Y=Trays-
observéd in-the‘singles spectfa; A selection of the

.coincidenCe'spgctra.is shown iﬁ fiéufes's.z (a and (b.

A summary of the gates and the goincident yirays is

given in-tabie 5.3.. -

?he.Eotal‘pfojected timef§pectrum showed a
slightly:asymmetric pezak. There was  a longer tail on
The right-hand side of the peak. 4 close eﬁamination of,
the time spectra‘for indiviaual y;réys revealed a time
"walk" 'problem. The time peaks for the low energy
y-rays were displaced from the locations of the time

.peaks for. the higher energy lines.- The time peaks for
the low-ede:gy lines were also highly ;symmetric, with
..16né Ea%ls on one slde. Long tails on fime peaks are

- usu§liy ifidicative of i@me delaved coincidence events.
,q\\?owever, this did pot appear to be the case in this
experiment. These low energy lines were alregdy know@
from the (n,vy) feaction (Aleﬁeev et al., 1973). Some of
tﬁese lines were reported to be in delayed coincidence,

put not 2l of the lines. 'As & result, no statements

.concerning the lifetimes of the levels can be made on

the

*

bas;s of the (d,p) y-y data.

L1}
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B

The large amount of time "walk" made it diffi-
cult to collect coincidence information between high and
low energy T-rays.‘ Low energy lines which might other-
wise appear'in some high energy gates ®re very weak or

absent. The 6Q keV gate-listed in table 5.3 was seen

only weakly for the 15 cm3 detedtor. The 14 cm3

detector did not.show a-60 keV line-at all.
A doublet, at 218.3 and 219.8 keV, appears 1in
—ye singles spectrum (table 5.2).‘ In the projections &
- .wide peak appears at 219 keV 'which is probébly the two
liees, poorly resblved;
/Tn addition to the coincident 1lines listed in

~

table 5.3, the 113 keV gated spectrum contains lines

ot 390, 604 and 812 keV which are identified with °°Ba

(Morek et-al., 1980 and Lederer and Shirley, 1978). The

380, 604 and 812 keV lines do not appear in coincidence
. - » _

with the 277, 582, 737 or 929 keV lines.
The 278 keV line is the strongest line in the

singles Spectrwﬁf} The 278 keV line bvelongs to lBSBa

133

since y-ravs identified with Ba appear in coincidence

with the 278 keV line as expected <from Lederer and
Shirlev (1378). However, the coincident lines listed in

table 5.3 for the 277+279 keV gate do not appear 1in

133

coincidence with ~vy-ravs “identified with Ba.

-
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~Table 5.3
Y-Tay Gates and the Coincident y-rays for 134CS

Energy (keV)

Coincident Lirnes. (keV)

60
87
113
lle

118
120

130

142
174

186

189
198
200
205

218
234
243
256
261
269
277
295
307
450
554
593
737

+ 219

+ 279

113, 130
118, 279 N
(277), 589, 737, (929)
200, 218, (256), 307,
(356) :
87, (177), 279

205, 256, 269, (450)

186, 261, 263

(174), 234

219

130

295

293, 309

307

120, 269, 279, 295, . (554),
593

116, 174, 176, 234, 307
142, 2198

(87), (120)

120 _ .
130 |
120, 205 .

- 113, 118, 205, (589)

189, 295 -
(176), 200, 218, (232)
(120)

(205)

(205)

(113) .

( ) denotes doubtful coincidences. ™

e
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The 593 keV line is observed to be in coinci=

dence with several lines from 1333& as well as with &

so5 eV lime which is tengatively identified with 13%cs.

133Ba

No 205 keV line is known 10O exist in

A detailed discussion of the coincidence data

for 13405 and the placement of these lines in the level

scgheme is presented in the next chapter.

5.3.0 1307o(7Li 30) 3%cs Reaction

The lSOTe(JLi,Snl reaction was expected 1O

1
populate levels in'*34Cs which were not observed 11 the
other studies. A major difficulty with heavy: 1ion

130Te +# '1i), is that many reacmidn

reactions, like (
channels are open. This results in y-Trav¥s frod’mahy
nuclei being detected. It is not easy to identify thé'
observed y-rafs with théif nuclei of origin, especially
when the transitions have not been reported in other-
studies. Also, many of the .y-ray energies may be close

together, giving doublet and sometimes multipléet }ines

in the y-ray spectra.



>
g g
. Figure 5.2 .
Coincidence spectra from the -(13303 + 4d) reactiéns: a)
ga.-tes :were' set on the 15 cm3 detector, b)'gates were set

on the 14 cm® detector. The 277+278+279 keV gate . is

“triplet.with 277 and 279 keV from 13%s and 278 kev from
133,

n
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.5.3.2.1 Decay Spectrum

-

Some of the nuclei dProduced in the (130 + 7Li)
reactlon were identified from the decay spectrum. After
the t&rget had been irradiated for about 30 houré with-
34‘yev Ll.ions, the beam was turned off and a y-ray
SPectrum was collected for about 20 minutes. The linés:

in the Spectrum originate from “long lived isomers and

.the heta decay- of unstable nuclei p:oduced in the

lrrgglatlon. A list of the decay lines is shown in
table 5.4"and the decay spectrum is shown in figure 5.3.
The 127.5 keV line indicates that 13%cg was produced inp

the 138 keV isomer state. There wa2s no ev1dence for

ground state broduction but thlS is not surprising since - .

the ground State of ;34Cs bas a half-life of 2. 06 years.

.Other reactions that were 1dent1*1ed from this spectrum

130 132. 130

are Te('Li,en) 21, Te('Li,a2a) 2311 L.4 130

(7Li,a3n)130I: The half-lives of the reaction products

are 2.9 hr for 1349C 12.36 hr for 1301 9.2 min for -

130m

-

I, 8.04 days for '3!1 ang 2.28 nr. fop 132: e

133

stable Cs could not be identified 'in this manner aor

135

could Cs because of its very long half-life (2.3 x

106 &éars).



Table 5.4

Residual Activity in 13OTe Target

Energy (keV) Relative Yield

Source

127.4 + 0.1 100 134mag
149.7 + 0.1 49 (1) 13impe
228.4 + 0.1 13 (2)
284.3 + 0.1 14 (3) 132,
364.3 + 0.1 180 (13 181,
417.9 + 0.2 17 (3) . 130

| 505.5 + 0.2 23 (4) 132,
522.5 + 0.2 60 (7) 132,
536.0 + 0.2 - 50 (6) 130,

| 630.3 + 0.2 52 (6) 132,
636.5 + 0.2 12 (3) 131,
667.8 + 0.2 439(26) 130, 132
726.9 + 0.3 25 (5) 131re

“ 739.3 + 0.3 37 (5) 130;
772.4 + 0.3 322(22) 132,
812.5 + 0.3 29 (5) 132,

\/

I
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X - - iy
S Figure 5.3
The d&gcay spectrum of the 130p, target following the -

(130Te “‘t 7Li) reaction at 34 MeV. The spectrum was

-

collected"gfor 20 minutes following -about 30 hours of -

irradistiony

‘.
.,..l"'"
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5.3.2.2 Excitation Punctions

The lines attributed to the 13305 nucleus were
very strong ;n the singles measurements and showed very
steeply  rising excitation functions. This suggested
that the bombarding energies at which.the experiment was
céﬁducted were too high. The (7Li,4n) reaction beiné
veryrstrong meant that the bombarding endergy was well
past the energy at which fhe cross-section for the (7Li,
3n) reaction would be greatest. The 32 and 34 MeV bom-
barding energies were above th: 24.6 hev Coulomb barrier
for 7L13+ ions on 1SOTe. Since‘the Q-value fof the
(7Li,4n) reaction is -16.637 MeV and the Q-value for the
(7Li,3n) reaction is- -9.746 MeV (Gove and ,Wapstra,
1972), the bombarding energies are also beyond, the
thresholds‘for_the (7Li,4n)uand the (7Li,3n) réactions.
At these bombarding energies fhe (7Li,3n) cross-sectioh
would be smali—so very little 134Cs is expected tosbe

produced. The excitation functions for the (7Li,3n)

£

-~

reaction are expected to be nearly ‘cbpstant .8t ‘the
higher bombarding energie§.

One group of "lines, 157, 205 and 295 keV, were

_ Observed -uf display this behaviour. -Their excitation

functions are shown in figure 5.4. The 265 keV and 295

keV lines were also found in the 133Cs(d,p) y-ray study

i <



Figure 5.4

-

Excitation functions for the 157, 205 and 295 keV lines

7

in the ngOTe + ‘Li) reaction. The solid curves are

+

‘intended 23 a guide for the eye.
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and are reporfed by Alexeev et al. (1975) S0 there seems

to be little doubt that these lines belong to :3%cs.

5.3.2.3 Coincidence:Me&surements N
n

-t

There were some difficulties in- identlfylng the

134

llnes belonging to Cs. The 157, 205, 295 and 418 keV

 lines were fouﬁd"‘in‘ coincidence and are aséumed to
~bgiong to l_34Cs from the 13OTe(7Li,3i1) reaction. T h e
coincidence spectra for gates on 157, . 205, 295 and® 418

" keV- a®e shown. in figure 5.5. The gates and the coinci~
S : 3 ‘

Henf'!fréys are tabulated in table 5.5.
The discussion of the placement of these transi-

tions in the level scheme is prESenfed in section 6.2.

5.3.2.4 éingles Messurements

-

Teble 5. 6 give the relatlve ylelds for the llnes
134

.-
—,1den;1fied as. belo:glng to Cs in the ( Ll ,310) reac-
tion at 34.MeV. “he 205 6 keV yield was used for the
normalization since ;t was positively identified as
belonging to 134Cs. %ﬁe{295 kéV line is stronger than
the 205 .‘keV line in the‘ (7Li,3n) reaction while the
reverse is true in the (d,p;) reaction. Representative
lines from other regctions which occurred in thé lsoie

target are included ‘for comparison.

L



Figure 5.5

130

" Coincidence spectr& for the Te(TLi,Bn) reaction with

34 MeV 7Li ions. Gates are set on y-ray energies of
. LN -

157, 205, 295 and 418 keV.

. - - .- .
- -

)
- : R
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Table 5.5

134

f—ray Gates and the Coincident y-rays for Cs
Gate Energy (keV) . Coincident Lines (keV)_

157 205, 295, 418

205 . : - 157, 295, (418)

» 285 - 157, 205, (418)

418 ' T157, 205, 2895
* ( ) denotes doubtful coincidences.
Table 5.6

& y-ray Energies and Relative Yields from (lBOTe+7Li)

- Reaction at 34 MeV
Energy (keV) Relative Yield*
127.5(1) |
149.7(1)% 196(10)
. 157.5(1) | ‘ 32 (2)
205.6(1) o 100
295.8(1) : T 128 (T)
T 418.5(2) ’ _ 36 (3)

632.5(2)°¢ - - 417(23)
667.8¢2)° . 201(11)

3 ISII

b 132, |

¢ 133

Cs -

o

Y
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Discusgssion and Interpretation

6.% Introduction

The preceding three chapters have described the
*

present experimental studies and presented the data from

these studies. ' An energy level scheme is given in this

chapter, based on the present studies and the published
daqa. o -

. The spiﬁ§ of the ground state and 138 keV isqmer
wegé éeasured by atomic beam sfudies (Fuller, 1976) éo
bé 4 and 8 respectively. Sunvar et al.-(1954) estab-

lished the spin of the 11 keV state to be 57 in the

study of the decay‘of 134mCs.

