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ABSTRACT

The levels associated with the decay of the 0.230

146Eu were populated by the (7Li,3n) reaction

on 142Nd using a 33 Mev beam of 7Li ions. A decay scheme
has been proposed for this isomer based on the study of
the in—béam and éulsed beam conversion electron, and gam-
ma ray singlés spectra. The assignment of spins and pari-
ties was based on the multipolarities'of the 274.9, 293.9,
358.2 and 377.0 kev transitions determineé by conversion

. . ) + oL
coefficient measurements, and the assumed 9 identity of

the isomeric state.
%
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CHAPTER 1

INTRODUCTION

‘

146Em nucleus is an odd-odd nucleus which has

ﬁﬂie

one neutron outside .the N=82 majox shellavgnd one proton

P v

hole in the 2Z=64 shell. The singlefparéicle mode'l might

therefore be expected to be suitaﬁle to describe the odd-

146

odd nucleus. Assuming this - to be tfue,- the Eua nucleus

is of interest since empirical values for the matrix ele-

ments of the neutron-proton two-bOdy interaction could be

extraéted from its energy spectrum. The empirical values
~

could then be used 8n shell .model éalculations in neignbou~-

Pl

~ -
4 .

146

ring nuclei.

The ground state spin of Eu hbs been measured as

4 by Ekstrom et al, (1972) in an atomic beam experimen%.v

Early investigators studied the excited states of 146Eu by

v 4 )
observing- the electron capture decay of the 0" grouny state

l4e6 146E

of Gd which populates low spin states of u. Since

146

the Gd decay is first forbidden (log ft= 8.5) and the

subsequent gamma ray transitions leading to the ground state

146

of Eu were found by these investigator o have ML multi;_

polarities, the ground state of 146Eu was therefore assigned
® ’

negative parity. Remayev et al. (1962) using the (p,2n)

¥
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14 146

reaction on ‘7§p ;eported the existence, in Eu, of an
' isﬁmer with‘a‘half-li“fe o_{,; 240+10 us. Although delayed gam—~
ma ray transitions of 240, 280, 360, 390 and 480 kev were
: réﬁorted, ng decay schgme waé established. An investigation
. by Rakevnenko et al. (1963) determined the enexgy of one gam=
ma ray transition ié'the aecay to Be 276\kev. ~They also
found it to have an E2 or Ml néture, by virtue of its K/L
conversion electron iati@. Subseéuent investigations by
r . gagémann et al. (i97l), and éav;;iyuk et al. (1973);_using the
' (12C,5n) reaction on 139La,'fesﬁltéd in the formulation of
o ‘ the decay scheme shown in ‘Figure l.1l. These inve§£igators

were able to measure the energies, and relative intensities

b ' of four gamma ray transitions which they identified as being

. N ~
involved in the isomeric decay. The tentative assignment

of spins and parities to the energy levels shown in Figure

1.1 r?sulted frOm)sﬁell model considerations. On the basis co
of the shell modé , a 9+ isomex was an attractive idea. The
.lsomeric tranéition, however, Gould.noé?be identifiéad. -

v The relative weakness of Eu K x-rays in the 146Eu
spectrum has led to the belief that the unseen isomeric ﬁran-
sition must have an en?rgy wbich isjless tﬁan 45.5'kev (the
K’ shell binéing energy of Eu). Such a low enerqgy 97 to' 6

transition would have a - Jonder half-life than that measured

for 146E£1m

. The unseen isdmeric transition is therefore ex-
pected to occur between the 9+ and 7 states, and be highly
. t, 3

R g R
L]



converted. However, it would not be possible to get from the

146

7" excited state to the 4 ground state of . "Eu by a cascade

of 6nly two ML gamma rays, and in this mass range ldw energy

E2-transiti¢ns are not ‘very likely occur if competing Ml

transition®& are posgible. This difficulty would be removed

if one more tion were invsolved in- the cascade, contrary
to the decay scheme shown in Figure 1.1. Further doubt hds
been cast this decay scheme hy gamma ray studies carried

out at McMaster University by‘Summeﬁs—Gill and Wender (1975)

g using 'the (p,Zn) reaction on'l47Sm, the (7Li,3n).reaction on
i 142Nd, and a beam of 45 Mev lOB on natural Ce. They deter-

mined that the intensities of the 358. 2 and 377.0 kev transi-
’ tions were 1nconsxsuent vith thelffplacement in Flgure 1.1.
Using a Si(Li) detector they wexe also able to detect a de-
layed 14.4 kev transitidn ng%jpreviously reported. However,
Summers—Gill'and Islam (1973) éstablished that the 358 2 and
377.0 kev gamma rays were both in coincidence w&th the 275 0
UJ;kev gamma ray, but not in coindidence with eacﬁ other. Thls
y 1s consistent y}tn the pfgéément of these linés in the decay

y
W

‘s;?gme shown in Figure 1.1l.

3

Althoﬁgh shell model consideraﬁions, and the McMaster
inyestiga;iOns cast sa?ere déubts on the propq;ed l46Eum de
cay scheme, they were riot sufficient ‘to firmly establlsh
an'al;ernate'decay scheme | as the multipolarities of the decay

transitions were.not known. The present investigation was

. v
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therefore initiated to determine the multipolarities of the

transitions associated with the decay of 14FEum. It was

hoped that with this knowladge the decay scheme would be
clarified.

Subsequent to the present investigation, but prior

5

to the writing of this thesis, Ercan et al. (1580) published

the results of their investigation(of the isomer. Their P

results will be discussed in a later chapter.



- - e care = ar

CHAPTER 2

CONVERSION ELECTRON MEASUREMERTS.

