VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

laiBHl1liLHLJ

Submitted

decree of

to the

Doctor

by
V.M. CURRIE
(Jun# 1962)

University

of Glasgow as a

of Philosophy*

Y

Ar!

Thesis

for

the

-A

Va! gy



ProQuest Number: 10656368

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10656368

Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLO.

ProQuest LLO.

789 East Eisenhower Parkway
P.Q. Box 1346

Ann Arbor, MI 48106- 1346



CONTINTS «

PIIOFACL and ACKNOVLORGUHLLTO.
PUDBLYCATICHS,

SUMNARY o

YIAPTIR 1. INTRODUCTION,

. (1) Proamble.,. - 1,
(2) Nuoloar Isconerisns
(a) Zlementary electromagnetic theory 5.
(b)) Applications in nuclenr physics,. 12,
(3) Anauldr Correlations
(n) General, . 17.
(b) Perturbed directional éorrelations. 21.

(4) Nuclear ilodelss

(o) Tuc shell modol. : 28,
(b) Collective effects in nucled, 32.
AT 24 It ‘i”i’é‘:L,{';Y};Tl COTHoIE NG HETHOD AN

LTS LIMITATIONS.,

(1) Fast Coincidence Technigues and Timo-
to=ulpe lMeight Converslons
(a) Fast coincidence circuits, L1,

(b) lleasurements with fast

coincidenao circenite. 44,
{c) Tine=to~pulse height cocuversion. 47,
{(d) Limitations of the method. L9,

(2) Development of the Theory of Time

itesolutions



CUADTIN o

cusprritt b,

(a) The curly treatment of Post and

Schiff, 51:
(L) The treatment of Minton. 55

(¢) The thewory of UGatti and his co=-workers.359.

MEASUGMLHTE 0 JUSOLUTICH AN

INSTRUMEHTAL TING DULAY .

(1) The Apparatus.

66,
(2) Ancillary Heasureuents:
() Valocity of propagatlon in the
200 5 cable. 71,
(b) Ifficiencios of scintillators. 73
(c) Decay tires of scintillutora. 73
(d) Fhotoelectron yiolds. 76,
(3) lain Heasurcuwente. 79.
{(4) Results and Discussiont
{n) Tine doluys with HaI(Tl) and
antiirncenc. | 82.
(b) Deterwuination of P und Q. 83,

{c) Time dolays witih plustic and liquid, &35,

(a) Resclution with plastic, 83,
LIRETIHG OF_Tiit_2.083 HeV LrViL Iy ce?Y,
(1) Introdunection, 92.
(2) Technique and Heasurements. | 926.

(3) Kesult and Zdscussion. 100.



CUARYt B

Go

g 5 ak
A te iy

Lo

(1)
(=

(3)

(1)
(2)

(1)
(2)
(3)

(&)

, . e A .. d20
InCHURTS LI X0 ans

AN n?llgu o

Introduction.

Lifatine of the 1l.89 eV Level

in Bnljb [}

dfetine of tlie 2431 HaV Level

120G
in Sn = .

LIUTTING oF i 152 eV 1, Vill,

!
g v.'7,

Introduction.

flensurenents and llesulta,.

Probviiies s AN i OO ATTON Y

o 131

Ly To, AN TR LGN,
Introducticen,

. 18 B B¢
Lxperincats with Ta 1 and g )9.

Other worlit

(o) on the O+ level in 09140‘
(v) on 0k,

{c) on u5B™°7,

Puture 'lang.

106,

107.

1G9,

115.

117.

129,
130,
150,
131.



PIRUPAC UL aCiGULUDOYTHTS o

All the experisental work described ia this theaié
wos carried out solely by nyself, The work on instrumental
tize delays and resolution was first proposed by Dr, G,M.Lewis
vl was published Jointly with Dr.lewis ond Dr, R.D.Azuma.
The work on Hflﬁl was suggested to me at tho start of ny
regearch studentalidp by Dra, Lewls and Azuuan who also in the
course of my etudies advised the measurement of souno isomerie
lifetimes. The subjecct natter, the experimental details
and the intoerpretation of these lifetine studies is, lowvever,
entirely my own responsibility.

I would liiie¢ to pay tribute to sevoeral people, especinlly
to bre Golle Lewdls and Dr, l.Ees Azuma whose advice and
Guldance has been esaential to the worlk reported herein,
re. Lewda's counsel and encouragewent have becn given
genercously throughout the dnvestijsations, and in tho initial
stagos l're Azmuma's practical coeoperation in all natters was
the most significent influence in the development of vy ideas
and understanding. I can only say that all this has been
very much appreclated,

llost of the later vork wags made possible only through
thie coe=operatlion of Dr. Ve.dack and :lr, A, Duncan who,
regpectively, made availuble and operated the small I{,T. set
for the production of socurces. Yuch of this work wasg ulso
agreatly facilitated by the reocent assistance of Hr. L.Thomaus,

To thuse people 1 am vory prateful,



I an particularly grateful to Professor P.Il, Ueeo for
hiis interest and help in furthering théna atudies, especially
for hils assiafanca in the work on hafnium and for the wany
facilities wudo avauiloble in his departuent,

I wvould like to make n éywcial reference to the
inpressive assiestance offered by the Van Chang Corporation,
Albany, Uregen {see chapter 7), 4n particulur to tle prompt
attenilon of lirse R, Hielsoun in dealing with ziy rogquests,

Finally, I wish to thanlk the Departuent of Scicntific
il Indusirial Research for the provision of a maintenance

grant over three years,

M. M. Brrie



PUBLLCATTGHY

Measavemonts of Instmimental Time Nelavy nand Resolution

in a Past Codncidonce Systent by W.lle Currie, ilaile Azuma

and Gee Lowist Nuce. Instr. and Meth., 13 (1961) 213,

) ¥4

Lifatine of the 2,003 HaV tt-te in Ce by V.il.Cuzrrie,

Iuee ihys. 32 (1962) 574,

138 ... 120

Isoreric l.ifetines dn lLa and_on ¢ LY Weile Curries to

be cubmltted to Huclear rhysicse

Lifotine of the 152 keV Lovel in Vh9, by Welle Currier to bLe

gubiniitted to Proce 'hiyse L6C.



SUMMARY ,

The work reported in this thesdls was concerned with tho
use of a fast coincideuce measuring systen, l.e, un upparatus
uoing scintillation counters for the measurcrnent of short tine
intervals between nuclear'radiations. The results deal
partly withi the teclhinique itself and partly with i¢s
application to the study of nuclear isomerism,.

It has been recognised for a long time now that there
are c¢ortain inherent limitations to the measurcnents which ean
Dbe made with a fast coincildence system, In the first placo
thore 18 a lower limit to the resolving time which can be
obtained and in the second place almost all fast coincidence
systoene generate by wirtue of their detection procosses enorgy
depondent, instrunental time dolays. This means that the
aupnraent time of an event is influenced by the cnerzgy of the
radlation, These two aspects of instruzmentation are of
great practical ismportance where very short tiues are beilng
rrcasured .