Archer et al. (1968) studied the 'high energy

y-radiation following thermal neutron capture by 133Cs.
This was followed by a study of the low energy transi-

134

tions of Cs in an (n,y) reaction by Alexeev et al.

(1975, 1978). To assist the_ reader in understanding the

discussion which follows, the level scheme of Alexeev et
al., shown in figure 1.1, hkas been redrawn in figure

6.1.  Additional data from a later publication (Alexeev

et al., 1878) have been included in figure &.1. The
conventions emploved by the Nuclear Data Sheets have

been used and the branching ratios for the transitions

-
*

101
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'are ipcludéd. ‘For readability, the energies are quoteé
to only one decimal place. Transitions which were shown
in figure 1.1 as M1, E2 have had their multipolarities
omitted. One may refer to figure 1.1 for the greater

detail. _ -

T, 6.2 Energy Level Scheme

~/J)C The

constructed from the data  collected in the experimental

proposed level scheme in figure 6.2 was

studies described in chaptgrs 3, 4 and 5. The published
data from the lasCs(n,{{ studies also provided informa-
. tion for thg construction of the level schegg in figﬁfe
6.2. Tﬁe (d,p) and (t,a) reactions identified manyv
;levels that were directly populated. The singles -and
.qoinc;dende y-ray data (tables 5.2, 5.3 and 5.5)
provided information on the decay modes of the levels.
The level energies shown in figure 6.2 were obtained
from the transition energies given in ;able 5.2,
| A detailed discussion of the levels shown in
figure 6.2 follows. The data from the present study are
used to deduce the p-n multiplet.structuré*for some of

the levels and to assign spins to them.

Ground State: The spin of the ground state was previ-

ously known from atomic beam experiments to be 4 and the
parity 1is known to be even from the measured magnetic

moment (Fuller, 1876). - The ground state was populated



-

Figure 6.1
The level scheme of. Alexeev et al. This level scheme
has been redrawn and branching ratios deduced from the
Alexeev's (n,y) data are included. Energies are only
gquoted to one decimal.place. All multipolarities which
vere -determined to be mixed M1, E2 are omitted. These
addiéional details can be found in figure 1.1. .This
figure is‘;rovided to' assist in underst;ﬁéing the
discussion of the level scheme in sections 6.2 and 6.3.
The additional data from Alexeev et gl.‘ (1978)‘ is

included in this figure but is missing from figure 1.1.
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in the (d,p) reaction, with an r, = 2 strength of 0.46 +

0.06 which is. weaser “than what is expected from the

(2J+;) rule for t;e 4" member of the [137/2V(vd3/2) ]

multiplet. It was aléo.pgrt of an unresolved 0 + 11 keV’

doublet in the (t,a) reacﬁion. The angular distribution

of the doublet is well fitted with b, = 4 and carries a .

strength of 2.23 + 0.16. The strength is consistent

with the expected combined strength of the 4% and 57
* ' .
=1

members of the [157/2,(vd3/2) ] multiplet. It 1is ;

probable that both the ground state and the 11 kev state
have zp = 4 angular distributions.

11 keV State: This state was reported by Sunyar et al.

(1954 in the study of the decay of 134mog . The 127.5
keV ES transition from the 1somer to the 11 keV state
was used to assign 5 to” the 11 keV level. The present

studies are consistent with this spin assignment since
£he 11 keV state carries aé 1, = 2 strength which is
very close fo the strength bredicteﬁ by the (2J+41) rule
for the 5% member of the [wg7/2, (“d3)2)-l] multiplet.

60 kevV State: A 60 keV y-ray was reported in the (n,v)

reaction and Alexeev et al. (1975) determined the traa-’
sition multipolarity to be M1l. They assigned the 60 keV
Y-Tay to:be the transition from a 60 keV level to the
ground state. They deduced the spin of this level to be
3* on the basis of the observed transition to the ground

b4

state and the 1ack of a transition to the 11 kév level.

b
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However, the 4f agd's pOSSlbllltlES can not be ruled
-out - completely on the basis of the absence of an.
otherwise allowed M1 transitlon. *

The 60 keV level was populated by L = 2:with
a stfeng;h of-0.61 + 0.11 in the (d,p) reaction end by
zp.= 4 with a strengto of 0.77 + 0.15 in the (t,a) reac-—
tion. "The (2J+1) rule predicts the 60 keV level should
carry en'in = 2 stength-of 0.48 and anlzp_= 4 strength
of 0.&6 if "it were the 3 member of ‘the- [127/2,
(°d3{2) ] multlplet. ' .' ".-
' The y-ray studies show a 60 kev vy-ray in the'
SLngles spectruim of the (4, pr) experlment correspondlng

to the tranSLtlon from the 60 keV state to the ground

state. . No transition to the 11 keV state is observed.

138 keV State: .This is the well known 2 Q-hour isomer

in f:‘§4:Cs.~ It hs.s spin 8 (Sunya.r et a.l.,_1954 a.nd

.\.

Fuller - 1976) The isomer decays via a 127 5. keV-
(99.97%) ES transition to the 11 kev level and a 138 7
keV (O.QS%} M4 trapsition to the ground state, where the
branehing fafios are obtained from the data of Alexeev
et al. (1975) ‘

' Table 5.2 shows the 127.5 keV y-ray but the
;38.7 keV y-ray was too weak to appear in the singles
spectrum of the (d,pY) reaction. The 138 keV 1level
carries an : = O strength of 0.47 + 0.09, consistent

with the predicted strength of 0.51 for the 8 member of



Figure 6.2
The energy level scheme  of 134Cs, consfructed from the
data obtained in this stud&. The - notation of the.
Nuclear Data Sheets has Seen used. The M symbol gs used
to denote thait the level was found -in the (d P) reaction
and the V’svmbol denotes that the level was ponulated in

the (t, c) reaction. The dashed lineg renresent transz-

~tions whose placement are in doubt.
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the_[tg7/2,(uhiljz) ] spin multiplet. No 138 keV level

- -

-appe¢ared in the (t,a) reactiomn.

-

1173 kev State: Alexeev et al. observed coincidences , .

between vy-rays of .60 and 113 ‘keV. They also reported &‘i'
'“very weak 173" keV y—ray which fltted well in energy as
_ the cross over, tranSLtlon to the ground state. - The

jbranchlng retios for the 113 and 173 keV transitions are

ST

'llsted in table 6. l. In the (n,y) ‘work, the 113 keV
branch carrled 98% of the strength. The MI transition
multlpolerlty of the 113 keV +transition - tovthe 60 kev

i Tevel .was- uee@ to a551gn J" = 2+ or 37 to the level.
Alexeev et’&I.'(lQ?S) eesumed_the-so keVv 1eye1 was_3+.

Since the 4% and 5% possibilities for the 60 keV level

could not be exciu@edgby Alexeev's datsa, 4+ *

- &RQ\?$\
have to be considered as possibilities for the 173 ke
. T -
level.

The 173 keV level carries an g, = 4 strength of

0.46 + 0.05 ie_the (t,a) reaction and~an L = 2 strength

-0;35 + 0.06 in the (d,p) reaction.. The (éJ+1) rule
shows that these results are consistent with the inter-

pretation of the 173 keV level as the 2 member of

-1 . .
[ng7/2,(vd3/2) ] with the 60 keV' state, the ground
i +

state and the 11 keV state representing the 3+, 4 and

'.5* members of the multlplet.
s « - ’ .
. The y—ray data in tables 5.2 and 5.3 show a 113.'

keV transrulon whlch connects the 173 and 60 keV levels. U

-

1
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‘ The 60-113 keV c01nc1dences support this y- -T2y place-

ment. ‘No tran81tion from the 173 keV level to the
ground state was observed. The energy for‘?be.llS keV
transition, listed in table 5.2, is .in poor agreement
w1th the energy found by Alexeev et al (differs by 0:6
keV). The 113 keV line is identified as a doublet with

134

one compouent .assigned to Ba. The present study

assigned .100% of the strength to the 113 keV transition

since the 173 keV-branch was not observed.

. 176.4 keV State: Alexeev et al. (1975) reported

transitions of 116 and 17§ keV which they assigned to
the decay of a 176.4 keV level. They assigned the 6716
keV primary transition reported by Arciger et‘dl. (1966)

to feed the level. THowever, it is not cledr«how they

LI

decided that the 6716 * 5 keV primary vy-ray fed he
176.4 keV level rather than the 173 or 176.8 keV'le;el.
From their conversion electron measurements, Alexeev et
al. concluded that the 176.4 keV Yy=ray has E1 multlpo-
larity. The spin and_parlty of the 176.4 keV leve;‘is
restricfeé.to 37, 4 or 5. If‘the-SO keV level is
adopted as 3", then the existence of the 116 keV tran—
sition ter it. eliminates the 5~ possibility since an M2
transition Wwould never compete mith.an El.

The m—ray data from the (d,py) exberiment show

transitions of 116 and 176 keV which agree with transi-

tions assigned by Alexeev et al. (1975). The y-ray coin-

<
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cidence data also supports the assignment of this leveél

by Alexeev et al. The same eoincidences for the 116 keV.

" transition are found in ‘both reactions: The 176.4.keV

4

ievel was found in the.(n,y) reaction to have a halflife
of 49 nsec. The 116 keV coincidences were obtained from
delayed coin;idenee measurements. The problems‘ehcoun—
,tered with the time spectrum in the (d,py) experiment
were described in the previous ch&pter.- Wide gate§“on
the time spectrwn vere set due to the "walk" problem.
These gates overlapped part of the delayed time peak
for fhe‘lle keV transition. Thls allowed the coineci-
dences for this y-rays to be collected. Table 6.1 shows
good agreement fo:r the branching ratios of the 116 and
176 keV y-rays between the (n,v) and (4,py) reactlons.
The 176.4 kev level was not identified in. the
{(d,p) and (t a) particle spectra. If the negative
parity 3531gnment of Alexeev et al. is adopted, the
176.4 keV level would not be populated in the (t,a)
reaction. The 175.4 keV level is fed from the 193 keﬁ
.level by a 17 keV y-ray. The‘léS kev leve%\is in turn
fed by a 74 keV y-ray. " About 2/3 of the yield for the
74 keV line in table 5.2 is attributed to this transi-
- tionm, the remainder belonging to Pb X-Trays. The total
yield feeding the 176.4 keV levei froﬁ the 193 keV level

is 128, where the y—raytyield of the 74 keV transition

has Dbeen adjusted_ for the conversion electron yield
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(cTOT-= 2:16). The 176.4 keV 1level is also fed by

y—fays of 256, 307 and 539 keV. The total yield feedlng

the 176.4 keV level is 160, while the total yleld of the

116 and 176 keV Y-Tays is 156. So there }s no reason to

belleve that'there is any dlrect feed to the 176 and 193
keV levels gp the (d,p) reaction.

