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ABSTRÂCT

Ihe gamma-ïay spectra of 8sY and ssmy r+ere studied with two

Ge(Li) galnma-ra/ spectroneters. One was a.high resolution spectrometer

enploying a planar Ge(Li) crystal with an active volume of 1.5 cc. The

second spectrometer used a large volume coaxial Ge(Li) crystal which had

coaparatively high photopeak efficiency.

Ganna-gamma coincídence experíments were performed with a large

volume coaxial Ge(Li) detector and a NaI(T1) detector, simultaneously

collecting true, randon, photo-peak and Compton contributions on a two

dimensional multi-channel analyzer,

Forty-two transitions were observed, thirty-seven originating

from the decay of 4.7 hr. 8sY and five due to the decay of 8smy. six new

tran3itíons are reported here, four due to high resolution studies of

conrplex peaks and two due to the use of the large volume, nore efficient

detector.

The present data are consistent with the decay scheme of

Horen and Kelly, indicating levels at 23L,L, 237.7, 742.2, 767.2, 801.g,

1150.9 t 126L,4t 1353.1, 1625.8¡ 2L23.s0 2171,4, 2324,8e 235L.7 and 278l,L kev.

Evídence is also given confirming the p::oposed 802 kev level and indicating

the possible addition of levels at g78.5, 1404.6 and 2SlB.7 keV.

Ihree transitions at 7317,Sc 2747 and J00g keV have not been

fitted into the decay scheme.
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1.1 INTRODUCTION

when a nucreus is bombarded with high energy particles, a

nuclear reaction takes place during which the target nucleus is either
raised to an excited energy state or is transforned into a different
nucleus.

- An excited nucleus is unstable and will attempt to lose its
additional energy and de-excite to a more stable state which may be

èither a metastable state or the ground state. This de-excitation is
accomplished mainly through electromagnetic transitions, of which there
are two basic types:

(a) Emission of a photon o1 gamÍìa-ray

(b) Transferral of energy to an inner orbital erectron

... called internal conversion.

In most cases the target nucleus has been transformed into
a nel nucleus that will then decay by either

- (a) Enrission of a particle sueh as ß+, c, etc. or

(b) electron-capture.

In both methods a daughter nucleus rvill be formed in either one

of its excited states or the ground state. If an excited state is produced,

it will tend to de-excite in the manner explained above. ,



Many different models have been proposed in an attempt to

explain the structure and properties of the nucleus. Although some

models differ radically as to the exact structure of the nucleus they

are all forced to recognize the presence of discrete energy levels in the

nucleus and the fact that each nucleus also has its own peculiar set of

energy levels along with their associatecl spins and parities. The most

basic models, are

(i) Shell model

(ií) Liquid drop model

(iii) Collective model

(iv) Optical model

with variations of each being used to explai.n experimental fact.

By nraking calculations based on one or r¡.ore of these models,

one can predict the level structure of a nucleus, complete with the

eriergy, spin and parity of the various levels.

Through the experinental .inùestigation of the properties of

the emitted particles and gamnra rays o:e is able to obtain a similar sei

of infõrrnation about the nuclear structure. It is by comparíng these two

sets of information that one hopes to gain a clearer insight into the

structure and nechanism of the nucleus" This is, in effect, the prtrFose

of nuclear spectroscopy; - to constr'uct decay schemes for various nuclei

and compare them to theoretical calculations.

With the recent introduction of solid state 
'lithiun 

driftecl

germanium detectors, IGe(1i)], (Freck 19(r2) and their subsequent vastty



improved resolution over that of NaI(Tl) detectors, nuch more refined

spectroscopic investigations are possible.

Typical resolutíons of Ge(Li) detectors are a factor of ten

or nore over those of NaI(Tl) detectors. This enables one to resolve

ganÌna rays of closely spaced energy which had up until this time been

inseparable on NaI(Tl) detectors. Anorher by-product of Ge(Li)

detectors is more accurate energy measurements. The Ge(Li) detectors

thenselves, along with the associated electronÍ-cs, are constantly being

inproved resulting in detectors wí.th resolutions, to date, of around 1 keV.

The najor drawback to Ge(Li) detectors has been their snall

physical volune attd consequently lorv efficiency, but this is also changing

due to inproved drifting techniques. llrith the recent íntroduction of

co-axia1 drifting techniques, it ís becoming possible to produce large
o

volume Ge(l,i) detectors with relatively goocl effi.ciency and still obtain

good resolution, as has been demonstrated by Tavendale et al (Tavendale 1966).

With the continual advancement

though there is much work yet to be done

technology it appears as

the field of nuclear spectroscopy.

1n

1n

Yttrium-85 was first reported by Caretto and Wiig (Caretto 19.52)

who assigned a half-life of 5 É t hr. to it. Dostrovsky et al (Dostrovsky

1963) carried out a study of 8sY and concluded that the 70-¡rin, ttnsr

fraction had a parent with a 2,68 hr. half-life which was subsequently

assigned to 8s\. This conclusíon r\¡as also reported by lr4axia, Ke11y and

Horen (Maxia 7962, lloren L962) although Patro and Basu (Patro 1962) did not

recognize the existence of two isomers of 85Y.
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Horen and Kelly (Floren 1966) recently carried out another

study of the gamma-spectrum and proposed a slightly different decay

scherne than was previously reported, wíth a few tentative levels and

unplaced gatnma rays. Present ín this decay scheme were several doublets,

which in the gamna spectrum appeared as possibly two or more unresolved

ganma energies.

t was due to the above facts, plus the fact that equipment

with higher resolution was available that the present study was undertake¡r.

8sY and ssmy were produced in ttu nuclear reaction

ttq"(p,2n)Isy *

8sy and e'ny decay by ß+ emission and electron ca¡rture, Ieading

to excited states in sssr and 85rsr.