Chapters 2 and 3 are eoncernéd withi these problens of
instrumontation, chapter 2 with the development and theory of
the subject und chaptor 3 with a precise oxperimental study of
inztrumental timo delays and resolution. The results are very
ca'isfactory., Thiey demonstrate the actual poerformance
of o gysteu, provide illustrative curves and numbers, and
in-iicante the manner in which any other syatem may be quickly

acsessed and its lidunditations ascertained. In addition the




measureuenta provide pleasing confirwation of the latést
thooretical work which has been done on the subjeet and
reveal the inadequacy of sonme of the earlier treatumenta,
The rest of thoe thesis dis concerned mainly with the
measurcnient of isomeric lifetines, four new results bedng
reported and discussed. The background to the subject ig
considersd in chaptor 1 wherc tho various features of Yer,y
crilssion from nuclei are reviewed in simple terms and the
relationship baetween these clectromugnetic phenouena and ty,
choll ond collaective models of the nucleus is dodcribed.
The valuo of the nmeasurcaents lles principally in thoir
bearln; on these wmodela, and whiln they provide only a sral}
addition to the aulready substuntial data on the subject they
are not insignificant, Threve of the measuremoents havs
vicelded results which do not accord with the general teadency
of enhanced rates for E2 transition probabilities , thus
ernlzhasisdng the need {for more detailed knowledge of aucienr
stotes, particularly where there 1s mixing of collective urqg

ginzle particle excitations,

110

Thae first lifetime wneasured was in seul-naglc Ce
It is an E2 lifetine, 17 timos longer than the singls protey
astiinatc. This was at first found rather surprisiig si,e,
anotlizr £2 lifetine in 031!’0 had already been dotorolned ag
17 tiiros shorter thun this estimate. A8 explained in

chupter 4, the result is not quite so surprising whea mere

careful consideration is given to the results foar otacramcycl
~ L .



This investigation suggested tint there might be soue

other rotarded L2 transitions in nuclei simdlar to Celho, that

i3 to say in other seni-unagile nuclei which seered to exhibit
mixed excitation nodes. An dmnediate cholce for further
study war ﬁaljB, and Snlzﬂ. with 4 = 50 ratizer than N 5 82,
was also selected for experiment. This worl: is described in
chiaatar D In both cases successtful neaswroenents were nande,

' !
thiz result for }3411'}8 being very similar to that for Cel *0, and

IR0 .
thie &2 result not only giving o lifetine but also
correcting an carlicer uisinterpretation of the decay schenwo,

in chapter 6 the measurenent of a unixed L2 and H
. , 49 . \
transition rate in V i1as raeported. This work was carried
ont ns part of a plan for tlhe investigntion of winy isomeric
levoels using sources prepared on tho H.T. scet by 14 lleV

138 L 120
3 and Sn was also

neutron activation. The work on la
carvied ont by this means hut only ufter the efficacy of the
snrocadure had been deononstrated in other cases.

The Ponr teasured nean lives arote

2,633 HeV level in Car?®  L..ii... (8097 £ 0.09)x 10~2 soc.
L.2n0 o wowopa®38 (2.8 % o.2) x 1072 scc.
243004 v noow o gnl20 vesensess(8.45 2 0.18)x 1077 sec.
1n2 hov wooon V&Q cevennosal(3.05 z 0.78)x 10“’8 seC.

Finally, in chapter 7 (rm(l part of the intrmluction)

yomh

an
there is a discussion ofnunsuccossful attenpt to observe the

olectric guadrupole perturbation in the delayed angular

. 181
correlaticn betwcen the 133 and the 482 keV Yerays of fa



This was the initial projJect undertaken by tho author.
It took up the greater part of 34 years without yiclding any

positive results., The reason for this lies simply in the

difficulty of the experiment; which was tackled in several

vays oad which will be the subject of still further study.



CUHAPTER 1.

CINTROGUCTION

(1,1) DPreauble
lHoat of our present knowledge of nuclaar

proportices and our understanding of nuclear atructure
hhas been dorived from the study of nuclear specﬁrosCOpy,
1.2, the study of nuclear radiations. tinco the
nucleus 18 swall and massive and noraally lies at the
ccntre of an envelope of oasily disturbed electrons
its diract ebservation'ia'poasible only through tho
mediun of radlations which do not interact strongly
withh thene surrounding electrons,. Inteoractions
betweon the nucleus and the eleotroas do dccur and give
riso to opticiul effects frow which some of thoe static
rroperties of nucleci may bo derived, Furthoer
propertios may be studied by nicrowave methods,
atorle bean meaﬁurumunts and mass spectrometry but it
is neverthelesa largely truc that tho radiations
resulting eolther frowm the apontanevous decay of nucledi
or from nucloar fcﬁctions constitute the prime sourco
of information cbout the nucleus. Consequently the
datectlion, unﬁlysis ahg interpretation of these
radiations has been and still is of parancunt

importance in nuclear physicos.



A zreat deal of inforuaation, particﬁlnrly
regarding the lighter nucled, has béen obtained
Troia nuclear reactlions, wiille at the other cend of
tiie scale, among the high « 7 elements, our
uaderstanding of nuclear gtructure first blossocmed
with tlic detailed study pf the Ge=particles cuittead
in spoataneoua docay. It was through the
investigsation of departiocle reactions that the
very notion of the nucleus was first conculdved and it
was the analysils of aeparticle speotra wvhich firat
indicated the existence of energy levels in nuclod.

Porhape tho nost fruitful source of ideas in
nuclear physics has becn the study of B~ and Yeray
spuctiroscopy. Throughout thé cntire ranje of
nucleidos, frou tho necutron to the trans-uranic
clcments there are more than 1,200 nuoclol vhich cnit
f=purticles or Yerays or both, The numbér of nmucledl
cemitting B« particles is about 12 times the nunber of
stable 1sotopes and there 13 a vast number of possible
axcited nuclear stutes which decay by Yeenission
thua greatly extending the range of available
informnation on wlhich theories may be based and put to
the test.