- 190 keV State: Alexeev et al. (1975) réported three

transitions, 130, 179 and 190 keV, in théfdecgy of the
190 keV level to the 60, 11 and 0 keV levels. The
multipoiarity of the 130 kev transition was deduced from
their cdnversion electron data to be Ml. Their conver—
sion electron data result for the 179 keV y-ray was
ambiguous, nevertheless Alexeev et al. assigned M1, E2

<

multlpolarlty to that tran51tlon. No electron data were

-avallable for the 190 keV traﬁgltlon. - Alexeev et al.

(1975) assigned 4+ ?o the level on the basis of the

tr#nsitions. The 179 keV transition is very weak com-

pared to the 130 keV transition so‘thelposSibility that
the'state is 3% should not_ﬁe'ruled out csmgletely.

The 190 keV level carries an ln = Q0 §trength of

0.13 + 0.02 in the (d,p) reaction and an.s.p = 2 strength

of 0.27 + 0.06 in the (t,a) reaction. The spin of the

state is therefore'restricted-to 37 or 4T, - In terms of

the shell modei the 180 keV level is 1nterpreted &5 =n

admlxture of the [ng7/2,(vsl/2) ] and the [rd

5/2°
(v 3/2) ] conflgurat;ons. The (d,p) reaction . selec-
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tively populated [wg7/2,(v51/2)f1] and :ﬁe;(t,a) reac-
tiﬁn selécted the othef configuration. |

A 130 keV transxtlon was found in the (d,p)
f—ray data, connecying the. 190 keV level to the 60 keV
-level, but the 179 and 190 keV transitions reported by

Alexeev et al. (1975} are not resolved from nearby lines

134

that also belong to ~~-Cs.

193 keV State: Alexeev et al.-(1975) plie.ced the 193 keV
_ level by the 6701 ¥’5 keV prlmary tran31tlon (Archer et
al., 1966) from the capture state and the 17 keV trans;-.
+ion to the 176.4 kev negative parity state. It is not
cle&r how they decided that the prlmars Yy-ray fed the
193 keV level rather than the 180 keV 1eve1. An
observed 63 keV Y-ray from the 257 keV (67) level to the
193 keV level was later ‘placed by Alexeev et al. (1978)

The M1 nature of the 17 keV transmtlon (Alexeev et al.,
1975) requlres that the 193 keV level also have negative
. parity. The primary transxtlon would be E1 sxnce the
captgre state is 3 qr 4 - Alexeev et al. reported that
the 193.kev level was fed by a 256 keV®eM1, E2 transmtlon

' from the 450 keV 57 (to be justified below) level. The

possible spins are 37 or- 4  but Alexeev et al. (1975)

assigned 4  to the level.
The 171kév trensition was of course not seen in
the (d, pT) experlment. A weak 256-116 keV coincidenqe

"was seen . in "the (d,py) data consistent witk the level

o
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scheme of Alexeev et al. (1975). The 193 keV levg; was

not. observed in either the (§;p) or the (t,a) particle

spectra.

209 keV State: Alexéev et al. (1975) placed a level at

- 209 kaV froﬁ Yy-ray trgnéﬁtions of 149, 198 and 209.keV

which feed_the 60, 11 and 0 keV léVelé. fhey deduced

the multipolarity of the 188 keV transition to be M1
"from the experimental L-conversion coefficient. The 209

keV transition was assigned M1, E2 multipolarity. Their

conversibn electron data for  the 209 keV transition

showed poor  agreement betieen the experimental and
theoretical K-conversion coefficiépts for M1 and E2

multipolarities, their expérimental value being larger

than either theoretical value. The error in the L-con-

version coefficient &as too large to make 'an unambiguous

assigmment. Alexeev et al. assigned 4+ to the level,

but the'5+ possibility can not‘be'éxcluded by their

data. - .

The 209 keV legpl was very weakly populated by

—

Lty = 2 in the gd,p) reaction -but carries an zp = 2
strength of 0.11 + 0.04 in the (t,s) reaction. The
level appears to contain =2 small component of the.
[wg7/2,(vd3/2)_l] configuration since it was weak in_the
(d,p)"readtion and a large component of the [ud5/2,
(ud3/2)fl] configuration since it was strong in the

) +
(t,s) reaction. 2, 3+ or 4+ are the allowed possibi-
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-

lities for this level.

Three y-rays at 149, 198 and 209 kéV were also
. _ : S
observed to depopulate the 208 keV level in the (d,pr)
e#ﬁeriment.; Since the transition multipolarities are
expected to be M1, E2 or a mixture of Ml and E2 the 2
possibility is eliminated. 3+ or 4 remain as pOSSibl—.
lities, but 3" is not allowed by Alexeev's measured M1
multipolarity for the 198 keV y-ray. Thereféré, the
level is a*. The branching ratios from the (d,pry) data
show rémarkably'good agreement with the branching ratios

from Alexeev et al. (1975)..

234 keV State: Transitions of 174 keV to. the éO keV
level and 234 keV to the ground state were reported by

Alexeev et al. (1975) for this level. No transitionAto
the 11 keV state was reported. This leveliwas also
fed by a pfimary.y—ray traﬁsition in the (n,Yj work of

Archer et al. (1966). Alexeev et al. (1975) determined

the transition multipolarity for the 174 keV y-ray to be

M1. Their X-conversion measurements for the 234 kgv
agreed well with an M1 ;ssignment but was close to t;e
theorecticaf value for E2. Their L-conversioa coeffi- -
cient gave ambiguous results so a mlted MI, E2 multipo-

larlty was assigned. Alexeev et al. assigned 3+ to the

Jevel. The 4 and 5 possibilities should not be ruled

out on the basis of 'the reported data of Alexeev et al.

‘The 234 keV level carries an L, = 0 strength of

4
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0.14 + 0.02 (the same strength as the 190 keV level) in
the (d,p) reaction ahd also carries an ;é -_2 strength
of 0.10 * 0.02 (tied with the - 209 keV 1level) in the
(t,a) reaction. Like the 190 keV level, this state is
interpreted as an admixture of ?he [tg7/2,tvsl/2)'l] and
- the [=d l]

(vd configurations. The allowed

5/2° 3/2)
spins are 3* or 47,

| -The 174 and 234 keV transitioﬁs thaf were repor-
ted by “Alexeev et al., were observed in the (d,pyY)
experiment. fhe ¢-ray braaching ratios f;om the (d,py)
datgr;re in good agreement with'the-branching ratios 6f
Alexeev et al.

057 keV State: Alezeev et alad (1975) postulated this

level to account for an observed 118 keV trané;tion (to
the 138 keV isomer) and a 245 keV transition (to the 1d
keV state). They lglso reported & very weak 63 keV
T-rﬁy (Alexeev et al., 1978) which was placed to feed
the 193 keV level, to account for observed 87-116 keV
coincidences. Alexeev et al. measured the transition
multipolarities to be E2 for the 118 keV y-ray and ﬁl
fog the 245 keV y~-ray. Since the 118 keV transition
feeds the 8 isomer and the 2453 kéf-transiéion feeds the
li keV 5+ state the spin and parity .were. uniquely
determined to be 6 . .

A peak with : = 5 appeared at 263 keV in the

(d,p) spectra. This peak is really an-.-varesolved
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doublet, consistent with the 257 and 267 XkeV levels of
Alexeev et al. (1975). - The counting statistic§ were
poor, making it diffiéult to'reliably extract two peaks
- from the spectra. ‘The L, = 5 angﬁlar aistribution esta-
blishes the parity of at least oﬁe member of the dcgblét
as negative. ?here is a ﬁossipility that the ovérall
angular distribution contains combonents of an even aﬁd
an 6&3 t—value. If Alexeev's parity assignments for the
557 and 267 keV levels are accepted, then.both levels
musé have ¢ = 5: These levels were absgnt from_the
{(t,a) spectra as e%pected' for negative pﬁrity states
involving the 1h11/2 neutron hole in the configuration.
y-rays of 118. and 245 keV were found in the
(d,py) experiment, in agreement Wlthb the findings of
Alexeev et al. (1975). The 63 keV transition reported
by Alexeev et al. (19785 was not seen in :the (d,py)
spectrum. The (d,p) coincidence dats, listed in table
5.3, show the same coincidences that were seen in the
-(n,r) reaction.‘ The coincidences izhthe {(d,pr) exﬁeri—
ment were very weak for the 245 keV gafe. The branch;ng
ratios for the 118 and 243 keV transitions were in good

agreement with the values from the (n,y) Wwork.

067 keV State: The 267 keV level was placed by Alexeev.
et al. from the 6626 keV primary transition réported by
Archer et al. (1966). Alexeev et al. (1975) placed the

74 keV y-ray to depopulate the 267 keV level from the
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coincidence rela.tionoships with the 116 and 176 keV tran-
sitions. The M1 nature of the 74 keV transition to the
assumed 4 level at 193 keV requi}es negati&e parity for
the 267 keV level. The 6626 keV primary transition must
be E1 since the capfure state is 3+ or 4+J Alexeev ét
al. assigned 5 to this lével bﬁt 3~ and 4 should not -

v

be excluded as possibilities.

This is the other level in the unresolved 263
keV doublet in the (d,p) spectra. The zn'= S aﬁgular
distribution requires either this level 6r-tﬁé 257 keV
lével or both levels to have negative parity. |

A 74 keV y-ray was also observed in the (d,py)
experi;ent. The presence of lines at 72, 74, 84 and 87
keV are indicative of the presence o0f lead x-rays in the
(d,py) singles spectrum. The lead x-ray at 74 keV ovar-
laps the 74 keV line from 134Cs. This accounts for the
poor. energy match with thg (n,y) éata. Coincidences

between the 74,.116 and 176 keV transitions were not

observed.

271 keV'Statei This level was plated by Alexeev et al.

on the basis of 180-211 and‘l§0—27l keV coincidences.
Alexeev et al. also identified this as a level fed by-a
primary y-ray from the capture state. The 211 aﬁd 271
keV trangitions were deduced to bhe M1, E2 by Alexeev et

=

al. They assigned 3° to the level but 2+, 4% apnd 5% can

not be excluded from conside}ation on the basis of their
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data.

 The 180-211 and 180-271 keV coincidences were
not observed in the (d,py) experiment but weak singles
Y-TAYS corresponding to these transitiqn energies'were

observed.  The branching ratios for these lines agreed

with the bfanching ratios from the (rn,y) data. This

}evel was not observed in either the (d,p) or the (t,az)

partiéle spectra. - The differential cross-section that

would be‘exgected‘for”this lgfél in the (4d,p) partidle
data can be estimate& by co?paring the total (y-~ray plus-
electron) yiéld of this levei with the tqtal‘yield of
another positive parity level that is seen in the parti-
cle data. The %Fl keV level is predicted to have a
differential crossmseqtion of 26 ub/sr at 30° (near the
second maximum of the & =0 angﬁlar distribution) if it

is an Ln = 0 level and a differential cross—-section of 4

-

" wb/sr at 22.5° (near the maximum of the Ln = 2 angular

0 level

distribution) if it is an Ln = 2 level. An,zn
of that strength would have been seen but such a weak Ln

= 2 level would not have been noticed in the analysis of

the plate data. -

344 keV State: This level was placed by'Alexeev et al.