)
’

hd Lo

(2.1) The Internal Conve¥sion Process :

A transition between nuclear states results in a

.
AQ “w

change in the nuclear multipole fiélN. If-this change‘ls .
mediated by an electromagnetic coupling of the nucleons, )
and the surrounding electromagnetic field, then a gamma fé&l‘

will be emitted to carry away the excess energy and angu-

lar momeniﬁm. However, if the change is mediated by a

N
coupling of the nucleons, the surrounding) electromagnetic
fieldqd, andenlorbiting atomic electron, th&n the excess ener-
gy and angular momentum can be transferred to the electron.
This process is called internal conversion. It is the nu;
clear analogy ¢f the Auger effect in atégic physics. The

energy given to the electron is obvicusly:
. E. . =5E -E - (2.1)

where FB.E.

is the energy released in the nuclear transition. Several

is the binding energy of the electroa, and EY

discrete electron lines appear for each value of Ey’ corres-

ponding to electrons being ejected‘from the different atomic

)

shells, ie K, L,,L

17t Iy et
Internal conversion and pnotonkgmission are indepen-~
. L4

dent, competing decay processes. The ratio of the rate of

*6 * )
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electron emission to the rate of photon emission is defined‘ﬁ
as the internal conversion coefficient, u. The convergion
coefficient is eé§entially independent of dhq;eér structure.
I; depends strongly on the energy of‘the nuclear transition,
pEe ei?ctronic'wavefunction (which is defined by thg charge
numbeXx, Z),'ana the multipolarity of the transition. Since
thé electronic wavefunctions are weli known, précise tables
of tﬁeoretical convexsion goefficienté_h@ve been donstruétea
for each Z, as a funktipn 6f energy, multipolarity, and the
orbital shell 'of the expeiled electron. A measurement of _
the K shell conversion coefficient, Qs Can therefore be an
effective means of determining the mnlfipolarity'of a nuclear
transition. As well, the multipolarityvcan sometimes be de~
termined from the‘ratio of the number of electrons in the K
shell peak to the numpér o% é}gctroms in the L shell peaks
éssociated with a particular tggnsipion, that is aK/aL. A
much more sensitive measure, though,’is the ratio of the num-~
ber of electrons ih the IL,, Lll and Llll peaks. High reso-
lution is required for such a comparison. In practice, a

measurement is usually made .of the X shell conversion coef-

ficient, and the aK/aL ratio of donversion electrons.

¢ \
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72.2) 4f:x}p'érd.~mervxtal Techp‘fiques : i .
(i) Target preparatiOn . #

The ;evels in 146Eum‘were populated by the (714, )
reaction on lesz‘using a 33 Mev beam of 7Li tons. The energy

was chosen on the basis of gﬁﬁma ray excitation funttion mea-
surements that will be discussed in the next chapter. Neody- .
mlum was obtalned from OCak Ridge National Laboratory in the
form ‘of Nd203 enriched to greater Lhan 93% Neodymlum—l42 Lhe
Nd2 3 was reduced by heatlng in vacuum with ThO2 to form a
metal pellet which was then rolled to produce a target of 8.0
mg cm—'2 thickness. The same target was used in all conver-

sion electron, and gamma ray experiments. It was kept under

vacuum between experiménts to'prevent oxidation.

(ii) The Orange spectrometer

The pulsed, and in-beam conversion electron spectra

..

were obtained using a‘“seven-gap orange spectfometer. To mea-—

sure the magnetic field, a Rawson probe occupies one of the-
R ' -

. seven gaps. Electrons emitted from the target are focussed .

by the remainihg six gaps on to a plasticlfetector, 1 cm. in
1 . : .
diameter (see Figure 2.13.

The circular path of a charged particle moving in a

magnetic fie%g is described by the eguation

Bp = p/q
where ~p = momentum of ‘the particle
L‘ q = charge f:the partic;e
B = component of the’ magnetic field perpén—



Nk e e N L

P

. ey et B g

ey

Co

-“""%?ﬂrl:'q

Figuré 2.1

The "Orange" beta- ray spectrometer (from

Geiger (1965)). ' -
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' dicular to the path
p = radius of curvature.

(Bb is called the maéne;ic rigidity of the particle.)

In the orange spectrometer, p, the radius of curvature, is ,

’
v

fixed. Particles of different momenta can therefdre'be‘//
focussed on to the detector By\:hanging the ma?netic field,
B. A spectrum of conversian electrons can be obtained by
systemati cally varying the magnetic fiéld, and coup£ing the
number of electrons detected for a fixeé numberxr of nuclear
reactions. A good measure of the number of nuclagr reactions
is given by the number of 7‘I.,J'. ions which are elasticallx scat-
tered at some fixed angle to the beam. A second plastic¥
scintillator located 52° to the beam axis facilitates this
measurement.

The integrated beam current, as collected in a Fara-
day cup beyond the spectrometer, is also recorded at each
setting of the magnetic field. The ratio of the integrated

beam current to the numberof elastically scattered lithium

ions is a good indicator of the condition of the target. The

time taken to record the preset number of elastically scat-

tered 7Li particles is also recorded. If the beam was off for
any appreciable time during one sétting there would be a lar-

gexr than normal backéround contribution to the electron count

for that setting. However, if this were to happen, the counting

time would be longer than normal. The counting time can

therefore be helpful in pinpointing such unreliable data points..
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The spectrometer was set up to automatically print
out on a teletype, the number of elastically scattered 7Li
particles, the number of electrons, the counting time, the
integratedeéam.current, and the momentum (Bp), at each set-
ting. Once these had been recorded the scalers were zeroed,
the magnetic fireld stepped by a preset amount,rand counting
was resumed. T~

Further information on the orange spectrometer has

been given by Khoo (1972).

{iii) Pulsed beam conversion electron measurements

<

(a) The Beam Pulsing System

A pulsed beam exberimenﬁ, with the conversion elec-
txons being measured during the beam-off periods, was performed
to eliminate the conversion electrons c@hing from prompt tran-
sitions, theteby.simplifying the analyfis, improving the
signal to noise ratio, and allowing the K peak from the very
wegak 293.9 kev line to be detected.

Figure 2.2 1s a schematic drawing of the McMaster Uni-
versity Tandem Accelerator, and the "Orange" beam line, The

beam was pulsed at the deflection plates which were charged to

+2000 volts. Pulsing was '‘achieved by sending a square wave

signal from a pulser to a driving circuit connected to the

plates, When the signal was positive, the right hand plate be-
came essentially shorted to 'ground, and the beam was deflected

by approximately 0.5°. When tle signal was null, both plates



-

s

[T .

Figure 2.2

Thg McMaster University Tandem Accelerator, and the

"Orange" beam 1j
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3

_were again charged to +2000~volts,‘and th® beam was allowed
to pass undeflected. A set 5% slits was installed at a waist
in the beam, after tﬁe,switching magnet and the next set of
quadrupole magnets on the "Orange" beam liné, to prévent the
deflected beam from ;eadhing the target area and producing >
unwanted(background coyntd., The beam—-off time: was arranged
to be 0.5 ms, with a beém—on ti%e of 0.5 ms. The response
time of the dribing circuit was very shSr%—coﬁpared to the
beam-on and Seam-off time periods. Likewise, the beam tranj

sit time from the deflecting plates to the target area is

negligible on this time schle.