Of nuclear theorios there is nongwhich 4is

ceuprohensive and which accounts even in priaciplo for

all the propoerties of all nuclod, Instead there uare



soveral models each of which furnishﬂé a description
of o linited range of}plmnmaenu. Two of ﬁmae; which
have to;ethor provaed extréﬁaly succossful in
correlating nany nucloar data over u~wide.rungn of
atondce weight are the shell nmodel and the collective
or unified modael, and canc of the most profitable ways
of obtainin; information concerning these models has
been tho production and unalysis of data on Yeray
caisasion Lrowm nucleld, l.¢. tho otudy of nuclear
dsonarica, The roason for thils i3 that, Ly
comparison with, say, 3edecay the caission of
clectronagnetic radiaﬁion by nﬁcleivia a siuwple procoss,
wall undorstood and involving only a few paramoters and
concepls, The basic propertlies of the nuclear states
involved can be obtalned by dircct measurenivat or Ly
the exanination of side effects, such as internal
cenvorsion and anjular corrclations, which do not
depend on the nuclear wave fuactions, In this way
unattbicuous valuocs for the onergles, spinas, paritios
and nomonts of nucloar states as well as the
transition probabilities for docdy by Yeray emission
nay fraequaently be obtalned and compuared wilth the
predictions of one or other of the nodels,

The extreme usofulness of Teray sboctrascopj

as a nuclear probe has reosulted in the doevotion ef



considerable experinental effort and slkill to
the developuent and improveuwent of easuring techniques.
The present day scintillation counter is very much the
outcoue of this atinulus and in assoclation with the
latest electronic devices greutly sinplifics the
practical tasks of the nuclear spectroscopist, In
narticular, since the nost iuportans featurce of any
transition procecs ls ite probuability of ocourrcnce,
and sinco Yeray traasition probubillditics are pgencrally
very short and difficult to neasure, nunierous necthods
Lhave been devised for the detercmination of the lifeticoes)
of exclied statesz.
It is with this field of Yeray spoctroscopy and in
purticular with the moasurcuent of wvery short timoes

Latweon eventz detected 1a sclntiliation counters that

the present wvorlk is cceoacerned ., The inveatigations
wive been tvoflold, Firstly, a thorough and precise

study has been nade of the delayed coincidence technique
and of the perforiance of scintlliation countors when
used in a dolayed coincldence apparatus, and sccomndly,
this teclniogue haa been used to obtaldn noew information
gt sovoeral nuelear levels, 1ozt of this information
Learing opceifdcelly v the collective modol and on

Llie shiell micdele.




{(142) suclenr Isemoriam,

(n) Ilementary electromagnetic thaorvy,

An dsomer 1s an unstable or excitéd nuclear state
whilch exists for a mecasurableo length of time and decays by
the ewission of cleetromagnetic rudiutign, Wore sufficiont
cxcitation encrgy availableo the nucléug wéuld decay very
rirpldly by heavy particle emission. For this to happon,
liswever, the cnorgy required is generally sﬁvéral eV,
wileh mecans that dé-cxcitation by Yeray emission can tuke
pliaca at encrglos of up to a few eV, | The proocess is
intrinsically slowor than heavy particle omiﬁnibn and in
many casesa is greatly inhibited Ly selection rules, so uuch
50 that there arce numcrous isomers with lifctirces |
cemzarablo to those exhibited in the still weaker f-decay
process, and in gquite a few instunces the two decay nodes
arae in coupetition,

The first cuéa of disomerisn was roported Ly llahn
(1921) who found that UXR‘and U, which have the sano
ntemic weight and number, and which both result frca the
decay of le. decayed with different pericds and different
Jenuarticle énergles. ' Thd explanation i3 that 1.13 minute
Ux, is more Lishly excited than UZ and 0,150 of ;he sz
nuclel decay to tha gfound state Uzlby the enisslon of a
39% LoV Yeray. Fourteen yoars later furthor evidonce of

inouerisa wvas found in indiun (Szilard and Chalners 1335)



and the plienomenon was confirmed by Amaldi and Kurc’hntm}

. ' ! 7\ ".] .
(1935) who established the existence of the 44 huurEQscm‘r.

1
3Cx o :
1804. Since then more than ~ 200 isomors with\girektly
observable lifetines have been found and a further 670 \

nuclear levels have had thelir lifatimoa establishoed by% \

or

1
indircot wmethods guch ag Coulomb excitation and resouance \\

%
.\Y
Y

fluorescence. Yhether the latter arce classified as
iscmers or not is merely a nmatter of definition, From the
!
standpoint ol nuclear physics the dmportant thing is that K
N

\

\\

\

. (Y
cuch states do exist and that tholr propertics can be (‘%
: i
|
deterilnad, ‘

Until 1936 it Lad -been thought that Yeray cmission ¥

vy nuclei wust bo very fust, with mean lives in the ragion?
el 10“13 BCC. In that yaér howevox von leilsacker (1936)[
showed that large spin changes in the emission process
would account for isovuers. lHo catimated that for a givan
energy each additional unit of spin change could slow down
tie transition by a factor of 'VIDG. This result was
Al axteuaidn of the theory of atomioc epectra (Condon and
Shertley 1935) which was itsolf based on straizhtforward
clagsicul electronagnetic thoory noedified in accordance with
Lie correspondence principle (ilelsenberg 1925). The
thicory was extunded and hadc more applicable to nuclei by

tiedtler (19306a, 19306L) who gave a more preclse account of

tho relatiocnship between anjular uomentum and radiatlon,




This pseudo-classlcal approach is quito simple and singe the
rosults are basiec to any discussion of dsomerism 1t will
bo eonsidered briefly here.

In classical theory radiation is produced LY the
oscillation of charges. For a charge q oscillating
with a requeney ¥V over a distance d it can be shown
(ee;56 Ndchtreyer nnd Kennard 1950) that the cnergy
radiated poer second is

L 4 2 2

16 x’\’ : g~ d
3 c) (1.1)

W o

in wvhich the product gd is sinply the dipole mozent D,

If two assumptions are now nade this result can be carricd
over guite satisfactorily into quantum mechanics. Firstly,
i dealing with discrete energy quanta, it 1a supposcd that

the transition probability is given by t

hv :
bt d
and sececondly, the term D° is repluced Ly the squared

natriz eloment Dii where R

2 >
p2 . ..ﬂo<i |D0p| £) exp 2xiv e

That is to say, the dipole moment is roplaced by the

avera; e over the two states of the corresponding guantuu

I

mechanienl operator, Henco,



6ty 2

J hed

ives the transition probabillity rfor dipole radiatien
botueen states 1 and T, Tho lifetiue of the state i 1is

therefore given by

T = ‘é%" o ::g D.= (103)
if
This cun be ap;rlied crudely to thie nucleus, if
it is assumcd that Dif xor wvhere e is the aleétrcnic
charge amd r the nuclear radius than for a Yeray of 100
RaeV T X .‘L(‘)”l2 seoc., and for one of 1 lieV T 2

re

10710 sec.

Frer: the foregoing it weuld secm vory improbuable
that dipole radiation could account for isomers. These
latier must therefore be the result of higher order
tronsitions. Such transitions can be treated In 4 sgernde
clussical way by the method of retarded potentials,

The electromagnatié fiold vectors in free space at a
point far from the radiating charge systemr can be expressod
in terus ol the vector potontial At~

II = curl A .
in freo space (1.4)

L 2a/pt | ’
(o]

L

A
4

[— -

!

Censequently the radiated powor, given by Poyating's voector
w (I = ﬁ) c¢/bx, is derivable rrom A . For radiation of

P8
5
—

angular frequency @, @ a1t a distanco r from the source A can



b apparoxinated by the expression

) ¢ (W - kv | .
Aleyrt) = ZpliCor- k) xfi(u'u'%‘)d""

f

+ " x ik r'mej (M- u) oAz

- " X ktjv't(sm’o-l)’i(ucjc}o)dr.