(1975) with transitions of 87 keV to'the_257 keV level
and 205 keV to the 138 keV isomer. Alexeev et al.

assigned M1 multipolarity to the 87 keV transitiom.

Their conversion electron data shows an anomaly for the

1

[

-1
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87 keV transition. Their measured X-conversion coeffi-

-

-ciént does not agree with the theoretical valueé for E1,
M1l or Ez-mnltipola;itites. ﬁo L;conversiqn coefficient
was measured. - From their K-conversion coefficient they
assigned M1, E2 multipolarity to the 205 keV transition,
thé L-conversion coefficient measurement favored the Ml
choice. The 205 keV transition feeds the é_ isomer,
while the 87 keV transition feeds the 257 kev 6~ level.
The only spin that is consistent with both transitions
being M1 multipolarities is 7 . -
7 _The 344 keV level was one of the weakest Ln'% 5
levels (0.16 + 0.06) in the (d,p) pakti&le spectra. A
very weak 344 keV level also appeared in the (t,s) Teac-
tién. It is presumably not the.same 344 keV level since
the negative parityastates‘would not. be populated in the
(t,e) reaction. The spectroscopic strength of the 344
keV 1evgl in the (4,p) reacﬁion does not account for‘the
strength needed- for a spin 7  assignment. If the épin
assignment is accepted, then the shell modelXStre&%th
must be fragmented and at leasf one other 7 level must
exist to carry the missing 65% of the strength.

Two y-rays, 87 and 205 keV, were observed in the
(d,p) reaction which corresponded o the transitioné.
p;aced b§ Al;xeev et al. ‘The coincidence data from the
(d,py) reaction were.bonsistent with thé data from the

(n,y) reaction. The branching ratios from the (d,py)
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Table~6.1

Branching Ratios for the y-ray Transitions

-

(n,v) study _ present study

-Enérgy Transition_  Branching Transition ° Branching

- (keV) (keV) Ratio (%)  (keV) Ratio (%)
11.2 11.2 100
60.0 - - 60.0 100 59.8 100
138.9 - 127.5 100 127.4 . 100
173.8 - 113.8 98 113 100
173.8 - o :
176.4 116.4 60 116.2 64
: . 176.4 40 | 178.5 . 36
176.6 116.6 100
190.3 . 130.2 97 130.0 90
| 179.0 \\\ T2 8 < 4
. 190.3 1 . b < 6
193.7 17.3 100 | '
197.8 (7.5)
(24.0)
137.8
. 197.8 ‘ .
209.6 149.5 4 149.4 4
198.3 ¢ . 90 ' 198.3 50
| 209.6 g - 209. 4 &
034.3 44.1 1
. 174.3 . 30 174.2 27
) 234.3 59 234.C 73
- 957.1 83.5 1 '
118.4 32 118.2 30

245.9 67 2435.7 70



Table 6.1 (continued) .

(z,y) study

~
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502.9

present study -
Epergy Transition Branching Transition Branching
(keV) (keV) Ratio (%) (keV) tio (%)
267.7 ;v T4.1 100 74 100
271.4 (37.0) o
- 211.3 64 =~ 211.2 85
- 271.4 . 36 271.6 35
281.0 83.2 52
114.3 26 )
) 117.2 22
344.4 37.3 16 . c 21
205.86 84 /* - 205.5 79
377.1 142.8 20 ‘ 142.5 {26
186.8 ) 59 186.7 >48
317.1 21 . d {26
'383.1 38.8 a1 38.5
115.3 9
434.2 177.0 7 <17
. 295.4 93 2985.5 >83
450.3 67.2 31 e <42
256.6 . 18 256.2 >18
-430.3 - 30 450.6 >40
451.4 180.1 14 £ {12
T 253.7 2 < 3
261.2 51 260.9 >38
275.0 2 ) < 2-
277.6 9 . ; <5
. 381.5 7 {4
} 451.4. 14 451.4 <37
454.1 219.8 48 219.8 45
244.5 . 3¢ ' <3
263.8 10 263.6 - 12
394.0 5 393.7 7
442.8 26 442.7 31
: 454.1 7 - 454.4 4
483.7 307.2 100 307.5 100
502.8 211.8 E)
293.3 34 293.3
305.1 14
48 g
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."rl s
. Table 6.1 (continued) -
* .
v {n,vy) study present study
Energy ° Transition Brapching Transition  Branching
(keV) . (keV) Ratio (%) (keV) Ratio (%)
519.3 142.2 1
< 285.0 =]
308.8 - 37 . h -
329.0 12 L1
- . 519.3 -4 518.8
S570.9 120.8 88 120.5
) 303.2 14 j
579.1 127.7 35 : -
: 344.8 25
402.4 40
624.0 189.8 20 k
279.7 15 1
356.3 85 m
634.4 150.8 10 '
.251.4 . 16 .
. 377.3 74 . o o
684.5 200.8 100 200.8 - 100
689.3 345.4 100 345.1 100
702.0 - 218.3 59 218.3 ‘ 38
434.5 9 o
} 525.6 32 525.7 32
TL15.8 232.2 w31 232.1 © 31
539.4 .69 ’ 5338.8 69
752.8 302.5 43
‘ "485.1 - 32.
495.7 25 :
839.9 269.0 64 268.9
- 663.3 36 ol T
910.4 737.4 100
837.8 554.5 26
. 583 ) 33
926.8 41
1103 . 929.0 100
& part of the vield of the 178.8 keV line may belong to

the 451 keV level.

)
.

[
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Part of the 309.6 keV line belongs to

" from
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Part of the yield of the 189.3 keV line may belong to

the 624 keV level. _

Part of the 86.97kev vield belongs to a bex-ray._
Part of the 317.6 keV yield may belong to am
uﬁidentified source.

Part of the 66.9 keV yield may belong to an
unidentified soﬁ:ce.

Part of the 179.8 keV line mey belong to the 190 KeV

-

level.

Part of the 503.6 keV yield may belong to an
unidentified souré%.~ ‘

133Ba-

Part of the 329.3 keV yield may belong to an
unidentified source. -

The 303 keV fﬁne is pbscured by & very stroang double;

133CS and 133Ba..

.QI

Part of the 189.8 keV line mey belong to the 190 keV
level.

r . _ .
The 279 keV line is obscured oy the very strong 278.8

133

keV line from Ba.

Part of the.356.1 keV line belongs to 13305.
There_is a very strong line 2t 664.9 keV from 1334

which obscures the 663+3 keV line.
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data we?e‘élso in ag;éemen; with fhe (ﬁ,y) d%ta,'eveﬁ

though part of the 87 keV yield in'ﬁhé (d,py)*spect;uﬁ-
was attributed to Pb x-rays. fhéiﬁb[xéra§ intensities

from Lederer and.Shirley.(iQ%B) werg.uséd-to estimaqef
what'f;idtion of the 87 keV yieid Selpnged-ﬁo.the Pb

x-ray. “The estimafed fractio; ﬁas 'i/ﬁ of the vield

‘shown in table 5.2. A 205 keV y-ray, stefved in the
(130Te ; 7Li) reactiqn,'may‘not be thg.samé %rﬁnéition

placed by Alexeev ét al. (1975). |

377 keV State: Three y-rays at 142, 186 and 317 keV

were reportéd'by Alexeev et al.‘(1975) fo‘depopulate the
- 377 keV level. Their 142-174, 142-234 and 186-130 keV

./ - .
coincidences provided the evidence for placdement of the

v
Y-rays. The 317 keV y-ray was placed b? ﬁhe very good
energy fif in the.(g,f) wofk. The 377}kev level i§ fed
by the 6512 keV primary y-ray‘reportedrﬁy ﬁfcher et al;
(19é6). Alexeev et al. assigned 37 or 4" to the level.
This asgignment was based on the Mr'ﬁature of the 186
keV transitién and the 317 keV Ml}'E2.tr§nsition to the
180 kev 4% level and the 60 keV 37 level, respectively.
Since. the 'spin of the 60 keV 1level was not firmly
established by'Aléxeev ét al., 5+ should not bé ruled
out completelyAas-a possibllity.

The 377 keV level-is the strongest oi the in =0
levels in the (d,p) reaction with a Spectrosc0pi¢

strength of 0.32 i 0.05, but it is very weakly populated

+
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“in’ the (t,az). reaction. These results gre consi§tént
with - the 377 KeV level being a member of the {“57/2u
'{usilz)-l] configuration. The b, = ‘0 ¢trength requires

. that the spin of the level be elither 3+ or 4" since the
133

-

spin of the Cs target ground state is'7/2+. - The.
(2J+1) rﬁle allows elither assignment. |

ohe 142-174, . 142-234 and 186-130 keV coinci-
Jdencés were found in the (d,py)-experiment.‘ A 317 keV,
line appears in "the (d.p) Qingles data but it difiers in
energy from Alexeev's 31% kev line bv 0.5 keV. The
ratio of the yields of the 142 10 186 keV lines in the
(d,p) data is 1/2 but in the (m,y) data it is 1/3. The

-

poor agreement suggests that the 142 and 317 keV lines

have .components which do not belong ;0,134Cs.

383 keV State: Alexeev et at. éiéégs this level. to

account for.67—205 and 67-87 ke¥ coincidences. - The 38
énd 115 keV y-rays were~placed by their energy fits to
depopulate this level. They deduced the 38 keV transi-
tion multipolarity to be M1 from their conversion elec-
tron data. The 38 keV transition feeds the 7 level at
344 keV. The 383 keV level is in turn fed by a 67 keV ¥l
transition from the 450 keV 5  level. ' Alexeev et al.
assigned 6  to the 383 keV state whicﬁ is the only
lpossibility if the spins and parities of the 344 and 450
keV levels are_accepted.

This level does not appear in the particle .spec-
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tra. In the (d,p) partlcle soectra it would not have

beqn resolved from the 377 keV level. Also, it would be

an 'z; =73 state since Alexeev et al. determined the

state to have negative parity. The§e States appeared-
much more weakly than the £ = 0. statés at the angles

for which data were collected > So it” would nave been

obscured by the very. intense peak nearby (see figure
3.1). _ | i
The 38 keV transitiorn was seen in the 1. cm3

detector in singles mode in the (d,py) spectrum. No

definite evidence for the 115 keV transition was found

"

in the (d,py) data. The 87-18) and 120-205 kev coincii
. ) 1
dences were observed in the (d.py)'reaction. Additionil

- 554-205 and 593-2035" keV coincidences in the (d,py.) data

provide evidence for this level placement. The 554 and
583 keV transitions are'placed'to depopulate a level at
937 keV. The 554 keV transftion feeds the 383 keV level
and the 3583 keV transition feeds the 344 keV level (Csee

figure 6.2).