7] / ~
B / |
- -={(b) /%he Electronics -
Q\ I :
—

The electronics used in the pulsed beam conversion
electron experiment are shown schematically in Rigure 2.3.
The "heart" of this cﬁgcuit is the Time to Digital Converter

(TDC) which was specially.designed by R. A. McNaught for this

fy

type of ah experiment. The TDC is designed to measure time

»

intervals (the time between a start signal and an event signal)

#Hfat are longer than can be measured with a commercidlly

available Time to Amplitude Converter (TAC) . - The clock rate
of the TDC is éelected»by a panelfgwitch (CHANNEL WIDTH) and
is’genefaﬁed by‘counting'down the pulses from a 20 Mﬁz crystai~
controlled osciilator. Anothexr imporgant feature of the TDC
is tbat it will record ‘the times of arrivqi of more than -one

event for each start signal. This permits data to be accumu-

L

N

B \/’“
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Figure 2.3

Dt

The electronic¢ circuit used for the pulsédnbeam conver-

sion electron measurements.

plained below.

(\ Abbreviation

LA
LGS
sCa

OR

LsD

D
DC

PDP-9

PULSER

The symbols used are ex-—

Explanation
linear amplifier (ORTLC 452,
TC203BLR)

linear gate and stretcher
{ORTEC 442)

51ngle channel analyser
(CANBERRA 1436)

universal coincidence (ORTEC

41837) set to give an output
for one "coincident" pulse

logic shaper and delay
(CI 1455)

delay amplifier (ORTEC 427)

time—to—digital converter

‘Digital Equipment ﬁbrpora—
' tion computer .

pulse generator (DATA PULSE
101)

O
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lated at a higher rate than with a conventiongl single stop TAC.
Yhe TDC also allows for an adjustable delay of from Q to 10 pus
to be insérted between the time of arrival of the start signal;
and the time when evené‘signals will be accepted by the TDC.
This ,can be used "to co?rect For the finite time of flight of

the bohbarding particles, and thereby insure that counts are
only accepted during beam~cff periods. As well, a set of back-
off switches, which represent digiially accurate delays, may

be used to shift the time period during which event signals

are to be accepted.

The TDC was cogﬁected to the PDP-9 computer as an ADC,
and was used in the coincidence mode. In this mode, the TDC
Stores the time of arrival of the event signal, and remaips
busy until all of the as;oéiated coincident ADC's have comple-
ted their conversions, when all are read by the computer. Ano-
ther évent may then be accepted if the chosen time period has
not yet elapsed. The TDC has a region lengph of 1 K, and a
channel width of 0.4 us was selected, thus giving a tot;l live
time of 400 us. It should be noted that the TDC can also be
used in the singles mode. In this mode it operates as an ADC
does in the 'singles mode,

The signal from the pulse generator that initiate; the
deflect;on of the beam, also served as the start pu;ée for the
TDC. This ensures that the TDC will only accept counts which

arrive during beam-bff time periods.
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LAt

éoth an event and a coincideﬂceVsignai\ysff)fed into
the TDC which xeguired a coincidence between these two signals
before a count would be accepted. The coincidence out “signal,
which will only be high when an event signal has been accepted
by the TDC, was used.as the gating signal for the associated
¢oincidence ADC's. The TDC can also be operated in the anti-
coincidence mode. ,

The signg} entering the COINCIDENCE INof the TDC was
used as a pulse g;ight gating signal. A typical pulse height
spectrum obtained with thevplastic scintillation detector’ £
the orange spectrometer at a Bp value of 1752 gaﬁss—cm is
shown in Figure 2.4. Cne can.distinguish the monoeneigetic
glectron peak, the relativeiy flat background below this peak,
which is caused by electrons backscattered from the detector,
and a sharply rising low e%ergy tail. The low energy tail,
which results from electroﬁic ncise, and y-rays, can only
be rejected at the expense‘3f losing some oftﬂm:backécatter
electrons. A typical spectrum employing the pulse height
gating signal is shown in Figure 2.5. This spectrum was col-
lected at the same time as the spectrum shown in Figure 2.4.
The fraction of the electron events not accepted by virtue
of the fixed threshold level is obviously a function of the
transition enerqgy, and therefore, a correction must be made.
To this end, the electron pulse height spectrum (Figure 2.4),
-and the gated pulse height spectrum (Figure 2.5) were re-

corded for each peak in the conversion electron spectrum.

~



. Pigure 2.4

.
Y

A typical electron pulse height spectrum. The detectoxr
was a plastic sc;ntillétor, and the "Orange" beta ray

spectrometer was set at Bp value of 1752 gauss~cm.

B
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t ‘ Figure 2.5

A typical "gated" electron pulse height spectrum. These

data were collected at the same time as the electron
oA

puise height data shown in Figure 2.4.
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The signal taken from the " OTAL COUNTS OUT of the 'TDC
was fed to a scaler to accumulate tine number of electrons de-~
tected at each setting of the magnetic field.

(c) Methods of Analysis

s

The pulsed beam conversion electron spectrum is shown
in Figure 2.6. It has been analysed with tho use of the CDC
6400 computer, and the program ANABEL. This program was writ—
ten and a detailed account of the program was given, by Henryk
Mach. It is based on the program JAGSPOT written originally
at Chalk River, and developed by various members of the McMas~
"ter 8- andﬁk—ray spectroscopy group. Briefly, BNABEL performs
a least squéres fitting routine to a peak shape which is the
convolution of an exponential (decreasing towards lower ener—

gy) and a Gaussian. This can be expressed mathematically by:

A . -
N i oe(y=A,) _yu_ 2
I(x) = a+8x + I Yj I e ) e 5 {x=-y) dy
=1

3
e OO
where X = channel number
¢ I(x) = counts in channel x.

N = nuﬁber of peaks

a+Bx lineaxr background term

~
]

intensity of the Gaussian located at Aj

§ = width of the Gaussian

™
]

constant determining the fall-off of the

expdnential tail

>
W

peak position of peak j.
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Figure 2.6

Pulsed beam convefsioﬂ electron speétrum for‘33 Mev Li
ions and a 142Nd Q%rget. Each point was coilected for
the time it took to accumulate 20,000 elastically scat-
tered 7Li ions in the particle detector. The averég?
pulsed beam current was 5 na.