S € 949

wre the dintograls refer to the interior of the churge

Pt

W
eyates anl kK is the wave nuobor 2n/k or 1/X . Lhhach torn
in this expansion 1s a differcnt nultipole componcut of the
radiation, dipole, guadrupole, ovctupole ote., and the

fate rals cocreospond to the different mulidpole moments of
tihre radiating system,. It can be seen that tie integrals

)?~1

for the Efﬂlcunmoucnt

! )('71’.

ara wvelghited by the factor (1/A
s that each dntegral cbntains a term ihae
ative LHLLnaitiQB of the components therefore vary as
(r'/ﬁ&)“(('l) and succecasive rmultipoles will dncrease in
probability by a factor (r'/X)“. For nuclear radiation
af 100 keV this ratio in 10”5 whicliy, in combination with

aine(led)y makes a 100 keV disoner of nuuy Bﬁcondw duriation

1 Fonsivle provided that the radiation ia of tho “bth 10lc.



This simple %rentment'ig capable of producing
further results. If the vector potentinl 4 s
expanded not in the form (1.5) but to a higher degree of
nccuracy it beccmes apparent that the radiation 1s not

entirely transverse. Thus radial components of i and

Sk )

ii exlst, implying the transport of angulur mozcntun,.

Yhen tho caleculation in coumpleted feor the dipole casce the
rate of transmission of uangular ncmentum turns out to be J
v/w 4 or, in terms of quantun mochanices fi units of angular
montentwz forr a photon of enoergy HLiw . Heitler(1936a) |
showed that in general a photon ol the zé'th pole carrios oif

£9. units of angular ronentum, It follows that for a

nuiclear iransition betweon states 4 and €

éﬁ = éf'* £
(1.6)
or {2 ~-1| =Azx

Thug the nultipole order of the radiation cannot be less
than the spin chunze, and the 100 kaV lsomer mentioncd
already would scerm reasénnhla where a spin change of 4 was |
involved,

iy a more gpeneral oxtension of eﬁ.(l.z) it can be
shown(Mers 19&9; welsskopf 1951) that for any nultipoloe
conponent the transition prohability is:s

e T
w (0D K

Ap = T [(2e+9 11 ]*k

(1.7)




vhere Uy 4s the watrix elcment associated with the 2?
electric (&) or magnetic (M) nomens. |

When keimple assunptions aro nade about ‘QE; g ond
Qyy, 2 it uppears that Ap,z > Ay,0 alvays, by a factor of

vvloj, suggesting that for a given AIXI the electric

transition ashould always take preferencs over the magnctic
transition, cnd that tho latter should therefore not cccur ,
ilowever, there are further selcotion rules which prevent

thids gtate of affauirs.

The tera Q% s &iven by

Qg' - [/ VY, Q*OP L7 ""“"‘ﬂd’*

vanishea if the total 1ntegrémi is odd. Thus if WY
and Y bLoth have odd parity the operator Hop Bust also
havo odd parity, sinco otherwisc tho transition wbuld be
forbidden. QEJ.' the electric dipolo opcrator,is
essantially « 10ngth.ﬁnd thercfore haa odd parity, Qr.z
is an arca and has even parity whilo QHI is derived
from the angular momoentunm r x p and has cven parity.
In this way the following table for parity clangos is

obtalned. - This indicates whiclhi type of transition should

oceur An a given situation. '



ltultipole | Dipole | Quads Oct,| 1l6= 32- Glia

Electrio Yes No  Yeos No Yes No

lagnatio “Ho Yes No Yeas No Yes

(b) _Avplications in nuclear physics

As soon as isoumerism had been established in several

cases and the main features of the transition process
undorstood,; there followed several investigations of
assoclated phenomena a?d there were a few absortive efforts
to predict transition probabilitiea from Various_
ass;mptions about the nucleus. The competing process of
internal conversion was studied and found very helpful 4in
the assessment of multipolarities and nuclear spins, the
rcason being that this process depends not on the nuclear

H

wave function but on the magnitude of the electron wave
functions at the nucleus.

Edgept for Z < 20 and E X 2,5 MeV the process is
very common and in some cases is much more fav@ured than
Y-ermigsion. The relevant parametors are the internal

conversion coefficients definod by:

K

a N a H a N 1ad
Ly = "Ly/iy o “Ly = TLy/Hys Ly = TLa/Ny > (143)
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atid the internal conversion ratios /L, Ll/Lg. Ll/leeto.
1t follows from the definitions in eqg.(1.8) that the total
nusher of transitilons, N, is given by

Noelly (1+ca s abx 4 )

iy (1 + “TOT)

and that the radiatlion lifetine and the obsgarvod

1ifitine are related by

7y = Toas (1 + ap,.) (1.9)
Thus, if o is lurge the observed isouworic lifetinme

TOT
i35 muech legss than tho lifetine for Yecmission which meuns

that precise deterninations of Yeray transition probubilitics

cannet be made unless the conversion coefficlents are kaecwn.
lut, as has been sugcested already, it is desirable

to know couversion coefficlients for other reasons. These

epafficlients can be calculated very accurately at the preseat

tine (llose 1958) and even before the sccond world war

(K@bb and Yhlenbeceix 1938, Dancoff and Horrison 1939)

reasonable estimates of their nmagnitudes woro possible,

Fince they depend on the mulfipolarity and charaoter of the

acssoclated radiation these properties may often be inferrcd

fro naasurcaents of tho coefficlents., Not only that, in

reny cases of doubt sup .lementary measureucnts of the intornal

coaverslon ratios, whlch ure generally siupler to wuke, will




K shell
Z =64

Nl NN
N e
- R \\\%\\ NN
S
\\ 'N"\T‘\
~ \
v/Ad
-4
Y 53 4z 70 20 %0

K —
FI1G.1.41Q K-shell internal conversion coefficients versus transition energy

in units of m,c? for Z =64. The a’s and B8’s correspond to electric and
magnetic radiations respectively and the subscript denotes the multipole

order.
70 1
KL Z=85
&0 X7 ——
= By [
50 —
]
"
Z/ﬂ’
40 : 2
0 =
A ‘ / /. /,
“ Ve ‘?/j?// =
¥ .
_—~
70 7 / : ;/
g

A A 76 18 20

L

FI1G.44b K/Ly,yr,1r1internal conversion ratios versus transition
energy in units of m,c3 for Z =85. The a’s and 8’s correspond
to electric and magnetic radiations respectively and the sub-
script denotes the multipole order,




subbstantiate theseo riudinba and ullow an unumbigucus
assiynment to be rade, This 4is 111uatrated in fig. 1. l..