CHAPTER IT
%

A. G4¡\ÍMA RAY STNGLES SPECTR${

2,1 Instrumentation
%

. The y-Tay spectroscopic studies in this research work were
carried out with the utilizatíon of two lithium drifted germaniun detectors.

'ne 
detector was a pranar, Ge(Li) detector with a depreti.on depth of

4 mm' and a volume of 1.5 cc. (r'rode1 LG 1.5-4). This was coupled to an

FET pre-amplifier (Tc r30) and a rínear amprifier (TC z0û). This system
was capable of achieving a resolution of 2.S keV F.lrJ.H"M. at 662 keV.

The other Ge(Li) detectol used was co-axial r,rith an active
volume of 20 cc. purse amplificatíon was achieved by using an FET pre_
amplifier' (c 403) and a linear amplifier (c lls). This particrrlar systern
yielded a resolution of 5.6 keV F.hr.ll.l,{. at 662 keV"

Both Ge(li) detectors had to be constantry maintained at licìuid
nitrogen temperatures to minimi.ze leakage currents and to prevent the Li
ions fron díffusing from their lattice sites in the clrifted region. This
was accoilplished by the use of a 10 l. t'chicken*feederttresevoir 

on the
high resolution detector and a 20 !, ffchicken feecrer'resevoir on the large
volume detector.

Figure 2-1 sho's the internal view of a typicar Ge(Lí) detector
and cryostat assembly.
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The smaller volume detector, because of its energy resolution
was used for detailed examinations of photo peaks where the presence of
doublets þJas suspected. The large volume detector was used where

detection efficiency vras an important factor.

A block diagram of the two Ge(Li) gamma ray spectrometers is
given in Figure 2-3.

To collect and store the data obtaíned from the above mentioned

detectors, two nulti-channel analyzers were available. one was a two_

paraneter analyzer (Model ND 160 F) with a 1024 channel ADC and a 4096

channel memory. This analyzer could be used i.n either a one-parameter

mode v¿íth 1024 channels available, or in a th,o*parameter rnode rvhj.ch

facilitated 4 x 1024,8 x 512, 16 x 2s6, 32 x l2g ancl 64 x 64 groupings.

Coincidence gating was also available a¡rd was used in the coincidence

experiments.

The second multi-channel analyzer ([rcA) rvas a ¡,lodel ND zz00

with three-4096 channel ADCfs and a 4096 channel-mernory. This unit had

the capacity to handle up to four ADCfs on a simultaneous time sharing

basis s'ith a maxintun availability of 4096 channels which however, could

be extended with the addition of a larger memory. The ADCrs of the

ND 2200 had a digitizing rate of 16 I'ltlz while rhar of the ND 160 F ADCrs

was only 4 Wlz. This gives the above unit nuch greater flexibility in
experirnenting as it is capable of handlj.ng a much higher counting rate.



FLU KE +le
POWER

SUFPLY
(-50 0v)

2 O cc
P G.T.

Ge(Li)

Nr.E. 5 392
FOWER

sr.iPP[_Y

!.5 cc
[N. D.

Ge(Li)

c 403
F. E.T.

PRE. AMP

K EPCO
FOWE R

SUPF[-Y

(-t-600v)

TC t30
r t!-.',F
ü . L. û.

PRE-É\ú\,!F

c t[5
LINEAR

A[\IlP

T',C I 06
POWER

SI.¡PPLV

G e([-i) G A Mr [Vi A

I

I

I

I
I
I

I

II

I

II

a

I
¡

T',C A OO
LOiN EAR

AN4P

SPECTRC[METERS
FIGURE 2-3

t\\¡"D. | 6 O

M. C.A.



To obtain a quick analysis of results, an X-Y plotter (1.{ode1 Z0-Z)

was available. Information could be plotted directly from the lrlCA

menory to yield 10 inch by 16 inch graphs. For larger and more precise

graphs, an IBI'f 1620 computer and associated Calcomp plotter were available.

This system was capable of plotting graphs 3 feet rride and hacl an infi:nite
X-axis" Programmes h'ere devised that gave either a linear plot with scale

changes at predetermined positions, or a semi-log plot.

2.2

All the irradiations in this study llere perfonned internally
on the 50 lrleV sector-focussed cyclotron at the University of I',!anitoba.

Bean currents of up to 2.7 yA at JS l'ieV were possíble.

The target sources for all
in pol+der forrn, thus they had to be

internal irradíations, and also for

powder was enclosed in a capsule of

l0 ¡ thick.

the irradiations in this study were

encapsrrlated for the purpose of

safety reasons. As a result, the

high purity.aluminun foil about

Preliminary experinents rvere performed rr'ith naturalLy occut1ing

strontium as Sr(N03), and adequate bombarding conclitions deterninecl. For

the 8€sr(prn)8sY, these were a proton energy of 3s lrlev at approximately

I u A with an exposure time varying from 5 minutes to 30 minutes depencling

on the strength required.
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An enriched sample of 86sr (94.1%) was obtained and used for
subsequent experiments. The impuritíes were 9.3% tts", 6.6%'lssr and

less than 0.5% miscellaneous irnpurities. The initial enriched source was

non-radio-active, but during irradiations the tong lived products of
ttY, 87Y and 88y were fornred making the source radio-active.

A series of irradiations h'ere carried out to determine the

cross-s€ctions for reections vrith t65r. The following qualitative cross-

sections were determined:

6sr(prn)86Y was favoured at 25 lr{eV

ts"(pr2n¡ 8sy was favoured at 35 IfeV

stsr(pr3n¡8by was favoured at 45 MeV,

With the above results plus separate investigations into previous

experímental work on strontiurn, it was deeided to concentrate on the
ttst(przn)8sY reaction and the subsequent decay of 8sy by ß* emission and

electron capture into levels of ttS".