{a) The spectrum from 1650-2000 Bp.

(b) The spectrum from 2000-2450 Bp.

*
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In the pregram the relative positions of two or more peaks
can be fixed. This allows one to fit K,'L, and M shell peaks,

-

whose separation is determined by the electron binding ener-

/

A -

gies for a particular atomic number. <v~

46

.. The half-life.of the ! Eu 1somer was determined

.
from the spectra collected by the TDC <uring the pulsed beam
conversion electron experiment. The decay of/g;ER\K{;hgll
electron peak was determined frem the TDC gpectrum collected
at the magnetic field setting of the maximum for that peak.

A beam-off time of 1800 us, with a beam-on time of B00 us,
was chosen for these measurements. The channel width of the

% 7DC was selected to be 1.6 us, thus giving a total rundown time
of 1600 ps. The TDC spectrum taken at a setting of 1752 gauss-
cm is shown in Figure 2,7. To improve the presentation, the

points in the time spectrum were added together in groups

of 50, and the resu

plotted on a semi-log graph. A weigh-
ted least squakes fit tg a decaying exponential with constant‘
background/yas myade, using a c¢omputer program written for the
'CDC 6400, to determine the half-life. The results are shown

in Figure 2.8. No correction need be made to half-lives de-
termined in this manner because of the accuracy of the taming
system which was based on a crystal-controlled oscillator,
and.because the TDC accepts multiple events in one time peéiod.
In contrast, data collected by the use of a TAC (time to

amplifnde converter) must be corrected for the fact that, being

a single stop unit, it will be preferentially stopped early



Figure 2.7 )

~

A typical time spectrum. The Bp value was 1752 gauss-cm,

with the channel wid?h‘ of the spectrum chosen to be 1.6
r . M .
us.
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" The decay curves of the

transitions.

Figure 2.8 \.
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in the measurement period yielding a value which is shorter

thén the true hélf-life. '

(iv) In-beam Conversion Electron Measurements

The K shell conversion coefficient, a,, is defined

.

as the’ratio of the rate of K shell electron émission to the

|

rate of gamma ray emission. Empirically it can be-calculated

as
ar 1 1 Ye 1T -
: R _Bp e . Bp ¢
o (B) = ——= e < ° . (2.1)
. N N H
L S X,
. R £ €
Y Y Y Y
-~
t [}
where E = energy released in the nuclear transition
Qe = solid angle subtended by the electron detection.

system at the ﬁarget
QY = solié angle sugtended by the %fmma ray detec-
_tor at the target
R ;R_= meésdres of the numbef of nuclear reactions

which are used to normalize the electron and

gamma ray data

™
H

correction for the electrons lost due to the

backgraunduSuppressiné discrimination level of

the SCA
ey = GeLi photo-peak efficiency
N_ = Number of counts in the K shell conversion peak



" being the strongest observed transitions in

26

o
NY = number of counts in the gamma ray photo-peak
C = essentially a ccnstant over a small range of

energy.

In pranciple, the solid éhgles;subtended by the electron, and
gamma ray detectors at the target could be determined, and the
measurements'coulé be suitably normalized. However transi-—
tions whose K shell conversion coefficients are known aré
normally used as calibranﬁs. A calibrant can be used to de-
termine the value of "C" in equation 2.1.

The pulsed beam conversion electron experiment was

£y
\ i

performed to eliminate(the conversion electrons, coming from
prompt transitions. As a result, no suitable calibrants could
be found in the pulsed beam,conversion electron spectrum. Aan
in-beam experiment was therefore also performed to determine

the conversion coefficients of the 274.9 and 377.0 kev transi-
. -
tion, the,sprongest transitions observ in the pulsed beam

146

conversion electron speétrum of the d cay‘of Eum, by wusing

the 229.5 kév (M1+E2) and the 396.1 kew (M2) transitions in

1754 as calibrants. Having established the conversion coef-

ficients of the 274.9 and 377.0 kev transitibns, fhese lines
could then be used as caliﬁrants for the pulsed beam data.
The excited states in 147Ed are populated by the competing

142Nd(7L3.,2n) reaction, with the 229.5 and 396.1 kev transitions

l47Eu. The K
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&

shell conversion coefficients of the.229.5 and 396.1 kev. tran-

‘sitions were taken to be those measured by Grigorev et al. (1977),

Ae o, = 0.145+,010, and @ = 0.119*.007 respectively.

k
The electronics used for the in-beam conversion elec-

tron experiment are shown schematically in Figure 2.9. The
outpﬁt of the SCA was fed into a scaler to accumulate the elec~
tron counts. Once again, the pulse height {(ADCl), and gated
pulse height (ADC2) spectra were'regorded for each peak to be
used to correct for the loss of electron events fesulting from
the fixed threshold level of the SCA.

Tﬁe in-beam conversion electron spectrum,w;s fitted
using the program ANABEL, and is shown in Figure 2.10. This
spectrum is quiteAdifferené than the pulsed beam converxsion
electron sﬁecﬁrum (Figure 2.6). There ége fewer peaks in the
pulsed spectrum, and the difference in the relative intensities
of the 358.% and the 377.0 kev K shell peaks is striking. The
293.9 kev K shell peak, which isnclearly §isible in the pulsed
beam spectrum, is not apparent in the in-beam spectrum.

The discussion wiIl.now ceﬁtre on the gamma ray .mea-
surements without which the K shell’ponversion coefficients,

o could not be determined.

-

kl

L4

»
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those used in Figure 2.3.

Figure 2.9

The electronic circuit used for the in-beam donversion

.

electron measurements. The symbols are the same .as

v

b
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Figure 2.10

In-beam conversion electron spectrum for 33 Mev Li ions
and a l42Nd targeﬁ. Each point from 1500 to 1990 gauss-
€m was collecteéifor-thé time it took tao accumulate 100,000

elastically scattered 7Li ions in the particle detec-

tor. The points iroﬁ'l990 to 2500 gauss~cm were collec-
ted for the time it took to accumulate 40,0007Li counts.
The average current was 25 nA.

(a) ‘The spectrum from 1500-1975 Bp.

'(b)  The spectrum from 1975-2500 Bp.