Another way of deternining nuolenr ﬂptns wag provided
by liamilton (1940) 1ulthé theory of angular correlations.
The measurcnent of directional and polarizatlion correlations
is now a verxry powaerful mothod of investigation in nuclear
spoectroscopy, and dinc@ it 1is particularly relevant to some
ol' thie work reported in this thesis 1t will bo discussed
in nore detail in tho next section.

The first part of this soction outlined the theory
¢f Yeray cuission ans it stood between the years 1936 ﬁnd
1959, vhen 75 isouners woero known and the subject was
reviewed by Sepro and liolwhioltz (19&9). As far as 1t
scoes the theory is perfoctly correct but of 1littlo interost
in nuclear physics. The chief limitation at that tiue
was the dearth of information on the nuclecar wave functions
vhich meant that the matrix elenments could noet ve evaluated,
Hogme attenmpis at evaluation wore in fact made, but with 1iti)
suecnss until the introduction of the nuclear sholl model
in 1950 ( Illaxel et al. 1950, Mayer 1951). At this
Juncture the subjébt of nuclear 1aocmerism reccived a great
inpetus and during the next few years much theoraotical and
experimontal work was done on all its aspcots.

In 1951, following the advent of the shell model,
Yeinskopl used a crude version of the single particle

tiodal to estinate transition probabillities for Yeray
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omlgsdion, dy assuning that the radiation was produced
by 2 single independont proton decaying to an s-stuate he

obtadined the resultss

l’h({".) 20
Ae,¢ s '6[(2&4)![32’ (M) (mmv (“A) X 10" (.1‘.10)

l‘i({ H) ) £ )Zefl 'ze-z | '_
Aut = 4[(2&:)”]‘ 63 (mMeN (‘fﬂ) * 07 (1.11)

witdch lead to the values given in table 1,2 and are

Toble 1.2 Average lifetimes in seconda.’for A —‘100

W IS M1 ve | M2 | B3 | M3 | ok b | BS HS
0,01 [8x10710 | 551078 |2x1073 2 [10®  [10%° |10%7 1017 |10°6|1078
0u1 |tx10723|tx10"W10™6 107 |10 107 [10% 1010 |1013]10t7
1 |6x107t6x107 107t 1072 1076 |107* 107t o fro* 106
10 |ix10™t? (4x10"Y)10726 | 107 M10™12 10712 -10 10™2

10710 V.o"ﬁ 1077

illustrated in fip. 1.2 opposite. Frou these rosulis 4t
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can be seen that unloss the raatrix celeuent' coujuted
nccording to the VWeisskopl moadel is in error by S 10:3
it should be possible to assign the multil;olur;lty vhen

Ty s Knowie If in additlion tlhe convarﬁioxt- o
cocfflficicnts and, in the cuse ol cawscades, the
anjular correlation data are kmown, thon it 1is nﬁarly
slways pessible to assign the splins and pardties of the
states unaubiguousij .ﬁnd lto- laﬁél tﬁxe radia.tioxis‘ p‘r(‘sc-istaiy‘. |
even to the degree of nixing involved,

Following Veldsskopf's theoory (Goldhaber and Sunyar
(1951,. 1955) carried out an capiric:al classification of
l=cmers the results of which, along with equationé (1.10) and
(1.11) have served until.now a3 a biasis of couparison in
the zubjoct, The general patiern. of their rosults can bLe
gseon in figs. 1.3 and 1.4 (taken freow Goldhaber and Sunyar
1355)

In these figures the measured. values for t,- afe'
expressed in the form of comparativee lifotix;.ma. that is to say,
the dependence on I and A, as expruissed in aqu#tions (_1.10)
an? (1411) is reuoved by multiplica:tion by a s_uitable‘ factor.
The comparative lifetimes thus obtaiined are true measures
of the transition strength, f.c. of the matrix elements#

lhiey indicate the valldity of the Vieisskopf nodel and cun be
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used in the assessment of othér aoedelo, | To be successful
a nmodel must account for the doatails of these figuraes, or
cef thoir nore contecuporary equivalenta. and, as can be
secn, there are a nucber of irre;ularities which require
explanation, A particuluarly ﬁoticeuble feature of fizg.
i1e¢) is the enhanccuent ef L2 trancition prob&bilitics.
Lince the woasureiicnts to be roporteéd were all coucerned
with EZ2 transitlions this particular aspect of dsomerdisnm
will be discussged wore fully later.

(143) Angsulsyr Correlations

(2) Generald

The study of angular correlations is one of tho most
poverful uwethods of particle and nuclear physloss. Iudoed,
the cxistence of the nucleus was originally established by
an angular distributicn experincnt (Goijger and MHarsden 1913),
and sore recently the violation of thoe parity principle lLas
been denonstrated by a neasurement of angular distribution
(Wva et ale. 1937). Aany physical preocess which produces
oriented nuclei 1s amenable to treatment by the genoral
theory of angular distributions and correlations. Such
payslical processes are: reduction to very low tenperatures

in o nagnetic field, nuglear reactions and all kinds of

nuclcear decay. Nor need the processoes be simple; several
radiations can be involwved. Clearly then, the subject

cubraces an extensive field of expurimental physica and
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and only a reatricted aspoect of it will be considerod'here.
That aspect is the angular corroclation of two nucldar Yeraya
ouwdtted in cascade, Lven for this simplc case the thcory
iﬂ~quitu conplicated in its doetalls und only a very
comnddensed account of 1t wiil be ;iven hero, sufficient to
clarify the experinental work reportoed in chapter 7.

The theory was first developed by Hawilton (1940).
Hince then it has becn greatly dmproved and extended and has
been treated in a very thorough and completo way by several
authors (Palcoff and Uhlenbocic 1950, Alder 1952, Funo 1953,
Bledenharn ani! Rasa 19533, Fraunfelder et al., 1955, Devons and
Goldfard 1957). Tablos of the coefficicents referred to
below are available in several places (e.g. Liedenhara
and Rose, 1953, Sicgbalin 1955, Wapstra et al. 1959).

Fire 1e5a dllustrates an anjulur ceorrclation oxperinment,
Tl and YZ ore cumitted 1in cascade and are detected in two
counters one of which can rotate about the source, as shown,
The coincldence counting rate, when plotted as a function of
¢, gives thoe angular correlation function wW(@). The

latter can be expanded in the forui

H(0) = ZAR P (cos @ ) (1.12)
k |

W“hen parity is conscerved ounly terus with even Kk occur and

kmax ;s siven byt
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k. = win (25, 2L,, 2L,) o (1.13)
80 that in practise k is unlikely to be greater than 4,

liencos

H(a) Py AO + .13.2

P,(cos &) + 4, P“(O?SO) | (1.14)
MWoe = 0 at 90% and W(6) 1s symuetrical about
8o it need only be deteriined in the range 90° - 1800.