Thus, the balance of the expárimenting was carried out using an

ir¡adiätion energy of 35 l,lev at l¡rA, varying the exposuïe period from

5 minutes t.o 30 ninutes depending on required strength.

An investigation into the contribution of the aluininum foil to

the gamma spectïum was also carried out" The foil was ir¡adiatecl at 35 FfeV

for I hour, after r^¡hi.ch the gamna spectru:n vras acquirecl cn the large

coaxial detector"
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If the aluminum foil was left to decay for about 20 mínutes nost

of the spuríous activity had died away leaving only two fast decaying peaks

at 837 and 1010 keV along with 511 keV anníhilation peak and the associated

15 hr. activity of 2qNa. Figure 2-4 íLlustrates the resulting aluminum

spectrum acquired 20 nrinutes after írradiation.

The major object of this study r^¡as to further investigate the

energy level structure of sssr by searching for weak transitions aná attempt

to resolve various doublets present in the spectrum. For the investigation
of weak and high energy transitions, the large volumc detector was

employed, whereas for the separation of doublets and closely spaced t-rays,
the higher resolution detector was used. Horuever, the efficiency of thís
latter detector above about r200 kev is very poor., and consequently due

to the short half-life of esy (4.7 hr.¡ and esmy (2.g hr.) thís detector
yielfled very little infornation above 1200 kev since one had a limited
accumulation time.

To enable one to dístinguish betrveen the transitions due to
tuY, ssnY and those of the remaining isotopes af strontium and other
ínpurities it was necessary to take tirned runs for. the y-spectïum. 

. rn

order to obtain good statístics and yet be able to follor,¡ the deeay of the

2,9 and 4"7 hour peaks, the analyzer was allov.,ed to accurirrllate for periods

of 200000 seconds live time. Thus, by integrating the area of the peaks in
the resulting y-spectrum over the above time interval for two or more

successíve timed runs, the half-lífe of the decaying nucleus in which

they oríginated could easily be determinecl.
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After the irradiated source had been removed from the cyclotron,

it was allorved to decay for about twenty minutes to nininize the contribu-

tion to the y-spectrum of the short-lived y-rays ín the alumim¡n foil and

other short lived impurity contributions. 'The source h'as then placed in

a:predetermined geometfy for r,rhich the detector had been previously

calibrated for efficiency.

' Several runs vrere performed in which sources that contained

very accurately ¡neasured y-rays w"ru used both before and after the

experiment in order to calibrate the detector. However, for the purpose

of very precise energy neasul'ements, sinultaneous energy calibrations

were employed for two runs. In using this lnethod, the y-stanclards rr,ere

placed just close enough to the detector so that they were plainly discernable

in the resulting spectrun. The disadvantage of such a procedur:e hot+ever

is tþat some y-transitions in the origínal spectrur are maskecl over by

sone of the y-rays in the calibration standards. Hence both types of

singles spectra were very valuable. The source used had a unique pl'opeîty

of several rve1l knor,;n V-standards present. These were the 511 ke\¡ ..

annihilatíon line, 88Y lines and 2$Na transítions (from alumínum foil),

which were used as internal standards for energy cäLibration.

A list of garnma ray standards used is given in Table 2-7 and

was obtained from llollanderts (Hollander 1967) Table of Isotopes.

After each set of runs, the data rr'ere first plotted out eíther

nanually on linear graph or by the IBI'f 1620 computer and associated Calcorp

plotter. These results ruere then anaTyzed to determíne energy, intensity

and half-1ife of tlie photo pea.ks obtained.



Calibration
Source

ao 3Hg

r0scd

5 ?co

s7 co

rqrce

r 3sce

¡s211.

¿o 3Hg

re2I,t

rs2Ir

rs2Ir

r 92Jr

IrfoC2

re2Ir

re2Ir

r 92I1.

r 3 7cs

s 8co

s al'ln

TABLE 2-1 (a)

GAI{l"f.iq, ENERGY CALIBRÂTION STANDARDS

Energy

72.873

g7 
"7

121.97

136.33

145.43

165.84

20s,782

279,L7

295.938

308,429

316.486

468.053

5l 1 .006

588.557

604.385

612.435

661.595

910 .46

834.85

Referenco

(i)

(i)

(i)

(i)

(i)

(i)

(i)

(i)

(í)

(i)

(i)

(i)

(i)

(i)

(i)

(i)

(i)

(i)

(i)

(i) Hollander (1967)



Calibration
Source _.

s 6co

88Y

s 6co

6 oco

s 6co

2 2Na

6oco

2 tNa

s 6co

s 6co

s 6co

s 6co

s 6co

2uNa

s 6co

TABLE z:_l_(b-)

GAl"fl.{A ENERGY CALIBRÂTION STANDARDS

Energy

946,76

897.96

1037.99

1173.226

1238.38

1274 "53

1332,483

1368.526

1360,42

1771 ,7 4

201s,45

2034,98

2598 .88

2753,92

3202,42

Reference

(ii)

(i)

(i í)

(i)

(ii)

(i)

(i)

(i)

(ií)

( ii)
(ii)

(ii)

(ii)

(i)

(ii)

(i) Hollander (1967)

(ii) Barker (I967)
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2':3 Enerpy Determination
...'...u'--

To enable one to fit a decay scheme accurately it is necessary

to have as precise energy neasurements as possible. The precisíon of

these measurements depends upon many details such as accurate standard

calibration sources, non-linearity of .¡-spectrometer system, accuracy

of peak centre determi¡iation plus nrany other contributions such as system

stabilíty.