’
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CHADTER 3

GAMMA RAY MTASUREMENTS

f

(3.1) Energy Measurement and Efficiency Calibration

N,[ To ¢ stablish a 'level scheme it 1s usually necdessary
t0 obtain accurate values for the energies and intensities
of the gamma ray’ transitions. The energies are determined -
using standard radiocactive sources, for which the transition
enexgies are well known. The pulse heights‘for the peaks
being studied can then be compared with those for the known
peaks in the spectrum to é;termine tne unknown energle;.

The relative ;ntensity of a given transition, as
measured by a detector, will differ from the "true" relative
intensity by an amount whach is rei%ted ﬁo the photo-pcak
effiegcy of the detector. In order tovdetermine the photo-
peak efficiency a radioactive\source with several prominent
transitions spread across the energy region of interest, whose
relative intensities are known, 1s required.

152,154

A Bu radiocactive source was used both to cali-

brate the energy, and determine the photo—péak efficiencxz
< J

curves of the 10 cc and 37 cc Ge(Li) detectors used in the pre-

sent study. The relative intensities, and the energies of the

l“,52'154}5:1.: source were taken to be

gamma rays emitted by the
those reported by Riedinger et al. (1970) and Barrette et al.

(1971). Reaction and radioactive source spectra were taken

31
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with the detectors at 90° to the bear. The efficiency curve

of each detector was determined from a spectrum contain;pg
132,154 C L. ) C e

only_ the Eu source transitions. Strong transitions

of interest were then measured against the transitions from

152,154 . )

the Eu source by simultaneously recording a spectrum :

from this radicactive source and the ('Li,3n) reaction both

for the in-beam and pulsed beam cases. Having thereby estab-

lished the energy of these strong lines one could then use

them as internal standards when the in-beam and pulsed be am

spectra were recorded alone.

-

3.2 Excitation Functions

" The yield of (7Li,xn) reaction is a well defined
function of the bombarding energy for each valgé of x. The
excitation function increases sharply from zero to some
maximum value, and then d6crea§es slowly, as the projectile
energy is increased. Moreover, the threshold energy, and
fhe energy for maximum y}eld depend strongly on the Q-value
of the reaction and the size of the Coulomb barrier. In
general, the higher the value of x, the higher are the threshold
energy, and the energy of maximum yield. It is therefore pos-
sible to obtain a good indication to whichﬂndcleus a gamma ray
belongs,‘from a measurement of its excitation function. Also,. <y S
by studying the yield of different (7Li,xn)'rgActions it is
possible to choose a hombarding energy which WLll result in a

3

greater yield for one particular reaction than for the competlng .
: %

f
-

EXY
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reactions.

Excitation functioné 6f gamma rays emitted by nuclei

formed\from_142Nd(7Li,xn) réaétiohs‘were measured so that a

x .
bombarding energy could be chosen which would maximize the

yiéld for.the ('Li,3n) reaction.

The following set-up was used for thfs, and all sub-

)

hsequenf in-beam and pulsed beam éamma ray measurements. The
thin 142Nd térget was mounted on a lead frame. It was then
placéa, 45° to the beam, in a thin walled plastic target cham~

ber cn the "0°" beam line. A 10:cc and a 37 éc Ge(Li) detec— '~

3

tor were placed, opposite each other, 90° to the beam and

approximately 6 cm from the target. Gamma ray spectra were.

“cqilected uéing a PDP-9 computer with spectfa used for the
excitation measurements being collected at incident bean ener-
gigs of 26.0 to 33.0 Mev. The intpgrated beam current was .
collected by a Ta beam stop beyond ﬁhe target. .

éamma ray intensities were extracted at each bombard-
ment energy, using thé\g;ograﬁ.SOFT on a PDP-iS computer.

These intensities were normalized using the'integrateé beam

1ourrent, corrected ﬁor.detector efficiency, and plot?ed agains£

tke incidept'beam‘ené:gy. The'gesultiné excitation functions

_for some selected gamma rays are shown in Figure 3.1. The
excitation function of the 329.5 kev line is affected by the
‘presence of a strong ?28 k?v line at low bombarding energies.

It is also apparent that the.yield of the: 3n reactigy would be

> greatest at somé enexgy ahove 33 Mev.’ Hngver, it was decided

Al
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- Figure 3.1

Excitation functions for selected gamma rays. The data’

were normalized'by the integrated beam current measured
iy R ! N N ‘ - . .-

during each’ run, and have been corrected for the rela-

‘tive detector efficiency. The data points have been

joined £ aid the eye.only... . -
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hat an optimum energy would be 33 Mev, as the accelerator -1s much
m

stable when operating with 8,25 Mv on the terminal than

" with higher terminal voltages. o A

3.3 Pulsed Beam Gamma Ray Measurements

A pulsed beam of 7Li~ions was obtained using the pul-
sing system described in section 2,2(iii) (a) with thé defleqtéd
beam being stopped from reaching the target by a tantalum
aperture - placed ét thé focus in the 0° scattering chamber
which is some 20 feet ups tream from the target. The beam-
off time was qrrapged to be 0.5 ms, with agbeam-on time of
0.5 ms.

. A

The electronic set—-up used in the pulsed beam nmea-
surements is shown schematically in Figure 3.5. The ADC's
marked "lf'and "2¥ in this drawing were operated in:thé ¢oinci-

dence mode. In this mode, they could only accept an event

" signal when a gate'signal from the coincidence out of the TDC

was received. Since the TDC .would only accept event signals

when the beam was pulsed-off, therefore a coincidence out sig-
nal wou}d only be sent during beam-off time periods. Hence,

these ADC's acculumated spectra during beam-off time periods.

The TDC was given a channel width of 0.4 ps, and thus a live
. a~t’ . . .
time of 400 ps, for these measurements. The signal from the

pulser was also uéed as a gate ' signal for ADC 8. Since this

"ADC was operafed in the anticoincidence mode, it therefore

L

accumulated an in-beam spectrum.

N
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Figure 3.2
The electronic circuit used for the pulsed beam gamma
. ray measurements. -The symbols are the same as those .
used in Figure 2.3. .
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‘3.4 In-beam Gamma Ray Measurements

37

A spectrum showing both the pulsed.beam gamma rays,

l5%’154Eu source, is shown in Figure 3. 3.