434 keV State: Alexeev et al. (1975) placed. the 434 keV
level on the basis of the 177 and 295 keV vy-rays and

189-295 keV coincidences. They placed the 177 keV y-ray

" to feed the 257 keV. state and the 295 keV y-rav to feed

the 8 isomer. From their K-conversion data they
essigned M1, E2 multipolarity to the 295 keV Y-ray. -

Alexeev et al. assigned 6 to this level. .The 434 keV
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level is fed by fhe lSQ_keV M1 transition from the 5
level’ at 624 keV 'cju;e.tifi'ed _beio;-). Hence, the spin'of
the 434 keV level is not mo:é than 6 . The 295 keV
transition to the 8 isomer is at H;st E2, so the spin

and ‘parity must be 6 .

The 434 keV level was among the weaker . 5
ievels popuiated in the (d,p) reaction,Awith an“zn = 5-
strength of 0.21 + 0.07. The 434 keV level w&s-abéent‘
from the (T,c) speétra. Not all of the 6 ’strength
expected by the (2J+1) rule (0.39) 1is accounted for by
this level, but Alexeev et al. placed another & 1level
at 257 keV whicﬁ could acccocunt for the missing component
of the § streagth. If the observed strength of the 263
keV doublet were shared eduall§ hbetween thé 257 and 267
keV levels, then the 257 keV level would_accounﬁ for the

remainder of the 6 strength.

In the (d,py) data, a 189-295 keV coincidence
130Te

was seen. A 295 keV y—-ray was also seen in the ( +
7Li) reaction. The 177 keV line was not resolved from
the strong iine at 176 keV in the (d,py) spectrum.
Ale;eev's 177 keV line would be 0.8 keV away from the
i76;2 keV line in the (d,py) spectrum. If a peak were
located there it would represent about 10% of the ftield
of the 176.2 keV line. .The branching ratios for the 177

.and 295 keV lines were calculated and are given in table

6.1 with this estimate as the upper limit of the 177 keV



yield. " -The agreement with the branching ratios of

" Alexeev et al. is good.

-~

450 keV State: Alexeev et al. (1975) placed the 450 keV

level with 67-87, 67-205 and 120-256 keV coincidences,
and energy fits for the 256 keV transition to the 1?3
keV level and for the 450 keV tfansition to the grouéé
Stafe. ‘They determined the multipolarity of the 67 keV
y=-ray to be Mi from ;heirrvconversion electron data.
Since a parity change 1s therefore involved for the "450
keV transitiou, the multipolaritg was assiumed to bhe E1,
although they were not able to confirm it. They
assigned 5 to the ievei._

Archer et al. (1966) reported a primary y-ray of.
6443 * 5 keV which Alexeev et al. (1875) have placed to
.feed the 451 and 454 keV levels.  There is no evidence-
to exclude the 450 keV level as the level fed by the
primafy tranéition. A;so- there 1is no evidence to
indicafe whéthe; the primary transigion reported by
Archer et al. is a_singlet, doublet or tfiplet. -

The (d,p) y-ray data show trensitions of 67, 256
:?d 4504kev. Moreover, coincidences between 256 and 120
keV and weak coincidences between 120 and 450 keV were
observed in the (d,py) experiment. The 67 keV y-ray is
0.3 keV l&wer and the 256 keV transition is 0.4 keV
lower than .the ehergies reported by Alexeev et al.

(1979). The ratio of the 256 to the 450 keV lines in
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s
the'(d,p) reaction is 0;44 while the ratio of <these
lines in the (n,y) data is 0.38. The agreement is not-
unreasonagle. The ratio of the &7 keV to the 450 keV
y-ray yield in the (d,py) experiment is 1.1 while in ahe
(a,y) data if is 0.62.- The égregment is poor, sSug-
gésting that there 1is a contaminanf 67'kev line. The

absence of the stronger Ta x-ray lines eliminates Ta as

a source of the contaminant.

-

A peak appears ian the (qu) and (t,s)} particle

. -

spectra =at 455 keV. -The energy resolution was not good
enough to separate three close lying levels of 450, 431
and 454-keV. The (t,u)‘reactioﬁ can not populate the-
450 keV ievel since this le?el nas negative parity which
involves the 1“11/2 neutfon heole in the configgratipn.
The 455 keV peak in the (d,p) regction may have a compo-
Aent belonging to the 450 keV level.

The yvield expected for the gSO keV level in the
(d,p) particle data can be estimated as follows. The
total yield (y-=ray plus electron cbnversion ) %or this
level, corrected for <feeding frﬁm higher 1levels, 1is
compared to the corresponding vield for another negative
parity level which is populated in the particle spectra,
such as 624 keV. The 450 keV is estimated to have za
differential cross—-section of 23 ub/sr near the peak of
the 1t = 5 angular distribution, .comparable to the

n

observed differential cross-section of the 8" isomer.
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Since the observed cross-sections for the 455 keV peak

are as low as 5 ub/sr, there is no contribution to the

-

455 keV peak from the 450 ke¥ level.

451 keV State: Alexeev et al. (1975) assigned y-rav.

transitionslpf 180,‘254. 261, 275; 277, 391, and 451 keV
to the 451 keW level. They ;eported 261-130 and 277-113
keV coincidences. Their elebtron\conversi?n'data
provided the M1, E2 transition multipolarities for the
261 and 277 keV y-rays. Alexeev et al. (1975) identi-
“fied the 451 keV level as & level which is fed by «
primary transition from-“éhe 3+ or 4+ -capture state.
Tﬂey assigned 3 or 4  to the level from the observed
"transitions. |

The 189, 261, and 451 keV trénsitioné-wére found-
in~ the {(d,py) data. 261-1§O and 113-277 keVicéinci-
dences were seen in the (d,py) data but the 277 keV line
was not resolved from the strong 22§-kev‘line in the
singles spectrum. The 254 and 275 keV lines dé not ap-
pear in the (d.py) data. y—fays with relative yields
less .than about 0.7 were not separated frdm the Compton 
background, so the 254 and 2f5 keV lines have yieldé
less than 0.7. The ratio of the 254 keV to the 261 keV
yield would be less thanr 0.07 while in Alexeev's data it
is 0.04. The ratio of the 275 keV to the 261 keV yield

would compare similarly. Relative to the 261 keV line

the 451 keV line was much stronger in the td,py) data

-~
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than the (n.y).branching-ratios ledAone_to expect. This

suggests that there is another 451 keV lline in the
13403

- (d,py) spectrum whkich does not belong to

454 keV State: Alexeev et al. (1975) placed the 454 keV

Jevel from y-rays at 219, 244, 263, 394, 442, and 454

keV. They reported 219-174, 219-234, and 263-130 keV

coincidences. =~ They determined thgutransitiqn multipo-

laritites of the 219 and 263 kev y-rays to be M1, g2.

Alexeev et al. (1975) reported that the 454 keV level
was pppulated by a primary y-ray transition from the 3+
6r s capture state. They assigned 4+:to the level.
There is no evidence in the (a,y) data to exclude 3" or
-S+ as possibilities for the 454 keV level.

411 of the -(n,y) lines except 244 keV were
observed in the (d,py) y-Tay spectra. The yield fof the
244 keV line is estimated to be not more than 0.6 in the
(d,py) reaction. The branching ratios for the other
lines depopulating the 45; keV level are in good agree-
mént with the (n,v) b;anching ratios: The coincidences
reported by Alexeev et al. (1975) were also observed in
the (d,py) experiment.

The 455 keV peak in the particle spectr2 must be
attributed to the 451 and 4534 keV levels. The y-Trayv
yields from the (d,py) spectrum for the two levels were
‘compared to determine the contribution of each level to

the (d,p) particle spectroscopy strength. This compari-

)
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" son showed the two le;els-wére nearly equally‘pogulated.
The 455 peak has a -weak ;n = 0 éngular distribution_in'
;he_(d,p) reaction ﬁut carries an Lp = %ﬂstrength of
0.16 + 0.02 in the (t,a) reaction. These t-values
restrict the allowed spins to 3% or 47 for the 451 and
454 keV levels. Interpfetatidn of the particle data in
terms of sﬁell model configurations is difficult. .It is |
possible that tbe peak in the (t,q) particié spectra is
due to either the 451 keV level or the 454 kev.ievel or
both. ‘This result indicates that_at least one of the
levels, 451 or 454 keV, is an admixture of the [ﬁg7/2,

-1 ‘ -1 . .
(vsl/z) 1 and the [tdslz,(vdS/z) ] configurations.

483 keV State:  Alexeev et al. placed this level from
;he 307-116 and 307-176 keV coincidences and the direct
feeding rvia & primary y-ray (Archer et al., 1966).
Thei; conversion_ electron data c?ﬁld not distinguish
between M1 and E2 multipolarities for tﬁé'§07 keV y-rTay,
but the exclusion of El \is sufficient to assign negative
parity. Any spin from 27 to 5 is possible.

The 307-116 keV coincidences were seen in the
(d,py) data but the 307-176 kév coincidences were not
observed. These coincidences involved, the 49 asec
isomer at 176.4 keV.

‘The 483 keV level does not appear in the parti-
cle spectra. Estimates éf the expected yield id the

particle spectra are made in the manner that was
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described for the 450 kev_level. The total yield of the
307 keV transition corrected for the yield of 1ines"

feeding tbhe 483 kev 1evel ‘was compared with -the yield

of the lines depopulating the 624 keV level. The 483

_ keV}level would require 2 differentlal cross—-section of

5 ub/sr near the peak of the L,z 5 angular distrfbe-
tion. Such a weak peak could easily be overlooked.

503 keV State: The level was establlshed in the (n,y)

. reaction by tran51tlons of 212 293, 305 and 503 keV and

the direct feed from the capture state. The 293 keV
transitlon was the only one with. a multlpolarlty assign-
ment. The multipolarity was M1, E2 since the.K—conver—
sion coeffioient-oould‘not distinguish between the twWo
(Alexeev et al., 1975). 3* of f4+ was assigned by
Alexeev et al., consistent with the level belng fed from
the capfure'state. However, they were not -justified i
excluding.other possibilities. ) |
This ﬁas'the weakest Ln = 0 level identified in-
the (d4,p) spectre. This level was absent from the (t,u)

reaction. The L = { angular dlstrlbutlon restricts the

spin to 3 or 4 , consistent wlith the 90551b111t1es

allowed by Alexeev et al.

ﬁ The 293-198. keV coincidence relatlonsnlp was
found in the (4, py) reaction. Lines at 293 and 503 keV
appear in the singles data for <the (4,pY) reactlon. The

ratio of the yields of +he 293 to the 503 keV lines in

Q.
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the (gip;) experiment is about 8 tlmes smaller than the

.