The anisotropy A ié defined bys

o ', ) ' ‘
A= v(180") -01,(90 ) (1.15)
W(QO )
i.Oo A m 1 L 4 A.,‘ + ;\h - 1 (1016)

1+2;’L~ %Ah
and can bae positive or negative.
The coefficicents A, can be written as a product of
two factors each of which deponds on only ona of tihe two

transitions involved:

A = k(1) (2) | o | (1.17)

In tho rmost gencral case the radiations are miixtures,
' ~ : ‘
2L- pole plus ZL -pole say, with the degreo of mixiag

given by the pararnctor:

31 - Intensity of radiation L' (1'18)
Intensity of radiation L e

and the coefficicnts FP can then be writtent
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N ) + 2 :
F, (1) = F, (L, IaIb) + 2§ F( kL) ' Talb) « §Fy (L) ' Talb)

| (1.19)
Fk(z) w Fk(Lalclb) * 2Szzf‘k(1,21.2'1c1b) +812k’k(bg';olb)
where the middle torm in each sux is a neasure of tha
coherent interfercnce in the nixed radiation, The
coefficient Ao is given by
ay = (Le 82+ 87 (1.20)

and will of course be ualty for pure radiations,

These rcmarks have referred to directionai corrolations,
They say nothin; about the paritics of states oxr the charaater
of the radiations. For inforuation on %his agpect of a
decay scheme a polarisation correlation has to be meabured.
This involves a determination of the polqrisation of 72
(or Tl) as a function of © and roquires tho use of sone.
kind of polarimeter. such a device is provided (f1ig.1.5b)
if the Coupton scattcred phbtons from Ya stopping in counter
D are detected in a third counter (c) which can be rotated
about the direction of motion of Yz. The scattering
process 1s sensitive to the pelarisation of the primary
radlation and is such that a detormination orf tho'ambqnt»Of
scattering both in, and perpandiculnr to tho plane‘containing
the cascade Y=-rays provides all the necﬂéaary infofmﬁtion for
the corrolution to be detormined. This mgthod has boen

applied to one of the decay schenes to be cunsidored Later

(Bishop and Pereg Y Jorba 1954),



In general the full detgili of a decay échumg are
wvorked out by a cpmbinution of tho'ﬁaribuﬁ néfho&a whiéﬁ
have been sumnarisod so far in this chapter.'ﬁiua‘additional'n
information from 3-dacay and nﬁclenr reqﬁtions.~ The decay
schemos of the nuclei to be discussed later have been
clucidatoed by all these mathoda; the limitﬁtionﬂ of which

will becomie apparent as the thesils proceads;

(b)  Porturbed directional correlations

The foregoin; paragraphis were conccerned with a -
special and rathor idealised situakcion, The nucleus was
supposed to emdt a photony this left it aligned in soue way’
with respect to the direction of this photong this
alignment was maintained indefinitely until a socond phofon
was emitted, and the dircction of tiie second photon was thus
statistically determined., 'As“mentionaq earlicr this |
process 1s but a limited aspect of angular correlations.

The elementary troatucnt of it given 1n‘fﬁeserparagruph8 w#s
further sinplified by the suppbaition that in the timé 
interval botwéen the two consecutive traonsitions noth#ng
happens to the nucleus, | In any nofmul experinental
zituation this is unlikely becauso riost radioactive nuciei
arc constituont parts of a solid or liquid source’and are

consequcently liable to perturbations by electric and nagnetiy
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Illustrating the effect of an applied nagnetic field
on an angular correlation. The eolliptical figure ‘
represents W(€) while w  4is the precessional frequency.



ficlds, This means that in tho intorval b@twcen the
transitions a're-a}ignmont is liable io,take ﬁlace 5y the
nuclei rotating in various ways abéuf the inmpressed fieldé
or fiold gradlento. ot only that, if in the time interval
hbotween the transitioans the nucloi are subjected to
fluctuating fields the population of the‘intermedinte
substates 1s liable to boe chianged by induced transitions
between different n-astates. This wipes out the initial
preferred dircction and is equivalent to a loss of mcenoory.

These variocus effecta produce changus in the angular
correlation, and for any givon situation the changes thus
Lrought about can bo 1nfurmat1vq. Tliey can yleld furtler
inforuation about the cicotromugnnfio characteristics of the
intermediate state and/ox information #bout the filelds in the
source. |

Figure 1,6 illustrates for a siwmple case how Qn
applied field can affect tho diredtionulrcorrelution. A
constant nagnetic field Il is applled to tlhie scurce,
perpendicular to the plane ceutaining the source and counters,
tne rosult of this is that after the cmission of Ti the
nuclear magsnotic nmoment B precoesses About tho fidcld I with

ansular frequency w glvon by:

In

w = o 8yt ‘ o (1.21)
I ' A
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whaere ¢ 1is the~nueleur-g-faotor’and uﬁiis the nuclear
racnaeton. Bffec£1VQ1y, tharufora;‘thu-frame of referanco
defined by the diroection of.Tl rotates in the labofatory
about i at this rate, and the angular correlatlon, defined
with respect to this rrame, also fotut&a in the 1ubofntory
as shown in Cig.l.06. Y'or counter 2, therefore, the
probability of dotection of Tz varics with time us well us

with € ., In fact, it w1uy be writton dowa &si

U(O ,t) “'Z\Ak Py [ cos(@-;wt)‘] (1-22)
k

Now that a time factor has been introduced the lifetime
of the intermediante state must be considoeracds If this
lifetime 4is very short compared with the precessional
period only a suall rotation of the nuclear frame of
refercnce will have taken place before the emission of Yz
and the angular correlation given by eg.(1l.14) will hardly
be affocted. If, on the other hand, several precessional
periods, can clapso before the cuission of Ya thén eqe.(1.14)
will not be applicable at ali. These con;iderationa
constituto additional grounds for the moasureacnt of 1somer14
lifetimos, |

To deal with the case ol perturbations it 1s necessary
to consider in oore detailithe coincidence arrahgcment used
in the detoction of Tl and 72' In practise the detectors

extend over an anjgulur range 91 - Qé and rcasurcuents are




made with a coincildence systen which has a finite resolving
time tn. If a delay 4s inserted in the system so that
only those Y_,'s which occur ut th z t, after Yl nre

L3 .

registered, then what 1s actually determined 4s, after

correction for finite 06 (Rose 1958),

totte t/t
I; e W (e,t) dt
) 0-TR ( )
6 .tb — Torte _ 1-23
Wi, I T us
tp-ta
1f > T (the acan life) and if ty= o (@) is

called the integral correlution, while Af t, < T ‘.f(e,tn)
is called the delayed anjular corrovlation,

The integral correlation W(&) is, in the absence of
perturbations, given Ly oge(1le14) und is the function most
frequently determined in expericents. Applying eq.(1.23)
to the case of an applied nmagnetic field the iantegral

correlation is given by:

fz APl co(0-08)] € f"'ou-\
_I“,érUk.dt

- b“ c&k(G-—Aﬁ)
- ,Jl + (kwt)? )

where the b's are the coefficients used when W(8) is

We) =

(1.24)

~

expandced as a suri of terns b}" cos k€& , and
$

A = -LLOW'L t‘“‘{kwr) (1.25)
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Thus the 1ntepgral torrolatiom function is both

attennated and rotated, the attenuation factor Leldng

l/Jl + (l;(ot)z. 1f both detectors are cgually sensitive
to both radiations thoere is no rotiation and the attenﬁation
factor is 1/ (1 + (kw?)z] « Fipg.l.7 shows the effect of un
applied field on a particular intcegral correlation. FIron
the neasurenent of such a4 correlat:ion the magnetic moment
of tho interuediate stats cun be olbtainod.