The first rnajor requirernent ís to use as nany standard

calÍbration souÍces as possible coveríng the complete energy range under

study. Usíng these sources, one can calculate the non-linearity of the

system by first obtaining the positiorr of the'associated y-rays, and

then taking one point close to each end of the spectrum to whích a

straight line is fitted" A plot of the deviation of the other points from

this straight line yields the non;.linearity of the systen. Figure 2-5

shows the non-linearity of the large volume y-spectrometer for one of

the experinental runs. The gamma ray standarcls used are listed in Tabl e 2-l

and were obtained from llollanderrs Table of Isotopes (Hollander 1967)

In order to obtain the exact position of tlie \-Tay peaks, one

¡nust have an accurate and consístent method of determíning the peak centre.

The two methods nost comrnonly used are either by finding the centre of a

line drarvn at half-maximum height or by an extension of this callecl the

rTop Peak Centrer method. The latter method was the one used in this study

and involved plotting the peak on an exparrded scale after which several

horizontal lines were clrawn at various posi.tions in the peak. These lines
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lrere bisected and the centres joined via a straight line that was extended

to the top of the peak, the.point of intersection being labelled as the

peak centre. This method is quite valuable, especíally vrhen dealing r+ith

asymmetric peaks. lVith good statistics anð careful plottíng the peak

côntre can thus be located to wíthin about 0.1 channels. The particular

nethod chosen is not ex'tl€-mel.y cnrcial as long as one is consistent and

uses the same method for all calculations.

To obtain the greatest accuracyr it is extremely inportant to

perform sirnultaneous energy calibratíons, as described earlier. This

teduces the errors in energy determination due to system stabílí.ty and

non-linearíty determination. ft is a well known fact that amplifier, analyzers

and power supplies drift sl,ightly during operation, which rnay cause the

calibration of the system to shift from the caljbration tine to the

accuululation time.

The non-linearity of a system is affected by the counting rate.

This effect can, in princíple, be reduced by improving the pulse hanctling

e pre-anpliers and anrplifiers. By using the standard

calibration sources for computíng the non-línearity, and íncorporating

them as sinultaneous calibration points, the ,non-línearity of the systen

while accumulating the desired spectrum is quíte accut'åtely obtailred.

The detrimental facet of sinultaneous calibratio¡r is that sone

of y-transítions are rnasked by calibration peaks. This aspect can, in

general, be overcome by finding the energy of the other y-rays and using

then as internal calibration points in subsequent runs.
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A conputer program was also devised which attempted to fit the

calibratiofl points to a quadratíc equation, but it was found that the

energy calíbratíon for the system used obeyed neither a quadratic nor a

cubic and the previous non-linearíty nethod proved to be more accurate.

The accuracy of the energy neasurements in this study ís clai¡ned

to be about t0.5 keV.

2,4 Intens ity l''leasurements

A very instrumental part in determining a decay scheme is the

measurement of the relative intensities of the y-Tay transíti.ons. Solid

state radiation detectors do not collect different energy y-rays with equal

efficiency due to the variation of absorptio¡r arrcl stopping power insj.de the

crystal. For a corirplete discussion of the various corltlibuting factors

to r^adiation detectíon the reader is referred to virtually any text on

nr"ruot physics such as Evans (Evarrs 1955). Hence, due to the dependenee

of effícíency on energy, the radiation detectors have to be calibrated for

efficiency in order to give ful1 neaning to intensity measurernents.

The efficiency of the Ge(Li) detectors used in this study rvas

calculated by trtilizing a set of energy standarrcls obtaj.ned from the

International Ato:rric Enelgy Agency in Vienna, Austria. Tlu intensities

of these sources v¡ere very accurately knorvn to uíthin I% ot 2%, thus the

absolute efficiency of the detectors r'ras precisely determined. These

sources however had an enel'gy range of up to 1332 keV, so to obtain the

efficiency at higher energies a s6Co source was also emtrrloyecl. The relative

efficiency of this source ha.s been very accurately determíned (Barker 1957)
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ancl since its energy range overlapped the preceding set of standards, the

relative efficiency curve could be nornalízed to the previous curve and

hence be convertdd to absolute efficiency. By this nethod the absolute

efficiency for each of the Ge(Li) detectors was determined for two geometries.

The efficiency of the detector ís reduced as the distance from source

to detector i,s increasecl; hor,rever the general shape of the curve is

altered very 1itt1e, implying that the relative efficiency remains approx-

imately constant for relatively small changes in distance.

According to theoretical calculations (l{anio 1965), the efficiency

for small volume detectors should have approxímately an Er-2's dependence

in the range between 100 and 500 keV and an E;t.5 dependarrce between 500 keV

and 3l'{eV. The efficiency curves for the truo detectors used in this study

were multiptiecl by an El factor rvhich slightly increases the accuracy of

readi.ng the graph over that of a 1og-1og plot. These cufl/es are illustrated

in Figure 2-6 and Figure 2-7,

In determining the areas of the photo peaks for intenlity

purposes, one must first be. able to define the backgrouncl level, which ín

sorne cases can be quite difficult general, the backgrourrd counts
:

are dtte to compton contributions of higher energy Y-rays. Holvever, in

nost peaks, the region between the compton edge and the photo peak tends

to become filled in clue to partial re-absorption of compton scattered

ganïna rays. This effect produces a background on the low energy side

of the peak that ís at times considerably higher than that on the hígh

energy side.
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Using the method preferred by Haverfield (Haverfield 1966) who

¡nade a detailed study of this problem, the background was determined by

Joining the point of maxinum raclius of curvature on the low energy side

to the base on the high energy side. The background was then subtracted

from the photo peak, after H'hich only those points whose magnitude was

greater than 1% of the peak heíght were retained for area measurements.