. 1
The gamma ray intensities required for, the.pulsed beam inter-

and those from the

nal conversion coefficient calculations were taken from this

) spect;ﬁm. They were extracted with the use of the program

»

SOFT and a PDP~i5 computer, and corrected for photo-peak
efficiency. A spectrum showing only the‘pulsed beam reaction
gamma rays is shown in Figure 3.4. Little effort was made

to ‘identify the origin of the extraneous gamma-rays in the
spectrum. However, a spegtruh waé recorded of the decay of
the target after the beam was turned completely off. This
identifies ét least some of the gamma rays appearing in th§

-

pulsed beam spectra which are not coming “from the decay of

146Eum.-No lines pertinent to %468umﬁappgar above 450 kev,

and so this region is not shown in the gamma ray spectra.

Y

L
— -

, ; — B :
The electronic set-up used for the in-beam gamma ray

measuremén£s is shown schematically in Figure 3.5, and needs
no explanation. )
figure 3.6 shows an in-beam reaction spectrum. The"
gamma ray }nteﬁsities rquired for the in-beaﬁ,internal con-
versiop calculations were measured grém‘this spectrum.
Having discussed the way in which the data was collec-
ted, aﬂd'analysed, one can now present the results of this

L) 8 0 » -
investigation.
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Figure 3.3

152,154

Pulsed beam gamma ray spectrum with Eu calibra-

ting source for 33 Mev Li ions and a 142Nd target. The
spectrum wﬁs collected for 1/2 hour at an évérage )
pulsed beam current of 0.7 nA. "S" indicates a
source line; (Morée preéise energieé can be found in

Barrette et al (1971)° and Riedinger et al (1970)).
% . ‘ -

152,154Eu
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‘Figure 3.4
>

Pulsed heam gamma ray spectrum for 32.5 Li ions and a

142Nd target. The spectrum was collected for 1 hour

at an average puléed beam current of 0.3 nA.
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Figure 3.5

The electronic circuit used for the in-beam gamma ray

méasurements. The symbols are the same as those used

in Figure 2.3,
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142

In~béam gamma raj speétrum for 33 Mev Li ions and a . "Nd

v

target. The spectrum was, collected for 1 1/2 ‘hours at

an average current of 0.5 naA. \
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of the 358.2 and 377.0 kev gamma rays changes with the

%

. _T— ( r
CHAPTER 4

 EXPERIMENTAL RESULTS AND DISCUSSION

.4;1 Gamma Ray Measurements

r Pulsed beam (Figure 3.3), and excitation function
measurements (Figure 3.;) identify the 274.9, 293.9, 358.2
and\377.0 kev gamma rays as resulting fromfthe,decay‘of
146Eum. The reIatiQe intensities of these gamma rays, nor-

malized to 100 for the 274.9 kev gamma ray, are shown iq

table .4.2. These results are consistenq with those reported
. - . 3

N
by Gavrilyuk et al. (1973), and Hagemann et al. (1971). It

was suggested by these investigators that the 358.2 and 377.0

]

kev transitions share the same initial state, as shown in-

Figure 1.1. However, the ratio of the in-beam intensities

"1
Faalh e 4 v

bombardment'energy; as Figure 4.1 shows. This result suggesté:.
that efther the two gamma rays do_not share the éaﬁ? initial
state or the 358.2 kev line is a doublet with the second
membef not ﬁeceséarily a part of the 'isomexr decay. In tlie

»

interests -of simpliciﬁy, one looks for a decay scheme for

the isomer which satisfies the first alternative.
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Figure 4.1

variation of the ratio of thekiﬁ—beam intensities of"

the 358.2 and 377.0 kev'gamma rays with beam enexgy.
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4.2. Conversion Coefficient Measurements

The resqlﬁs of the inebeaﬁ,,and pulsed beam deter-
minations.of the conversion coefficients of the 274.9, 293.9,
358.2 and 377.0 kev transitions are shown in tables‘4.l and

4

4.2 respectively. As a result of these measurements, the

'293.9 and 377.0 kev transitions have ‘beeh aesigned E3 multi-

éolarities. Thg 274.9 and 358.2 kev transitions are consis=~
tent with being pure M1 multipolarity, but the éfrors in the
measufements would permit E2 admixtures of 10 and 50% res-
péctively. These mﬁltipolarity assignments, and the total
transition intensities are summarized in table 4.3.

The éreviously'proppsed deca¥ scheme of 146Eum,
shown in Figure l.l; assumes Ml‘o; E2 multipolarit%es for
the 274.9, 293.9, 358.2 and 377.0 kev transitions. In view
of the éiscovery that the 377.0 and 293.9 kev transitions. are
E3 transitions,A it is obvious tﬂat a new decay scheme is .
necessary. The‘new decay scheme will be based on the results
showﬁ in table 4.3, and the predictions of the‘sﬁell model

for l463u. : . N ' . Ty

-

4.3 Development of a Decay Scheme for 146Eqm

146

The Eu nucleus has one neutron outéide the N= 82 .

major shell, and one proton hol® in the 2= 64 shell. The

5
Eu should bé'explainable

. -1 .1 =1 1 y
in terms of tpe F2d5/2v2f7/2,.and ng7/2v2f7/2 multiplets

1

ground state configuration is therefore presumably m2d 5év257/2.
6

The low-lying excited states of +°

since the“excitatiqn of the neutron to the next available orbi-

_tal, 3p3/2, requires several hundred kev. The lowest states

by harh e
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of even parity will arise from the coenfiguration

. 1 ey s -2 1l : 1 : P B -
ﬂlnll/2 (lg7/22a5/2) \2f7/2 . By interpolating between the

experimentally observed excitation energies oI one quasipaxr-

ticle proton states in l45Eu and ;47Eu, estimates can be ob-

146

-tained for the excitation energies of similar states in Eu

(Hagemann et al. (1971)). These estimates are shown in table

4.4. It is interesting to note that zero range calculations

ll/zl(lg.]/ZZdS/z)"l\)2f7/2l configuration predict

for the nlh

an oxdering of levels with the 2+ and 9+ levéls being respec-

tively the first, and second lowest excited states in the

positive parity group. A metastable situation can-therefore

. -
exist for the 9+ state since there will be no state of~“dom-

’;«Av‘.*.
-

parable spin at lower excitation. The 9, to 7" transition

would be ‘a relatively low enexgy M2 transition, and the 9f

to 6 'transitionswouldbe E3 transitions. Not only would

146E

this eipla;n the ‘existence of a 0.230 ms isomer in u, but,

it would also explain how that state, could decay with the

emission of several gamma rays, as the decay must e€ventually
- 7 ~ 3

lead to the 4 ground state.