If the coincidence system anwd decay scheme are such

that
ty <7 ].
(1.26)
e [
where T, 1s half the precessional ;period, i.e. T = /.

then o delayed correlation measurcinient will ylold the
precessional period, anc hence f, «directly. Countor 2 is
set at 900 to the axis of counter 1 and h’(9b°.tn) is
obtained by the use of variable de.lays or.by tinme=to=pulsce
height conversion (sce .nuxt two cluaptoers), Thg rqsult ias
a modulated decay curve, as shown in fig. l.8 in which TL
is evident. If the axis of coumter 2 is now rotated
through 900 the oodulation should 'be altercd in phase by
180°,

The illustrutive case Just cronsidered embodies the

maln features of all othier cascs. The general case is
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Fig.1.8 Modulated decay curve. Modulation caused by the spin
axis precession in the external magnetic field. Tz, = time for.
one half turn of precession.




nuch more complicated but'uived riso to sinilar results,
wlhiich will now be givén. Thoso results arc talien fron
steffon (1955) and leer and Hovey (1959).

in any case wvhere the intermediato nucleus is
alfected by perturbing ficeclds the coefficicnts Ak of

cue({leld) ara modified tos

AR = k(l) Gk(t‘) Fk(:..") | (1.27)
vhere Gp(t) i3 callod the attenuation fuctor. It
iz a function of time and is unity for ¢t = o. Thus

{1.1%) nowv bocomoss

W(0,t) = E r.(1) ¢, (¢) r (2) P (con®) (1.28)
k o |
Lhen this is intograted with rospoct to tino Gk(t)-qpo

I?
aid 4t turns out that for the case of static fields thasae
Gk'ﬂ can novexr vanish. That is to svuy a "hard core”
integral correlation always remains, no matter how strong.

il perturbing field, and for all cases of axlal syuuetry the

ppinimum valuoe of Gk is given by

s (e N
Oy (uine) = 507

For static interactions tho attenuation functions are

(1.29)

always perdodlc, while in the case of tiae dependent
interactions (egs. luttice vibrations and lrownian rotion)
thioy generally talkkoe an exponential form, In tba lﬁtter
caso therefore thie correlation docays with some

characteristic half l1ife and after several half lives io



wiped out complotely, | The intermediate nuclei are no
longer alligned with respect to the original preferred
idirection and the angular distribution of the Tz'a is
isotropic. This effoct has beoen studied by the author's
supervisors (Azuwa and Lewls 1957).

The caso withh which the author was concerncd was
that of static electric yuadrupole interactions, The
suadrupole moment of the nucleus interacts with the elcectrie
field gradient produced in the crystul lattice of the source
material, Th¢ theory has boen worked out in detiail by
Abragan and Pound (1933) who found that for a polycrystalling

source the attenuation funcotions aro as followss

I,=1: Gz(t)-1/5(3+2ccs wet)
Ib=3Q=Gz(t)a1/5(l+hcos(Aét)
o . 1.30)
G,(t)=1/35(13+2c0s Wit + L2cos3 WSt + teosh Wet)
tb=2 Gk(t)a1/63(29+12905(m§t + 160093(b:t + Gecosh Wet)
) %[Gz(t)=1/35(7+13coswe°t + 100082 WSt + FconI WS t)
b=

LGu(t)nl/Gj(‘?'rlﬁcos Wt + llcos2 Wt + 23cn5303c,°tj

vhere Ge’is the fundauwental preccessional frequency given by

\
» 3 QQ L'z
Qe = 71(zi-1) = o

2 .(_3_:1 91:3 . .
or We = SI(3I-1 5 537' for half integrul %}

for integral 1 '
| F(1.31)
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Fig. 1.9a shows Gz(t) plotted for I =2 and 5/2 while

fire 1.9b shows the experimentally observed function obtained

by a delayed angular correlation measurcmont on In;ll
(Lehman and Miller 1956), Froiz this curve the quadrupole
interaction fyuyuency Vg, given by
o) iz ' .
Vo= K %2 (1.32)

was found to be 17.7 Ma.

From what has becn saild in this section 4t is
apparent that ncasurcecnents of perturbed angular
correlations can, awong other things, yield information
about the nonents of excitod nuclear states, Tho
desirablility of this will be dealt with in the next
seciion and unsuccesasful attenipts to muke such wieasuremncnts

on tuo nuclel will be discussed in the last chapter,

(1.4) Nuclear Hodels

(a) The nhell model

The purpose of all measurewents of conversion
coeificients, lifetines, angular correlations eto. is the
ioprovement of nuclear theory. This 1is concerned largely
witii the structure of nuclear states but also with the

processes whereby these may change. 5inco, us has been
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sean, the decay processes with which this thesis 1s
concerned are straightforvard and well uﬁdaratood thoy may
Be reliably utilised in the colloection of information about
nuclear states, Such information can then be related to
cne¢ or more of tho various anuclear nodels.

It is most unlikely that a few weasurcients of
isomeric lifetines and such like data will radically affect
the postulates and conclusions of any of these dodols, but
the suw total of such data are the facts by which nuclear
theories nust stand or fall and at the present time there
is atill a nced for wore facts on many aspacts of the
aubject.

The subject of nuclear models lias been both
coap:, «hensively and extensively revicwed. Only two of
tiie models, which are relevant to the censuing discussion
will be considercd here, and these only briefly and from the
restricted point of view of the present work,

The nuclear shell model (or single particle model) is
analogous to the structure of atoums. It results in the

maglic numberss
Nor 2 = 2,8,20,28,50,82,126,184 (1.33)

which dominate so nmany cenpirical data, and accounts for

many of thie observed properties of nuclkei, 1f not



quantitatively, at lcast qualitatively, altogether
the ramifications of the model are extensive and attention
will be directed here only to the topies of dsowmwerism and
guadrupole womnenta.

It vas pointed out by Goldhaber and Hill (1952)
that ths occurrence of lscuers could be related to the
magple nuwbers, Frou tihce data avalluble at that time 4t
uas apparent that long lived isomers (Tﬁ > lsoc.) occurred
in "islands of isoworism" which lay Jjust below the magile
nunbers N = 50,82 and 1263 Z = 50 and 82, and which
stratched about halfway to the preceding magie numbers,
The reason for this is that, according to the shell wmodoel,
thhese reglions are associated with hi;;h spin states and
correspondingly large values for AI, At the sane tine
it wao pointed out by these authors that thore were few
igoriexrs for odd 4 above Z = 50 and it was recognised that
thils was probably the roeosult of core cffecta, Thus in
thie region of the rare earths where aveneeven nuclei (tho
corcs of odd=Z nuclei) are characterised by low lying excited
states the absence of long lived isouers is Que to a
breakdown of the sinple sholl or one particle ﬁodel.