(n,y) ratio. This suggests that there isat least one

-

other 503 keV 1line which does. not belong to .134Cs

Alexeev's 212 k&V T-ray.would be next o tﬂek211.2 keV’
Y—rey in th® (d,py) epectrum. Most of the 211.2 keV
yield is eccounted for by the decay of the 271 keV
level since the branching ratio fozy the 211.2 kev_y—fay
.déreed well with. the ’bfeﬁchiné' ratio from the (n,y)
‘data. The ratio of the 212 keV'y;:?z to the 283 keV .
vield would be less than 0.12 while in Alexeev's data it
is-0:15.¢ The 305 keV line does not appear in the (d,py)
spectrum, so it could not have more than 0.6 units of-
relatiﬁe vield, since lines with less than thls v1eld
wvere not separated from the Compton background.. The
ratio of the 305 keV to the 293 ev yleld would be less
;han 0.2 while in the (m,v) data it is 0.41.

515 keV Staté: Alexeev et al. placed the level from the

142, 285, 309, 329 and 519 keV transitions. Coinci=
-dences were observed for 285-234, 309-188, and 329-130
keV. The spin was assigned as 3+ or 4+_from the M1, E2
hultipolarities of the 285 arnd 309 keV transitions.

The 520 keV peak did not appear at enough angles
in the {(d,p) particle  spectra fof an angular distribu-
tion to be obtained.

Only the 309-198 keV coincidences were cenfiEEEG'

from the (d,py) data. A 142 keV transition appears in
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the (d;p) y-ray data, Dbut it was identified principally
"as the- transition between TtThe 377'an&-234 keV levels.

Qne‘third'of its yvield may represent this other 142 keV
. ’ . - . .
line. - The 11nes at 285 309 -and 329 keV were obscured

by other strong lines w1th1n the energy resolutlon.

LR

571 keV State: Alexeev et al. placed thls level from

the 120-205 keV coinbidences and the diréct- population
by & prxmarv transition from the captu*e state. - 303
keV T—ray was also placed to ;eed the %6: keV - level. A
269 keV Y—rav was placed to feed the 571 keV level to’
account for 269 190 keV c01nc1dences._ The- 571 heV state
was - assigned 4~ or 5  from the 120 keV M1 and 303 keV
M1, E2-mult1polar1t1es. -
| <The 1207205 and 120-269 keV coinc1dences were
seeﬁ‘in'the (d,py) experiment. Weak 120-450 kxeV coinci-
. ¥

dences were observed in the (d,p) y—-ray dats. The 303

keV line was obscured by a very Sirong doublet line at
1 . .7

302 keV which does not belong. to 13405.

No a:l keV level was identified in the particle
spéctra. gh estimate of the expected particle vield can
be made by comparing the Y—ray‘yiel;? adjusted for the
confersion electron yield, for t;is level in the (d,py)
expgfiment with Fhe corresponding vield for the 624 keV
level. Tﬁe 571 keV level would require & differential
c:oés-section of about £5 eb/sT near thq.maximum of the

L, .= 5 angular dlstrlbutlon compﬁrable to the 624 keV

level. A level this strong would have been identified
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;from the (d,p) particle specfra. However, no .peak at-

571 keV is found. A peak does appear at about 579 keV

. (see figure 3 l), but this is  primarily attributed to

the 579 keV level. So there must be at least one other'
T—ray feedlng the 571 keV level whlch has not been
identified to account.: for the extra ¥ield.

575 kev State: The 579 keV level mﬂﬁ on the 127-

261 keV coincmdences and energy fits for the 344 and 402

keV x—rays (Alexeev et al., 1973) "anpd the direct feed
(6399 xeV ¥y-ray) froh the capture state (Archerket al.,’
1966). The 402 keV transition feeds the 176 keV level
and the 344 keV transition feeds the 234 keV level.
Alexeev- et al. ;seigned 2% or 37 to the level. The M1
multipolarity of the primary traasition allows 2+, 3+,
4+‘dr.5¥. 4+ and 5+ are excluded by the 402 keV transi-
tion to the assumed 1% Tevel at 176.6 keV.

The 127-261 keV coincidences were not seen 1in
;he (d,py) spectrum. In the singles (d,p) r-ray datas
there are lines at 127.4, 345.1 and 401.8 keV. The

yield of the 127.4 keV line is associated with the decay

. of the isomer. The 345.1 keV line in the (d,py) spec-

tgum differs from Alexeev's .344.8 keV line by 0. 3 keV.
The yield for the 345 keV line in the (d,py) data lS
associated with the 689”keV level. The 401.8 keV line

in the (d,py) data disagrees with the 402.4 keV line

. - 4 - N
. reported by Alexeev et al. by 0.6 keV. This is a large

”
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difference so the 401.8 keV line is not identified as

the 402 keV transition reported by Alexeev et al. The

(d,py) data do not agree with the §-ray assigoments of

Alexéév et al. for‘th}s level.

This level was weakly populated in the '(d,p)

A B

spectra but no t-value could be extracted. A level was

also weakly populated at 586 keV in the (t,a) reaction.

"and no t-value was extracted. .The 586 keV level does

fot agree well in energy 'so it is not identified as the

579 kef level reported by Alexeev et. al.

‘ ) X
624 keV State:. Alexeev et al. pl&ced this level from

the 189-295 279~87 and 279-205 keV c01nc1dences and the
dlrect population of the level via a 6267 keV prlmary
y-ray- (Archer et al., 1966). A 356 keV T—ray was placed
by the good energy fit. They'aSSLgned 5~ to the level

on the basis of the,lég kev €1, 279 keV M1, E2 and 356

'kev Ml E2 transitions (see flgure 6.1 and the assump- ‘

tion that s parity changing primary y-ray must be EI.

An L, = 5 level was present in the'(d,p) reac-
tion with a strength of 0.29 + 0.09, The observed
stréngth for the 624 keV level is consistent with a 5

assignment since the (2J+l) rule predicts that the 5~

-1 . ’
member of the [“g7/2'(°h11[2) ] multiplet would carry_

strength of.0.33.

The 189-295, 279-87 and 279-205 keV coincidences

-

were verified by the (d,py) data. -Unfortunately, the -
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. 279 keV line is not résolved'from a StrQng line at 278.8
' 133 ' .

keV from "7"Ba and the 356 keV line is unresolved from |

133

the 356.1 keV line from ~>°Cs. The 189 keV line in the .

"(d,p) "singles data may .also have ar‘compohent' which

belongs to the 190 keV level in rS%*cs.

639 keV State: 'This state is placed'Qg observed 205-295

- keV coincidences. These coincidences appeared in the

’ -

(d,py), ('Li,3n) and (n,y) (Alexeev-.et al., 1975) reac-

<o

tions. ‘The coincidence was not accounted for by Alexeev:

et al. 'Since there are already 205 and 295 keV transi-

tions in the level scheme that cannot pe in coincidence

~_with one another, one.must ‘conclude thhp 2t least one of

fhé-t&b linéé is in fact a‘doublet. One possibility 1is
that the 205 keV y-ray.is & doublet, Wi%h,one component
feeding the 434 keV }hfel from the 639 keV level.‘ The
OthBr_5ossibility is tépt the 295 keV y-ray is doublet
and connects the. 639 kevklevel“w;th.the 344 keV level.

+

It is alsq/bossible thgt béth are doublet and both tran-
Asitions e%ist. Since it was not decided which transi-
tion shouid‘be placed in the scheme, both transitions
appear 3s dashed transitions in figure 6.2. ﬁo 639 keV

level was observed in the (d,p) particle épectra and no

estimates of its required strength can be made.

684 keV State: The (n,y) work- placed this 1level +to

explain the 200-307 keV colacidences. The 200 keV

trensition was assigned M1, "E2 multipolarity. -Spias



from 27 to 5 are suggested by Alexeev et al. (1975).

‘Their date do not exclude i~ or 6~ as possib;litieg.”

. The 200-307" keV coincidence: relationship ¥as
also found iz the (d,py) data. ‘
| | -This is another ievel for which no barticle
spectroscopy data exists. The total (y-ray plus elec-

Eroﬁ) yield inhthe (d,py) experiment was used to esti-

mate :hé expédted pgzticle vield in the (d,p) reaction..

Compafisén of the yield for the 684 keV level with the

y{gld for the zrans;tionsrdepogalating the 624:kev level
predict that the 684 kev-level would_reqpire 2 différen—
tial cros;-section of S‘nb/sr neaf_the maximumtof the L
=5 angular distribution. This would be about 10-15% of
" the érossfsections‘listed'in table Al for the 689 keV

level. T

683 keV State: 4n & = 5 level carrying s strength of

-P\\\hO.SO + 0.16 was found in the (d,p) particle spectra™® No

689 keV level appeared in the (t,e) reaction. This

level must_ have negative parity due ‘to the lhil/°

neutron hole in the configuration for the level; JIf
only 2 small part of the strength of the levei is attri-
buted to the 684 keV level, then the 889 keV level still
carries a large amount‘of strength. This suggests that
1t must have a.large spin. 8" is already assigned to

the isomgr so this level is a strong candidate for the

9~ assignment.

138
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A 345-205 keV coincidence was not placed by‘
“Alexeev et al,v. The 345 keV vy-ray was Qeak so coin<
cidenceé with the STAQeV transition were nOt‘likely fo
be -observed. A weak 345 keV line ﬁaé also seen in the
(d,py) spectrum but no coincidences wer;.observed.
Aléxeiv's_obgervéd coiﬁciaence suggests'tﬁat there is a
345 keV transition_feeding the 344'keV le%éllfrom the
propoSed level at 689 keV. The energy_ for the 345 keV
. Y-ray in the (d,pr) data aiffers from the (n,y) value by
about_0~3-5ev. The enefgy fit is not very gooq, there-
fore. . The level energy is adopted fme the glacement'oiﬁ
the 345.1 keV y-ray to the 344 keV ievel.

Levels with higher spins were expected to be
populated in the (TLi,Sn) reaction but no 545 keV line
eppears in that rea;tion. Also, 1if the 689 keV level
really is a 9~ state-then 1t is expected to decay to the
isomer siﬂce that would involve an M1 transition of 550

keV. No 550 keV y-ray was found in the (d,py) data.

702 keV State: The 702 keV level was placed in the

-

(n,y) work by three y-rays at 218, 434 -and 525 keV. A
primary y-ray of 6186 keV was found to feed this level
{Archer et al., 1966). The 218 keV y-ray was reported
To be in coincidence with the. 307 keV y-=-rTav. The 218
keV transition has M1, E2 mulfipolarity. Spins. from 3
to 5 were sugéested for thishlevel by Alexeev et al.

el

It is not clear how they excluded 27 as & possibility.
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- The 218 and 5925 keV transitions were seen in the
(d Py) data. COLnCLdences between the 218 and 307 keV
lines were v;rifled by the data The 434 keV line was
'npt seen,‘so it would have 'a yield that lS less than 0.5
in the (d,py) experlment._ The ratio of the 434 keV to
the 218 KeV yield would be less than o.1éf while in the
(n,y)-data it is 0.15. The ;E?io of." the yields of the
218 keV line.to the 525 keV line in the (d,py) experi-
ment is 2.2 and the same ratio in the (n,y) data is 1. 8
Thetigreement is reason&ﬁigl

This is another level for which no particle &ata‘

exists. Estimates of the particle yield for this level
were made by comparing the Y-Tray yield, adjusted for the .
conversion electron vield, of the transitions depopula-~
tinghthe level in the (d,py) experiment with the corres—
ponding yield for the 624 keV level. The 702 keV level
woﬁld require a difﬁerential Cross-section of 4 pb/sr &t am
600 (rear the maximum for the z = 5 angular dlstrlbu—
tion). - Such 2 weak level would be easily overi@oked

duriang the analysis of the plate data.