B. GA.l'ß'fA-GAlvßfA COINCIDENCE

2"5 Instrumentation

To assist in the placement of ganrna transitions on the energy

level scherne, a gamma-gamrna coincidence systen was constructed, of whích

a block diagram is girren in Figure 2-8, The system employed a NaI(T1)

detector and a Ge(Li) detector ìn conSunction with a time to anrplitude

converter (I.A"C.) and a thro parameter multi-channel analyzer.

Itlhen a window of a single channel analyzer (SCA) is set on a

photopcak, it will also pass contributions due to the compton events of

higher energy garnma rays. Similarlyo rvhen a windol of an SCA is set on

the TAC distributíon peak it also passes background counts due to random

events. Thus, by inclucling four SCAis in the coincidence system it is

possible to set t.¡indor+s on a photopeak, the conrpton background above the

photopeak, the TAC distribution peak and the random background above this

peak (Figure 2-9) enabling one to simultaneously measure all the contributions

to the coincidence spectrum. This is particularly useful when vrorking with
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short lived sources, since ít is not necessary to make corrections for the

decay of the parent nucleus which would definitely be required if the

contributions were accurnulated inrlependently.

The NaI(T1) detector consisted of a 2 ínch x 2 inch cylindrical

crystal nounted on a photonrultiplier rvhich gave out both a línear sí.gnal

and a fast logic signal for tj.ming purposes.

The large volume Ge(Li) detector was usecl because of its

superior efficíency over the N.D.-1,G. 1.5-4. The principle reason that

Ge(Ii) detectors have not been used in coincidence systems is theír

relatively poor efficiency as conpared to NaI(Tl) detectors. Hotveveï,

r+ith the advent of more efficíent, large volume Ge(Li) detectors, it
is nol becoming very advantageous to employ them due to their high

resolution properties,

The ultimate experimental set-up for coincidence work is a

system employing ttvo large volume Ge(Li) detectors which offer favourable

efficienc.y as compared to NaI (T1) crystals to yield a reasonable counting

rate. Thís system v¡ould then offer the resolution required to enable

one to distinguish coíncidence work betr,reen y-rays of closely spacecl

energy. Such a system is currently in use by G. T. Ewan and associ.ates

at Chalk River (Broln 1968) who are doing coincidence work with tu'o 40 cc.

Ge (Li) detectors.

2.6

In setti.ng up the coincidence system, the intrinsic difficulty
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was due to timi,ng problens. Great care had to be exercised so that the

fast tirne pick-off pulses for both the Ge(1í) and NaI(T1) detectors were

in coinci<lence at the TAC. A delay of about 4 p seconds was also inserted

between the Ge(Li) detector and the Ì'lCA in order that the energy pulse

aÍrived at th.e lufCA after the logíc gating pulse which was derived frorn

the single channel analyzers (SCAts) via the adder anrplifier as shown in

Figure 2-8.

The windotr's on the SCAts were set with the use of a línear gate"

A very inportant facet of this operation v¡as that the output amplifiers

of the NaI (Tf) detector and TAC be loaded equivalently during actual

performance and while being subjected to the línear gate, An easy way

of accomplishing thj.s is by constantly driving another amplifier which in

turn operated the linear gate during the setting of the windorvs.

The four single channel analyzers (SCArs) were used to set

¡t¡indows on the energy spectrua and TAC distribution to give the requirecl

contributions to coincidence spectrum" Windows were set on the desired

'þray wíth r,rhich one wanted to do coincíden.u *o"U, the conrpton shoulder

above this y-ray, the main peak of the TAC distribution for true coincídences

and an equal width rvindorr'setting above this peak to yÍeld rando¡n

contributions to the coíncidence data. The windor+s for the energy $rere

set on the NaI(T1) detector, with the coincidenÇe spectrunr being collectecl

with the Ge(Li) detector.

The ND 160 F multi-channel analyzer v¡as used ín its trvo parameter

rnode to collect the various required contributiorrs to the coincírlence specttum.
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The MCA duri,ng this set of experiments was used in the 8 x 512 grouping

which alloled for accumulation of a síngles spectrum plus peak true,

peak random, conpton true and compton random. The last four contributions

were governed by the coincidence requirements of the four SCAfs. Figure

2-g íllustrates where each of the four wínd-ows were set, two on the tin¡e

distribution and two on the energy spectrurn. The peak true spectrum was

derived from coÍncídence pulses betlr¡een the TAC dístribution peak and the

desired photo electric peak and so forth for the other three spectra.

Under subjection to extremely heavy counting rateso the TAC

distribution deteríorated rapidly, gÍving a true to random ratio of

about 2zI, or less, hence in preparing the source for the coincidence

experiment a compromise had to be nrarle betneen a weak source v;hich gave

a good TAC distribution and a strong source necessary for good statístics.

After several coincidence runs were nracle at various strengths, it was

decided to irradiate the source for 10 nirrutes at 35 Me\¡ and approximately

600 nano Anps. This gave a source wíth a strength of about 25 - 50 y C.

For the actual coincidence experinents, the source was prepared.

in the above nanner and the cletectors which were ín 1B0o geometry were

placed as close to.,,,th.e:soürce as possible and yet yield a good TAC

distribution, Due to the lorr' counting rate of the four coincide¡lce

contributíons, it was arranged to have two irradiations separated by about

three half-1íves so that meaningful statistics could be obtained. As

me¡rtioned previously a single spectrwn from the Ge(Lí) detector was also

accumulated to aid in the identifj.cation of the coincídence peaks. Thís

spectmn however had to be anti-coincíde¡rced from the system after a ferv
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ninutes accumulation t.inre because the singles counti.ng rate was veÍy

high and thus resulted ín an undesírably large dead time in the t'lCA.