A decay scheme has been developed for 146Eﬁm using

1

' o 1 + . . . . :
the (nlhll/z.v2f7/2 )_9 deslgnaglon‘of the isomeric state.

It is shown in Figure 4.2. The 293.9 and 377.0 kev E3 tran-
sitions establish the relative positions of the 9+, and the
two‘G— levels in the decay séheme. The twe 6 levels could

be connected by an 83.1 kev transition, but this would have

PR
.



Table 4.4

ENERGY
(kev)

0
280
670

49

Estimates of the centroid encrgies of the
-1 1 -1 1
m2d \)2f7/2 ‘ Trlg_]/2 \)2f./,/2 and

5/2
7 ¢ -2 1 .
11h11/2(1g7/22d5/2) v2f7/2 multiplets

CONFIGURATION ‘ SPIN

-1 1 - -
n2d5[2 v2f7/2 1 ,2 ,...6
-1 .. 1 . -
ﬂlg7/2 v2f7/2 0 ,1 ,...7
’ 1 ~ =2 (
m1lhy, , (19,5245 /5)
‘ 1 + L+ +

\;2f.7/2

.(Calculations after Hagemann et al. (1971))
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Figure 4.2

The proposed decay scheme of the 0.230 ms isomer in

14654, The intensities shown are total transition
intensities Qprmalized‘to 100 for the 274.9 kev
transition. The dottgd 358.2 and Z275.1 kev transi-

tions are included as possibilities only. --- denotes

useen transitions.
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been'masked by the 84.8 kev Pb:'x-ray in this investigation.

It is known from Summers-Gill and Islam (1973) thét

‘the 358.2 and 377.0 kev gamma rays are both in coincidence

with the 274.9 kev gamma ray, but not in dbincidence with

"each other. Obviously, the 358.2 and 377.0 kev transitions

must feed the still stronger 274.9 kev transition. If the
358.2 kev line terminates on the lowexr & state; anothef
level is established 18.8 kev below the 9% state which must
be fed independently from the isomeric state with a very ;
significant intensity. It seems safe to conclude.t@at this
is a 77 state, so that the independent feeding becomes an
unseen, highly converted 18.8 kev M2 transition. Any lower
multipolarity (EX,M1,E2) would destroy the isomer's 230 us
}ifetime, and any higher multipolarity would never take an
N 50% sharé Qf the decay. This assignment is further sup-—-
ported by the fact‘thaﬁ the 358.2 kev transition has, at
least, a substantial Ml component.

Obviously,tthe decay from the lower 6 state to the
4~ ground state can not be accomplished through only the

274.9 kev transition which is known to be nearly pure Ml.

Intensity considerations rule out the possibility of this

being accomplished through a cascade of two 274.9 keV transi-
tions. The existence of an Ml transition whose energy is
less than 50 kev, hence not detected in the gamma ray studies

of tﬁis investigation, is therefore indicated. It seems
‘ R /



-

‘decay to the ground state through a 14.4/274.9 kev cascade,

52

-

logical to identify this as the 14.4 kev line seen by Summers-

Gill and Wender (1975). The lower 6 state would therefore

or a 274.9/14.4 kev cascade. The former situation is ihlus-

trated.-in Figure 4.3, and the latter in Fagure 4.2. "In

either event, the absolute positions of the_upper leyels‘ar? //
fixed, éstaﬁlishing the isomeric state at an excitation of //
666.3 kev, These schem;s also raise the possibility of one’/
or both of the 274.9 and 358.2 kev lines being doublets.
No evidence was found in this investigation that W

forces one choice or the other. There are, however, guali-

e

tative grounds for preferring the gscherme with the 14.4 kev
traﬁsition at the pottom.’ In the former scheme, the upper 6
level would be expected to decay to the 5- level b& a 97.5
kev transition, which was not observed in this study. As
well, a 289.3 kev E2 transition is a more likely method of
de-excitation from the lower 6 levéL than a 14.4 kev Ml
transition. The'274.9 kev éfansition, which is knéwn to Se
the strongest transition in the decay, 1is, hoWever, fed pri-
ﬁarily by the 14.4‘kev transitich' in this scheme.. Ié
support of the latter scheme, a 5~'stat§ is very likely at
low excitation in view of shell model, and empirical evidence

142?r, where

from 144pm,where it is the ground state, and from
it ig the first excited state at an excitation enexgy of 3.7

kev,
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146 ,m using an alternative place-

ment of the 14.4 kev transition.: The intensities- shown

_are total transition intensities normalized to 100 for

the 274.9 kev transition. ----denotes unseen transi-
» ’ : )

> § > [ ]
tions.
b
“
.
A ]
N
"
»
P .
.
\
(/
B ‘o, v
\ > * .
. v
L
.
L .
>
,
, \ :
- PR N
’ ‘4 . P M
. [ :
. h “
)Q' . . . : .
A} -
' . N «
s .
. . ' - - » .
s , . s .
< A . *
. ., « 0
. .
,
Al ’
N .
» + Y v - ’
] hd . »
x . ‘
, ’ ¢ P ’ . N . B .
. « - N ¢
¢ . h
» N ., - .
1 7.



.
s

e

T,

5

L3

666.3

<0.230 = 0.010 ms

: - 8475

e s s St e A D o D s @ o e T " 3

. 293.9 .
 E3
o ~{1L8) ¢t

v Chd
<

8.8 (M2)

1) ¥ .

v -

. . i 7
.\._>Z£_/ :

358.2
o mr
(51)

3770
E3

(46)

! 372.4 :

! !
: | 83

v

W

289.3+~

. 274.9.

Y .
144D - "

1
1
‘ 4
S i *
. o
i , ' : b
\ () .
o '_ ~‘ o l.

. A P .
R e A\ e

. t:;’ .”’ \
"."'t;: .' N 'l N

e - o / R

{2 v . L. . ' .
o ' : I
.7~:" ° ,jr : . [

. S ; b
e Y o JE I A
eyt L. - ENERGY T L N
T R T € 12 S
o ' A N R
"'v-':! ’ * ’ ‘,“ " ; B v
. ‘.s R , . x

. ' ¥

53



T .