715 and 720 'keV States: dlexkev et al. placed the 715

keV level from the 232=-307 keV coincidences and the
energy fit for the 539 keV lipe. . Archer et al. also

observed a 6177 keV primary y-ray which Alexeev et al.
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s
assigned to feed this level. Alexeev et al. suggested
spins from 27 to S~ for .this level from the M1, E2
transition muitipolarity of. the 232 -keV y-ray.

—

In addition to 232-307 keV coincidences there is
& 539 keV linpe in the y-ray data.from the {(d,py) experi-
ment. Good agreement is found with Alexeev's brancﬁing
ratidg.

This level does not appeir in the (d,p) particle
séectra, although ﬁ peak does appear near 720 keV. The
peak at 720 keV has an t-value of 2 in the (d,p) reac-—
tion and is weakly populated in the (t,a) reaction, so
it does not have the right parity to be Alexeev'é 715
keV level. 1If- the 715 keV level were directly populated
in thé (d,p) reaction it. could not be resolvéd from the
720 keV level. When the 232 keV yiald was compared to
the net yield of the 624 keV level, it wes found that
thé 715 keV level would requiré a differantial crg;s—
-section of 4 yb/sr near the maximum of the L, = S
angular distributibn. This weak level could easily be

overlooked during the analysis of the plate data.

840 keV State: Alexeev et al. placed this level froﬁ

269-120 and 269-205 keV coincidences and the energy fit
for the 663 keV y-ray. The 840 keV level was also fed
by the 6052 keV pirimary y-ray from the capture state

(Archer et al., 1966). The level was assigned 37 or 47,

. .
based on the M1, E2 multipolarity of the 269 keV transi-
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tion. The 2~ and 5  possibilities should not be
excluded. | -
The 269-120 and 269-205 keV coincidences were
|, also seen in the (d4,pr) data. The 663 kev line is
completely obscured by & very strong line at 664.9 keV.
The 840 keV -level was also not observed in the
parficle spectra. . fhe particle yield was estimated ;rom
" the yield of the 269 keV y-TaY-. -The 840 kevilevel would
require & differential cross-section of 3 ub/sr near the
maximum of the . = 5 angular distribution. Such a weak
'ﬁeak was egsily‘bverlooked during‘the apalysis of the
plate dsata. 'ﬁ.‘ .

910 keV State: The 910 keV 1evei was &eakly populited in

-—the -(d;P) Teaction by ., = 0., It was also_fhe weakest
jevel for which the g-value was obtained in the (t,a)
reactior. Tﬁe level was assigned Lp = 2. The £, = 0
angular distribution limits the spin to 3+;or 4+ since
the 13305 target ground state spim is 7/2+.

Coincidenceé between y-rays of 737 and 113 keV
were seen in the (d,py) data. Thes® are not reported in
the (n,y) work where the coincidence data do not extend

beyond 345 keV.

936 and 937 keV States: The 937 keV state has an ¢ = 5

strength of 0.24 =+ 0.10 in the (d,p) reaction. The
zn-value requires that the -parity be negative. The

state at 936 + 3 keV in the (t,a) reaction is presumably
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another'separate state since the (t,a) reaction is.not
expected td populate negative parity state§. | - -
Two coincidgnceé, 554-205 and 593-205 keV were
found in the (d,p) y-ray data. The 554 keV y~-ray has
‘been placed to feed the 383 keV.level and the 593 keV
y-ray has been placed to feed the 344 keV level. The
branching ratios for tﬁe 593 and'554'kev lines were
e;tracted_from fhe 205.keV coincidence gate since, in
singles, the 593 keV lige is obscured by a strong line
at 592 keV. A 926 keV transitioﬁ was observed in the
singles data which fits to within 0.5 keV as the tran-
sition to the 11 keV 5  state. The 593 kev‘i}dnsition
feeds the. 344 keV 7 level. If the 593 keV transition
is at most E2, then the allowed spins for the 937 keV
level are 5 or 6 . Thé spectroscopia strength of the
937 keV level is weaker. than what is expected fof‘eith;r
5" or 6 spin assignments.A It is quite probable that
this is a level resulting from the fragmenting of the

'shell model strength.

1103 keV State: This state was suggested by a 113-928
keV coincidence in the (d,pyi data. There was also a
level at about 1102 keV, populated by a 5790 keV primary
transition in the (n,y) work of Archer et al; (1966).
The 1103 keV level was not observed in the (d,p) or thel
(t,e) particle spectra. Since the 929 keV y~ray feeds a

2% state, the level is 27 or 37 if the 1103 keV state is

-
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negative parity and 17, 2", 3% or 47 s the state is
positive parity. R

. 130 7. . s
1057 and 1214 keV States: The Te( Li,3n) reaction

contained a y-ray cascade, 157, 205, 295 and 418 keV.
The 205-295 keV coincidence has already been expiained
by placing a level at 639 keV. The 418 keV line was
stronger in the singles sﬁé;trmn of the (?Li,Sn)
reactipn than the 157 keV line, so it should be placed
Aext: Placing this transition on top of the 839 keV
level requires a level at 1057 keV. Then a level-is
needed at 1214 keV to feed the ldg§'kev level by a 157
keV transition. The spins of these two leve}s are
expected to be larger than those of levels pqpulated in
the (d,p) or (n,y) reactions. | |

742, 782 and 830 keV Levels: Three additional ln = 5

levels were identified .in the (d,p) particle spectra,
but were absent from the (t,s) reaction. " These levels
must have negative parity. The y-ray transitions depop-
ulating these levels could not be identified from the
y=ray dats. Comparisons of the strengths of these
levels to another zn‘== 5 levél fér which y-ray dgcays
were idegtified provide estimates on the y-ray vyields
for these levels. j If one assumes that each level
de-excites by a single y-ray, then the lines would
require relative vields of 18, 14 and 12 for the 742,

782 and 830° keV 1levels, respectively. These vy-ray
—
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'yields are comparable to the 120 keV vield from the
de-excitation of the 571 keV level 1in the (d,py)

experiment.

6.3 Additional Levels in (n.vy) Scheme '

Additional levels at /6.6, 197, 281, 634 and
752 keV were reﬁofted by Alexeev ot al. (1975) (see
,figure 6.1) but are not included in figure 6.2, because
these levels were not seen in t;e present study.

The 176.6 kevhlevel was placed by Alexeev et al.
by Qirfﬁe of 114-116 keV coincidencgs and the energy fit
for the 275 keV y-ray between the 451 and 176.6 keV
leeels. They used the observed E2 multipolarity for the

116 keV transition to the assumed 3+ level at 80 keV to

assign 17 to the 176.6 keV level, although 2%, 37, 47

L

-

and af'can not be ruled oug completely.
The 197 keV level was bhased on the 137-305 keV
coincidences and the energy.fit for the 197 keV transi-
_-tion to the ground state. Alexeev et al. assigned 3+ to
“the level, but there is o evidénce for, excluding 147 or
5" as possibilities. ’
Alexeev et al. placed a level at 291 keV, based
on the observation of 93-130, 114-116 and 117-1L3 kév.
coincidences. Their 93 keV transition is reported to

nave M1 multipolarity and their 114. Alexeev et al.

(1975) =zssigned 2% to the level. However, the spin of
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the 197 keV level is not well established so 3%, 4% s*
or 6 should be consmdered as p0381£111t1es..

‘Alexeev et al. placed the 634 keV level by the
eng;gy fits for the 150, 251 and 377 keV Y-rays. It_is
not evident:from the published data how Alexeev et al.
decided upon 3  or 6 as the spin aﬁd parity for this -
level, _Tﬁere is a very weak 251 keV line in the (d,py)
spectrum. - There is also a 377 keV line in the (d,pT)'
Spectrum but it Qiffers in energy frqp,;he (nly) data by
0.4 kevV, The 377 keV line in the (d,pY y-ray dats is
Dot the samg llne reported by Alexeev 2t al sznce the
377 keV line is 7.5 times Stronger than the 251 keV line
in thg (d,py) data but only 4.5 times stronger in the.
(n,y) dazaz. No 150 keV llne was observed in the (d,py)
séectrum, but sxnce Alexeev s data show this to be the
weakest of the lines from the 634 keV level, the absence
of the line from the (d,py) data is 20t surprising. It
is not clear whether the 634 keV level is populated in
the (d,py) experiment. No 634 keV level was identified
from the (d,p) particle spectra.

. The 732 keV level ¥as placed by Alexeev et al,
(1975) with 302—205‘3§V coincidences and energy fits for
the 485 and 495 keV transitions. They place&'the 302,
keV transition to feed the 450 kev level_rather than the
383 keV level. The M1, E2 multipolarity of the 302 keV

y-ray limited the spin possibilities to 4 or 35
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‘Archer et al. (1966) reported a 6138 keV prlma.‘ry transi- 7

-tion in their {(n, 1) study which Alexeev et al._ ass:Lgned
to feed a 752 keV level. A very strong 302 kev doublet
a.ppea.red in the (4., px) s:.ngles spectrum ‘but no 302- 2057‘
keV co:.nc:.dences were found. The 302 keV lines were
primarily attributed to_ The 485 keV
line does'-not appear at all. There is a 495 keV line
which is very strong but 11: differs in enef’gy f-rom the
(n,y) value by 0.5 keV. Since. the 495 L-:eV 1:Lne is.
wea.ker than the 485 ke’i’ line in the (n,y) rea.ct:.on it
should also be true pere 1f the (n,y) level scheme is to

be believed. Thus one concludes that the 752 keV level

is not populs.ted in the (4, p"r) experlment.
& .

5.4 Shell Model Configurations in “-°Cs ®

The four members oI the [137/2,(\:(-13/2)_1] con—r
figura.tion are poSitively identified as the 4" ground
state. the 5% 11 keV level, the 37 60 keV level and the
2% 173 keV level. In‘the (d,p) particle data the ground
state is. weaker than the predicted strengthk for the 4
member a.nd the 60 keV level is stronger tha.n the predlc—
ted strength for the 3" member. The 11 and 173 keV
levels carry strengths Wh:lch are a.ppropria.te to their
respective spin agsignments -in the (d,p) particle data.
In the (t,a) experiment, the 60 and 173 keV levels carry

-

strengths consistent with the (2J+1) sum rule predic-
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tions fdr the 37 and.2+ members of_[wg7/2,(ud3/2)';].
~The combined strength of the grbund state and 11 keV
lefel iﬁ the (t,e) expe:iment is aiso“consistént with.
the sum of.the ﬁredictéd strengths for the 4+ and 5+
members. | |

“Two strong Ln = 0 levels were expected in the
“(d,p) feaction, corresponding to'the 3+uand 4+ members

of the [tg7/2,(v31/2)=1] configuration. The (2J+1) rule'
 predicts strengths of 0:37 for the 4% member and 0.29

for;the 37 member. -Three strong zn = 0 levels at 190,

23; and 377 keV were found in the (d,p) particle data.