During this study, a coincidence experinent wíth the energy

gate set on the 231 keV peak was performed. Other coincidence runs would

have been of linited use.only, due to the closely spa.ced energy levels

present and the poor ïesolution of the NaI(Ti) detector used for the

energy selection.

" Tl¡e analysis of coíncj.dence data was accomplished by utilizing

the four previously described coincidence spectra in the following manner.

The windo$r set on the photo peak collects events due to both

the photo peak and comptoÌr events of higher energy ganma rays. Similarly

the wíndow set on the TAC distribtrti-on peak for trtre events also contains

a background due to random events, Therefore, the net events for the

photo peak are

(peak true - peak random) o. .. .. r. .. .. . ù (1)

or abbreviated (P.T. - P.R.)

The 'net events due.to compton background are

(Compton true - compton random) o. o. c. . ¡ . " (2)

or abbreviated (C.T. - C.R.)

Thus, actual number of real coincidence events are gíven by

|.f = (P.T. - P.R.) - (C.T. - C.Rn) .ô .. .. .. .. (3)
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The singles spectrum that was sinultaneously collected with

the coincidence data was used to help in the identification of the peaks

in the coincidence spectrul. Figure 3-4 shows the Ey-231 spectrum

obtained in this experirnent.
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3.1

CHAPTER III

rHE nicnv ór r;y AN; esny

Discussion of gamma singles spectrum

--*"--+

In the analysis of the gaÍma spectrun, the major concern hras

the differentiation of the 4.7 ht. and 2.9 hr. activity due to 8sY and

ssnY respectivelyc from that due to other yttrium isotopes that were

formed during the irradiation. Also present were lines due to the

aluminum encasement for the strontiun porvder (Figure 2-4) and also lines

from ""Rb, especially the 150 keV transition, as shown in Figure 3-1(a).

The 231 keV peak is quite intense, containing contributions

from both 2.9 hr. and 4.7 hr , activi,ty. Totally trnnoticed at a first

glance are tlo peaks on the high energy tail (insert on Figure 3-1(a))

both of which appear to have a 2.9 hr. half-life, Their energíes are

235.5 keV and 237,6 keV, the latter of which is the transition to

grouncl oS the 70 mi¡r. netastable state. The 235.5 ¡sV peak has not been

reported before and its position in the decay scherne can only be

postulated as there ís no coincidence data for 2.9 hr. activity due to

the 70 rnin" metastable 237.6 level.

In Figure 3-1(b), the high resolution of the srnal1 detector

becomes very important. The 504.5 keV transitj.on which lloren and KeLly

were unable to separate fron the 511 keV annihilation peak in theír gamma
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singles spectrum is here clearly visible. Also, the previously lt€ported

540 keV and 550 keV transitions were resolved ínto the four gamna rays

wíth energies of 536, 539, 547 and 554 keV. The 539 keV transition

nust be considerecl as only tentative since the resolutíon is not good

enough to completely separate it from the 536 keV peak and ít could not

be accomodated in the pr"sent decay scheme. The 547 transítion on the

other hand is quíte well separated and definitely has'5 hr. activity.

The only place in the decay scheme which would allol for this energy is

a transitíon betlreen the 2171 and 1625 keV levels and it has tentativelv

been placed there. .

The 614 keV doublet observed by Horen and Kelly was resolved

on the smal1 high resolution detector into photo peaks v¡ith energies of

612,5 keV and 617.5 ke\¡. Hottrever, the 617.5 keV photo peak was cloucled by

an unknown 620 keV garnma ray with a 15 hr. half-life, probably from 86Y.

A 741 keV transition wÍth a 2.9 hr. half-life was observed.

îhis tra¡rsition !¡as not observed by either Dostrovsky çnostrovsky 1963) or

Horen and Kel1y (Horen 1966) although Patro and Basu had prevíous1y
'' : I I :

reported a transition in this energy Ìange (Patro 1962). The ganma-ray

is weah and could possíbly be a transition to ground, which one would

expect to be small due to the large spin cha.nge of Gp i'l 
-r 1+ involved

(Figure 3-7),

During an extended period of accumulation, on the large volume

Ge(Li) deteetor a tveak transition at 801"9 keV was found that had been

previous ly unobserved.
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. The ene,rgy of. the 861 keV peak has larger uncertainty than most

other peaks due to its position on the edge of a conpton shoulder. This

nakes it very difficult to find the peak centre and the peak area due to

the uncertainty in the background 1evel, as hras discussed ín Chapter II.

Ih'e third por.+i<in of the spectrum is shor.ln' i¡' p"ígure' 3-2(e) .

It contains ten ga¡nma rays fron 8sY decay, ofle of whích is a double

escape peak. The complex of three peaks at 1395, 1405 and 1414 keV had

previously been reported as a 1400 keV double transitiort by Horen and Kelly,

and as a 1390 keV double transition by Dostrovsky et al. To obtain a

nore accurate energy measurement of the 1395 and 1414 keV one would requi.re

a large volume detector l,¡ith slightly better resolution than the one

available. The 1395 and 1405 keV gamma rays areaccomrïodated by the decay

scheme of l{oren ancl Kelly, but the 1414 keV gam¡na ray is not.

Figure 3-2(b) gives the energy spectrum between 1500 and 2000 keV

as recorded by the large co-axial detector. The 1556 keV transition ís

barely discernable and the energy and intensity rneasurements have

considerably less accuracy than is usualc

The range between 1585 and 1854 keV in Figure 3-2(b) co¡rtains

several compton shoulders which almost resemble energy peaks in a Ge(t,i)

spectrum.