Rl o
f

£
i

-0 the lowest 6 level.
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<5

S ~ ,
The decay schemes shown in: Figures 4.2 and

4.3 propose that the 358.2 kev transitionjtefminates on the
lower 6; level. 'There is{glso the possibility that the 358.2
kev transition does'not termihaﬁe\ph ghe lower 6 ievel, but,
rather on angther- state some&het above it. If that state

-

then deeayed to the lower 6 .level by an unobserved transition,
] % ° .
the coiﬁbidence condition of the 358.2 and 274.9 keV transi-
L .
tion would still hold. This could be incorporated into a

scheme enmploying either the 14.4/274.9, or the.274:9/l4.4 kev -

cascade from the lower 6 state to the 4 ground state. Of

;course, the unobserved M2 transition at the top of the scheme .

wéu;d then, have an’ appropriately reduced energy. For reasons

discussed earlier, it is expected #hat the 358+2 kev ‘liné
iteqminaﬁes‘on a 6 level. One would thefe?qre have three 6
s%etes, which is not to be a;%icipated'from;shell model con~’
siderations, but which.caﬁ not be*poéitivelY‘ruied-out. There
ere,-hdwever, qualitetive Qreuﬁes for net‘prefering thisl
scheme. Shell model'consideﬁations lead one to expect ewo 6

%

states, not three‘ Also, an E2 transition to the 4~ ground

) - .o
state Oor. an Ml tran31tlon to the 5 ‘state would be more like-

ly methods of de~ex01tatlon from thlS extra 6 level rather

5than a low energy (less than 18 8 kev) Ml transition leadirg

.f
Four p0591ble decay schemes for,l46Eu have now been

dlscussed Although no evldence was found in thls study that

r

)

rules out any of these schemes, the schdme shown in Plgure 4, 2

. N B to i
- N b v
. Coe . ¥

PO N TN
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-0of the levels of the ﬂ(d

s"lg7/2

is preferred on qualitative grounds.

The 14.4 kev 5~ excited state in the preferred decay

sgpeme'is presumably a memper of Eﬁe n(ds/z)“lv(f7/2)l ground

state mditipiet/ It is not unexpected that a low lying 5
member of thls multiplet should exist, as a 5 grbhnd state

is predicted for 14GEu on the basis of the Brennan—Bernsteln

coupling rules (Brennan et al.(1960)). Also, calculatiOQS‘per—

formed by Gavrllyuk et al. (1973) to determine the orderxring
52 ‘1v(f772)l multiplet predict a

4" ground state with a low-%ying 5  level being the first
excited etate of the multiplet. ' The formula developed Sy Pan-
dya (1956) relatlng partlcle—hole and partlcle—partlcle inte-
ractlon energles was used in the calculatlons, with the

-

1nteractlon energies belng taken from a study by Kexrn et al.
142
(1968) of the w(ds/z) v( 7/2) levels of Pr. The,resglte
of these calculatlons are summarized in table 4.5.
The 293.9 Xev E3—transition has been found to.be re-
tarded by a factor of 3 from the Weisskopf estimate of its

transitiop rate, while the 377.0 kev E&ftranSition is enhanced

’ .. ‘ S
by a factor of 1.7. , This, dlong with the closeness of the

two 6 levels in ;hé deday seheme leads one to believe that

« ~1. 1
thejtwa 5 levels are mlxtures of the: n2d5/2v2f 7/2 and

lvzf

s,

were determlned from the expres51ons for the WElSSkOpf esti-~ .

mates found in Preston (1962). °

- . . " .~

L}

-7/2 1 conflguratlons. The theoretlcal transition rates

v/

— e

B T SRy S
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4.4 The Recent Investigation by Excan et al.

Ercan et al: ¢1980) have sfudied the decay of 146Eum

using the (p,2n) reaction 6n 147Sm w1th 19 to 22 Mev proton

beams. Three and four parameter Yv—c01nc1dence experlments

were performed, and a conversion electron spectrum was fuea-

sured betweer the cyeclotron beam bursts.

The results of this investiga;ion are sdp?oftive of
kﬂe‘decay scheme sh®wn in Figure 4.2. The mul;ipolaiity
assignments, which were based on conversion’coéfficient mea-
surements,;agree with those shown in table 4.3. The 14.4
kev gamna ray was found to be in coinciden;e with the 274.9,
293.7, 358.2, and 377.0 kev.gamma rays. Also, an 83.3 kev

gamma ray was found to be in coincidence with the 274.9, and

293.7 kewv gamma rays:- However, the .most interesting fea-

ture of.their work is the presence of 275-275 kev and 294-358

kev coijncidences which prove that both the 358 0 and 275 l
gev dotted tnans;tldns of Fmgure 4.2 actually occur.’ Also,

extremely weak 56.0, and 316.6 kev gamma rays were observed

- in several comnc1dence gates. T§d<e~¢*an51tlons are not in

our decay schene, shown in Flgure 4.2, although delayed gamma

rays of 55 9, and 316.8 kev. were observed in the 142

pulsed beam experlment (Flgure 3 4) They weie not placed iQ:

the decay scheme because no evxdence was found to ‘confirm

\
that they were assoc1ated thh the decay of 146 W. They

)

‘are too weak to perm;; accurate halffllfe measurements and the -

¥

Nd{ Ll 3n)

- ntoen

v
W 845 i it
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excitation function of the 316.8 kev gamma réy would seem to

indicate that it was formed by the (7Li;2n) réacpion, as is

.

" shown in Figure 3.1.  1Indeed, there is a known 318.6 kev

147

‘gamma .xay in the level scheme of Eu. ‘ . ..‘ !

t, The decay scheme of -4

Eu proposed by Ercan et al is
shéwn in Figure 4.4. The presence of the extra 5 state at .
316.6 kev di'stinguishes this decay scheme from that shown in

Figure 4.22 It is tge weak 56.0~316.6 kev cascade connecting
the upper 6 ievelfagd the 4 grounq state which coqfirms

the placement of the 14.4 kev transition at the bottom of the

decay scheme.

4;5 Conclusions

146

A.decéy'scheme for Ed”™ has been proposed which is

con51stent with the results of the presant, and all prevrou&,“jq,

1nvestlgatlons, and whlch is in agreement ‘'with the conclu51ons .

of the most recent study. Further Yyﬂco;ncldence studles

. should resolve the question bf the ‘placement of a 5 level at

(\

an exc;tatlon energy of 316 6 kev.‘ A full shéll model cal-

culation can now he performed wlth a cgmparlson to the 146 at .

[

decay scheme yleldlng a means of determlnlng emplrlca; valuds

i
‘ for the matrrx elements of the neutron~proton twO-body
"interaction. DR TR *
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