The 377 keV level carries all of the strength of ome
. member of the configurétion, while the 190 and 234-kev

level equally share the stren%th of the other member.

Thg (d,p) particle data suggest that the 190 and 234 keV

levels have the same spin. Eowever; the (t,s) data do
‘not support this. )

The (t,e) data are used to identify the four
members of the. [’dS/Z’(“dS/z)-ll coﬁfiguration which
would not be populatéd in _the (d,p) Teaction. Four
strong &, ='2 levels at 190, 209, 234 and 455 keV were
found in_tke (t,s) reaction. T@e (d,p) data would
require that the_190 and 234 keV levels have the same
spin. However, the 190 keV level alone carries enough
L. = 2 strengﬁp to account for the 4% member, so the

P
(t,2) data would reguire that the 190 and 234 keV levels
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. have difféerent épin- The 209 keV level is tentatively

L3 - s

assigned 4**in the present study since it is:the only °

spin- Whlch is consistent Wluh data from thls study and

o -

- the (n,y) work of Alexeev et al. (197o) . The- dxscu351on‘
.- on the 431 and 454 keV 1evels lndlcated that the 455 keV

level in <the (d D) reaction is doublet. ‘The samp may be
- .;rue in <the %(F.a) reaction. = The observed zp = 2
T s’tfen‘gth for t'he' 455 keV.level could account for the

- . . . - + -
- remaining strength of the 4 member. One cannot con-

clude from ghe available data which spins _should ’bé
.éséiéned to (;e 190, 234 and 455 keV -levels. The spins |
of the 190 and 234 kxeV levels can: only be-restricted to
\? choicé o% 3+.of 4+' Slnce no ogggr strong zp = 2;

levels remaln, there are no candldates for the 2 and l.i"ia
membersg of.thg“mult;ﬁlet. In view Qf the resolﬁtion
problems ip the (t,a) eﬁferimenﬁq it is ﬁosgiple that:
there is another ip = 2 leVél un}esolved from the 196
keV level. This could explafn the large lp =2 strengfh
carried by the 190 keV level. '
In summary, the DOSitive -parity states are

identifie&'as follows:

A

- . ’ -1, _+
1 kev [ug7/2,(vd3/2).- 1 5
- . : -1 +
0 ; . »
eV =87 (g p) l] & _
_"- ‘ . R + . .
60 kev = [-ng?/z_-.l(\.;ds/z) 13 \
Cleat e e =l o+ . .
. .1173:(1\6\? :[ug7/2,(ﬁ3/2) ] 2 ., .
" 190 xev It ‘8 ) l} + [=d (vdq o) Y 37, 4t
& 1g~/2 Vsl/z ‘ 5/2; 3/2 i y -
" = - . . -
Q T -~ " )
.\ l‘ N -{.‘ v
- *

W

.
.
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209 keV [wd5/2,(ud3/2)-l] . |
234 keV [vg7/2J(vsl/2)—11 + [wdslz.(v§3/2)il]‘3+, 4+-
377 keV [1g7/2,(v51/2)’1] 3%, &" , "
455 keV [1d-/2,(vd3/2) l}

where the 435 keV level may be the 451 keV level the

454 keV level or both in. the (t, a) reaction.
.4

Eight members of -the" [wg7/2,(vh11/2) l} config-
urdtion are expected in the (d,p) reaction. None of
these are expected to appear in the (t,s) reaction.
Eleven in = 5 levels appeared in thgﬂ(d,p) reactioﬁ,_so
some fragménfiﬁg of the shell model sffengﬁh'ocpuffed.
The‘é— member is identified s the 138 keV isomer. The
344 keV level is a part of the 77 member, the level

carrying the remainder of the.7 strength has not been

' i&egtified: The 25§ and 434 keV levels are tentatively
f

-

identified-as_céhpénents of the 6§ member of the config-
aretion. The 5  member is identified as-thezﬁ24 keV
level. The 9~, 47, 3  and 27 members have not been
positively identified from the {d,p).data. Alexeev's 5

assignment to the 267 .keV level is not firmly esasg

blished and the 5 strength is already. accounted for by

the 624 keV level. 1f the observed strength of the 263

H

kxeV doublet is equally divided between the 257 and 2867
xeV levels, the 267 keV level only carries part of the
strength expectedlfor the 4  member. The 782 and 830

keV levels carry esough 2 = 5 strength to be the 3~ and

-
-
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o~ members or to be the other part of the 4  member.
The 742 keﬁ- level carries enough ¢, = 5 strength to
nccount for the 4  member or fo account for  the
remaining-ss% of the 7 member.

Alexeev et &l. (1978) ran shell model calcula-

tions for the p-n multiplets in 122

Sb and obtained good
agreement betweeﬁ the calculated and experimental level

enérgies. . Then they compared the. level spacings of the

122 with those in °%cs and

negativé parity states in
concluded that the same p-n multiplets are observed in
both nuclei. They performed a shell model calculation °

_for the (“g7/2’“h11/2) and (vdg . vhy; ;) multiplets in
134Cs with the same model that was used for 122Sb. The
force;parameters for the calculation ?ere obtained from
fits to the level eﬁergies of ten negative parity stytes
in. 3%cs. From a comparison of the celculated &nd

experimental level energies.they:associated the 176.4, "

193, 267, 257 and 138 keV levels with the 3, 4, 5 , 6

and 8 members of.the (745/2' vhll/z) pultlplet. They
also identified the 840, 571, 450, 383, and 344 keV
levels with the 37, 4, 57, 6 and 77 members of the
(“g7/2’“h11/2) mgltiplet. The (d,p) particle gata in
the present study show the 138, 257, 267 and 344 with in
= 5 angular distributiops.; The (d,p) reaction populates'

states from (’g7/é’“h11/2) but would not populate states

from (wds/z,vbll/z). The present study confllgts with
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the p-h multiplet assignments of Alexeev et al. (;978){

They were not justified in believing that *a model which

S 122 13

works for Sb could prediet anythiag about %cs which |

has four more protons and eight more neutrons.

6.5 Summary
- Jd

A description of an experimenial stud
! 134

of the

energy levels in the odd-odd Cs nugleus has been
. o a
presented. The (d,p) and (t,ez) reactions gave the

spectroscopic strengths and the ;-values for many of the
low-lying levels. The pﬁrticle\/data were analyzed
within the'fggmework of the nuclear shell model. The
y=-Tay studies revealed the decay properties for these
levels and prbvided the basis for a.comparison.wiéh the
results of the (n,yy study of Alexeev et af; (1975,
1878). |
.Many of the spins that Alexeev et al. (1975)
assigned .to the positive parity states ;ere not well
eétabliéhed because they assumed éhat the-sﬁin-of the 60
keV level was_3+. Their data did not provide a firm
. spin assignment,fér the 60 keV level, since-4" and 5%
could rnot bé excluded as, possible spins. The present
study provides_conclusive evidence that the 60 keV level
is indeed 3+. Aléxeev's spin assignments for some of

the positive parity states are more firmly established

as -a result of the present study. The spins of the



positive parity states from the present study generally
‘agreed well with those of Alexeév et al. (1875)- The
spins of some negative parity states ffom the pfesent
~Study also agreefl'well. with those of Alexeev et al.
Unfortﬁnately, the present stud§ did not provide infor-
mation on many negative parity statés whosegspins are
not firmly set bf the (n,y) work. The branching ratios
from the present Efud? also agree well in most instances
with those of Alexeev et al. Thé p-n multiplet struc-

13405 have heen identified from

ture of some lev;ls in
the ﬁresent study. These p-n multiplet assignments
conflict with the multiplet assignments ma@e.ﬁy Alexeev
et ali (1978). Since it was concluded that'the negative
parity States Alexeev et al. (1978) identified with.<the

p—-n multiplets were in error, their shell model calcula-

tion was considered to be invalid. Hence no attempts

were made to compare the level energies of the p-n

multiplet members with their shell model calculated
energies. ¢~
The current study has produced more information

4
on the structure of 13‘Cs, but further studies are

135

needed. If an enriched isotope Cs target becomes

available, the (d,t) reaction pfomises to provide a

better chance to investigate the negative parity levels

-

since the ld = 5 levels should be stronger in the pick-

up reaction than they were in the stripping reaction.

. - ' | - 153
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-

13

If a Gery highly enriéhed 4Xe taréet became available,

13

* the 4Xe(p,ny):reaction would be another'E3bd experi-

ment for further investigating >°3iCs. Repeating- the

-

(d,p{) experiment does not appeidr to have'mani‘benefits.

134

The lifetimes of many of the levels in Cs are already

known (4lexeev et al., 1975), so lifetime information
from the (d,py) reaction is not necessary. It would bg
advantageous to improve the energy resolution for ano-

ther (d,py) experiment since there are many close lying

lings which were unresolved or poorly resolved. There ¢

'yerelﬁiso many lines from tﬁ25133Cs(d,2ny) reaction in
the y-ray spectrum which obs&ured Jdines from 134Cs. The

Q-value for the (d,2n) reaction is £3.512 MeV, so the
_ reaction threshold is well below the 11.85 MeV Coulomd
barriér for deuterons on 133Cs. The deuteron beam
energy could not be lowered enough so that the (d,2n)
reaction wauld not compete with the (d,p) reaction. The
(d,p) reaction did not alloy large amounts of angular
momentum to be transferred £o thére would not be very
much anisoiropg/inxphe.y;ray angular distributions. The.

(130Te 7

information on 13

4Cs at bombarding energies of 32 and 34

MeV. . Lowering thé bombarding energy may provide useful

information on 134Cs from the l30Te(’Li,3n7) reaction.
if uéeful information can be gained from this reaction,

y-ray angular'distri:ptions should provide spin informa-

/,

+ ‘Li) reaction was unsuccessful in providing
L d
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-~
tion since the heavy ion reactions transfer large

-,

A -
amountg'of angular momentum. The (t,s) reactiom popu-

—

lated & 'level at 455 keV which could be ‘the 451 keV

K

level, the 454 keV level or botk. The gfiergy resolution
was not good enough to de;ermine_thiéi Since the y-ray
N -, ) .

Studies with the (d.p)'reaction provided muchlinforma—

+

tion, a similar vy-ray study with the (t,a) " reaction

might also prove useful.
3 y .

«3p
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Appendix A

»

The experimental data for the 13365(d,p)

reaction azre presented in Table A-1l.
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.The experimentzl data for the lasaé(t,a)134Cs
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reaction and for the ~°°Cs and 137¢s impurity peaks are

presented ip Table 3-1. -
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