The 1941 keV transition is alnrost completely masked over by the

Compton edge of the 2L7L keV ganma ray. Horvever, distinct evidence of a

true 1941 keV transition is given by the presence of a Compton edge at

1716 keV.
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Figures 3-3(a) and 3-3(b) show the spectrum obtained from the

balance of the endrgy region that was scanned in this study.' Figure g-3(a)

shows the region between 2000 and 2500 keV in which there are three gamna,

rays belonging to 8sY decay. Figure 3-s(b) shows the region betrçeen

2500 and 3000 kev rvhich contaíns four gamma rays that are due to the

de-excitation of sssr levels. The 3009 keV transition was observed only

during an extended period of counting on the .large detector and even then

it was only vaguely discernable" A half-life could not be assigned to

it due to the lack of statistics, and for the present must be accepted on

faith from Horen and Kelly as 4.7 hr,

A conpl.ete summary of the gamna-ïays obseryed in the de-excitation

of levels in sssr is given in Tables 3-1 and 3-2 along with a comparison

of previous work in this field. The energies in Tables 3-l(a) and J-l(b)

attributed to the present work are estímated to be accurate wi.thin t0.S keV.

; Tables s-z(a) and 3-z(b) gíve a comparison of the rerative
intensities obtained in the present work with those reported previously
by others. The energies listed are those obtained in the present work

and the intensities of Horen and Kelly are from their equivalent transitions.
Ivtost of the intensity measurenìents listed for the present work are estimated
to be accurate to within about 10%.

Of this, approximately 3%

nìeasurements with the balance being

jerror in obtaining the background.

considerably larger inaccuracy.

is due to the detecJor efficiency

dr¡e to statistícs and the corresponding

Peaks with very poor statistics have a
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TABLE 3-1 (a)

GAMMA RAY ENERGIES 85Y

Present hro"k Horen 1966 Dostrovsky 19ó3 Patro 1962

23L,1 23L 22s

2s3

530s36.2

(539.2)

s47,3

554 .3

s69.2

6L2,5

6L7 "3

700.0

726

767 ,7

797,2

(80 t .9)

818.5

861 .0

1029 . B

lL22 "8

1220,8

L26L,4

l3L7 .3

540

23r

510

550

s7r

6L4

614

699

724

769

789

816

862

t0s2

tt23

L22s

1263

Is23

700

772

10 30

I 130

1230

t2s0
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raP!E__Ll_g]-

GAI'1I'IA RAY ENERGIES 85Y

Present l{ork Horen 1966 Dostrovsky 1963 Patro 1962

lsz6

1353. I

1394 .8

1404.6

1414,2

1557.1

1585 .5

1892,3

1941.0

2L23,5

2171,4

2351,7

2549.5

27 47

278L

28L9

(300e)

t326

1353

1400

155 6

I 580

1888

1939

2L20

2t69

2350

2550

2745

2779

2Bl2

3009

I 390

1590

1870

2160

2340

2750
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GAlll"fA RAY

$BLE 3-2 J¿

RELATTVE INTENSITIES 85Y

Energy (keV)

231,r

536.2

s39.2

s47 .3

554 .3

s69,2

612.5

617,3

700.0

726

767 ,7

787,2

801.9

818 .5

861.0

1029.8

1122,8

1220.8

126r.4

1317.3

t326

Present lVork

2,69

I .04

1.33

1.02

1.0

1,2

0,37

4.7

1.3

1.0

0.69

2,19

1.41

1,73

0.51

Horen 1966

33 .6

ô.)

0.32

0.47

0 .94

1.1

1.1

0.33

4.7

1,4

1.1

L,4'

2,1

1.8

1.7

0.67

0.97



Energy (kev)

1353. I

1394.9

1404 .6

1414.2

1557. I

1585.5

1892.3

1941 .0

2123.5

217I,4

2351,7

2549.5

2747

278L

2819

3009

4T

TABLE 3-2 (b)

GA]'ÍI'IA RAY RELATIVE INTENSITIES 8 5Y

Present lVork

0.55

0.50

3.25

0.50

0.lg

1.89

I .58

0.60

4.09

2.13

0.44

0.1 I

0.39

0.13

Horen 1966

0.27

3.7

0.19

1.3

1"2

0.74

4.47

2.0

0.50

0. 19

0.37

0.36

0.3
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TABLE 3.3

Present Ïlork Horen 1966 Dostrovsky 1963 Patro 1962

231,I

(235 . s)

237 "7

504.5

23L

510

GAMMA RAY ENERGIES S sMY

91S 925

237

503

740.9

913.4

730

920
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3.2 Coincidence I'feasurements

Due to the complexity of the spectrun, the only coincidence

rìeasurements, with any real te"ning, that were possible wíth the present

NaI(T1) - Ge(Li) system were with the 23r kev transition.

The energy range covered during these coincidence neasurements

was from 0 up to 2500 keV. The net coinciden.ce spectrum with the 2S1 keV

transition is shorvn in Figure s-4, This was determined by naking the

appropriate corrections to the rpeak truer spectrum as explained in

Chapter II. Tabte 3-4 gives a list of the transitíons in coincidence

with y-231.

The results from the coincidence ileasurements support the

existing decay scheme of Horen and Kelly (Horen 1966), with the addition

of t[re L3!7.3 keV transition in coincídence with y-ZSl.

Also present in the coincidence spectrum are four gamma rays.

from 86Y decay. These transitjons were in coincidence wÍth the ZS2 key

transition in 865r vrhich, due to the poor resolution ín the NaI(Tl) detector,

was included ín the energy windorv.

3.3. Discussion

Theoretical calculations for the energy leve1s, spins and parities
of EsSr have been made by Talmi and Unna (Talnri 1960). They considered

the fírst 38 protons and neutrons as forming closed shells and then lirnited

their treatment to neutron configurations with exactly J8 protons. Their
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TABLE 3-4 (a)

C0INCIDENCE GAl.ß.14 RAYS WITH y-231

Elslsr-ßsIl M
MoC2: Annihilation

Not resolved in

coincidence spectrum

Not resolved in coinci-

dence spectrum I 6Y

t6Y

511

536.2

s39.2

s47 .3

554.3

s69.2

6T2,5

617 ,3

646

700.0

726

787,2

818.5

861 .0

1029 . B

I 078

1122.8

1 153

]

86Y
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TÂBLE 3-4 (b)

COINCIDENCE GA¡{I'IA RAYS WITH y-231

Energy (kev) Remarks

Not resolved in coincidence

sPectrum

Not resolved in coincidence

spectrum

86Y

Agrees with Horen 1966

Agrees wíth Horen 1966

1220.8

1317.3 It
Ls26 J
13e4.s I

r
t404.6 J
1585.5

1857

1892.3

194 I .0

2L23.5



47

subsequent calculatl.ons were for even parity 1evels in Srss which can be

forrned w'th (gurr)-3and (nrr) -' (sr¡")-r neutron configurations. A

conparison of the calculated 1evels and those reported experimentally is
given in Figure s-7. The diagram is self-explanatory and there appear

tó be considerably more leve1s reported experírnentally than are theoretícally
predicted. This means that the theoretical nodel proposed by Talrní and

Unna is incomplete and needs to be,,modified.

The transitíons in sssr observed ín thís study are basícally in
agreement with those reported by Horen and Kelly (Horen fg66) who perforned

a fairly intensive study of the decay of 8sy and Bs\. Horvever, wÍth

the use of higher resolution detectors it was.possible to separate three

doublets and one triplet.

The decay schemes

virtüally the same as those

to slightly different energy

doublets and a trirrlet.

proposed on the basis of the pïesent u¡ork are

of Ho:ren and Kelly. The major change is ctue

measurements and also the resolving of three

The proposed energy levels in sssr populated by the decay of
2.9 hr" esfrY are shown in Figure 3-s. This is ín agreement r,rith the

existing schene of Horen and Kelly although the levels have a slightly
different energy. There were holever two extra gamna rays with 2.9 hr.
activity observed in thís study. They have energies of 235.5 and 240.g keV

If these are a result of transitions in sssr they could be acccç,rmodate.d-by

the introduction of a neç'level at 978.5 as illustrated by the dotted línes

in Figure 3-5. This level is partíally supported by a theoreticat prediction
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of a level at 970 keV. This

the poor conparison of other

this leve1 must be considered

fact however is quite meager support due to

experimental and theoretical levels, and

as quíte hypothetícal.

The proposed energy levels in Bssr populated by the decay of
4'7 ht'8s Y are shot+n in Figure 3-6. Trrís also ís basically in agreement
wíth the existing decay scheme of Horen and Kelly, although once again
the energies of some levels have been changed sríghtly. The najor change

is due to the separatíon of the 614 and 1400 kev peaks. rrríth the
exception of the 1414 kev ganîna ray, the resolved doublets were easily
accommodated by the existíng decay scheme in an unchanged positíon.

Ho"un and Kerly did not assign the 2747,2gr9 and 3009 kev

transitíons to the decay scheme. If a revel at zgrg were to existn the
1414 and 1405 kev transitions could be combined to forrn a cascade from
this leve1 ' This however r¡ould require the introduction of another 1evel
at either 1405 or r4r4 kev, the former level being preferred due to
íntensity consideratíons. Once again, these levels must be consídered
as extremely hypothetical and are basecl mainty on cascade consjderatj.ons.

, *toren and Kelly also.proposed a tentative level at g02 kev.
During an extended period of accumuration, a veïy weak transition at
801'9 kev was observed. This could possibly be the transitíon to ground
of the 802 keV level, but it was too weak to obtai-n a lifetime measurement

on it. Also, the sum of the 5s4.g and s69 .2 key photons are wíthin a kilo-
volt of the Lr22.B kev transition, whích might suggest that these two photons
form a cascade from the rsss kev level to the 231 kev revel. Thus, on the
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basis of the above cascade plus the evidence of the g01.g kev transition,
support is, given to Horen and Ke'ly,s proposed level at g02 kev, aithougha coincidence experiment at this energy would be very helpful.

The nervly separated transitío n at 547 keV has tentatively beenplaced bet'een the 2r7l and' 1626 kev levers solery on energy consicrerations.

A faírly inrense peak at 1317 kev was observed (Figure 3-2(a))during arl runs and had a harf-life of about s hr. Thís gamma ray cannot be accommodated by the existing decay schene and was not reported inprevious work. Hor¡ever the spectrum of Horen and Kelly (Horen 1966)
contains an teguivalentt. 

ganma ray lísted as r3zs keV ¡rhích they subsequentrynention nothing about. In its place they adopted a ß26 kev transitio¡rof lotr'er intensity, which fits the decay scheme and i¡r the present studyis listed as a possibre transition appeari,ng on the shoulder of the
7317 keV photo peak.

The 1317 kev ganirna ray Itas also found to be in coincidence withthe 237 kev transition (Table 3-4). In order to determíne the exact
placenent and/or the varidity of this gamm a iay, one would require nore
complete coincidence data- with tr+o Ge(Li) detectors.

The decay sche-nre proposed in the present study is basicalry Í.n
.agreenent with that proposed by Horen and Kelly .(Horen 1966), with the
changes as noted above. In order to further clarif.y the decay scheme
one would requÍre. tvro large volunre !ígh resolution Ge(Li) detectors. oRecould then carry out the much more accurate Ge(Li) _ Ge(Lí) coí.ncidence
neasurements and renove existíng ambi.guitíes or uncertantíes.
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