This breakdown is apparent also in the more detailed
elagsaiflication of Goldhaber and Sunyar (1955). Fige 1.3,

shows that in the region of the rare earths L2 reduced
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transition probabilities are gencrally greater than the
ainzle particle prediction by factors of up to 100,
Horcover this enhancenment can be secn to disappear as
the magic nuaber N = 126 1s approached, This is
ospecially true for even-cven nuclel, as shown in £1;.,1.10
(sunyar,1953).

llere then there is regular disagreecument with the
single particle model and it is clear that sonme systematic
effect 1is present. The same systemufic effact.is also
evident in other data, notably in quadrupole mouncnts,

The shell model predicts qualitatively the variation
of uadrupole moments with increasing N or . Wheu a
new slhiell besins to form the quadrupole nomont 1s negativey
2s the nunmber of protons, say, is increased  beocornes
positive and 1ncroaées in uagnitude until the shell 1s
about 2/3 full; { then decreases to uero at the next
iajdc proton numbor after whiclhi 4t again becones negative,
To this extent the shell model provides a valid description
of guadrupole momonts, but when the obseorved :.agpnitudes are
comparecd with the predictions of the unodel the latter are
found to be much too small in many cases, @ Talgl. Also
therce are many nuclei with only odd neutrons outside the
closed shell core. According to the single particle
nodel such nucledi should have little or no quadrupolo

17

moment, yet 0 °, for instunce, with one odd neutron has a



gquadrupole moment Just as largoe a3 would be sxpocted for
a sdlugle proton. |

Tihe first proposal for dealing with these anoualies
vas made by Rainwater (1950). ilo ghowod that greatoer
stabllity and larger quadrupole toments would be produced
in a gpheroldal nucleus, This wag tuken up by Dohr
(1952) who developed a "quasienolecular" model to deal
with the vibrations und rotations of a dufo:mgble nucleus,
Tho tlhicory was extensively doveloped and applied to
nuserous nuclei by Bohr and Hottelson (1953). Since
then this unified modol which enbraces Loth collective
and dndividualeparticle aspects of nuclear structure
liza proved oxtremely fruitful and lhas been the subject
of many lnvestipgations, including umnost of those reportad
hercin., Accordingly sorie sinple aspects of the theory

wiid scuo of the reosults will now be considered.

(b) Collcctive offocts in nucledi.

Mdrst of all there are collective effects which occur
in spherical nuclel and wiich are relevant to the discussion

! s
1*0. 138 and Snl“o. Thesoe talie the form of

of Ce Ba
haroonie oscillations of the nuclear 3urfu¢0;_11ke those

of an incompressible 1iquid'drop - lience the nane
hydrodyiaalcal modol, The nuclear surface may bo exprossed

200



R(o.d) = Ro] ! \%x,\r Y, ( o) | (1w

where 17«10 is the equilibrium radius, Y\j&is the normuiisud
spherical harmonic of order Ap and tho amplitudes O )Ap are
are the normal coordinates of the oscillating systen.
Thus the nornal modes of oscilllation are multipoles with
clgenfunctions y@”‘ whicﬂ are the samo as the |
odrenfunctions of total anjular nomentun A, with (ZX + 1)
degencracy, The value ?\n 1l corresponds to an oscillating
dipole, i.e. a translation o the whole systenm, which
coennot occur, Hence the lowest order of oscillation to
be expected is tho quadrupole oscillation with A= 2,

By a straightforward application of classical

mechanics the cnergy can be written ast

. <
H= {%B‘x‘“;»! + % Cxl“xﬂlz} (1.35)
)A

wiideh represgents a set of harnonice oscillators with

frequcucies

Ca
Wy = —B_): . (1.36)

tiare DB\ and Cy\ are constants which, by hydrodyunanical
analogy, can be deterviined rouguly for nucleld, The
guadrupole oscillations ( and it is only there that are of

inportance) will be charactierised by oxsited states with
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encraies Ty 20w,y ctc. The first excited
otate resulting from one excitation quuﬁtum or boson will
have angular momentum 2, the soecond oné consistin; of twvo
bhosons will have J = 0, 2, h(ouly syLuiatric combiuutiona
of besons are allowed), tho third one J m O, 2, 3, 4, 6,
aml all the states will have even parity.

Cn the basis of this nodel ocncergles, wouents and
transltion probabilitics cun be calculated., Paradoxically
tlia quadrupole nowents should be vanishihgiy éaﬁll while tho
transition probabilities for fik\, ———> 0 gliculd be
conslderably larger thuan the Velsskopf estinate.
Transitlons frowm the second 2+ state —2 ground state
should be forbidden and cascades rather thain cross over
transitions are thus to be expected, The excitation
snergsdes are generally high and particle states are usually
excited before an cnerpgy of 2hw) is reached., In
practise therefore the model is generally restricted in
its uscfulness to the firust excitod state,

santithetical in sone respects to the foregoing is
tiie case of deflorued nucled. Spheroidal deforuation
can result from strong coupling bLetween the core and a
few odd nucleons (e.g. the case of 017 referred to already)
or it can arise quite sinply by particle alignment when a

shell is being filled up (e.u. asiong; the rarxe enrthm).'



Thus a nucleus with several particles outside a closed
shell can be thought of as an oblate spheroid. As in
tha case of sphericul nuclei classical mechanice proves
usefnl in dealdng witihi this situation.

For a rotating rigld body the energy is given by

; b
n,®
ot ® X7 (1.37)
b |

wagre Ri is the angular monentum abont the ith axis and
‘SE i3 the corrcespoiddng woment of inertia, If the
risid body has axial syuuwetry oricntations about this axis,

3 aay, aro indistinguislhiable and henece for a nucleus R.= 0.

3
Also ,95, = f;z a y SaYe Then
B e =i (B)F |
rot 25 (1.238)
anrd in quantun lechiunics this boconceas
5 i_f_ J(J + 1) : (1
rot ° 25 +39)
where J 1is the rotational angular moncntun,
This result is valid for a nucleus with zZero
intriasic ungular‘momcntum. Due to the symmotry of the

spheroidal nucleus on reflection through a central plane
perpendicular to the symnetry axis only even values of J
can vceur in the rotational excitations, Horcover the
cxclited states must have the sane parity as tho_intrinsic

crouiid state, licnce the exclited statas ares



EIQJ."J Anguitlar momentum coupling scheme for deformed nuclel. The total angular momentum, /, has the

component M along the fixed s-axis and. the component K along the nuclear symmetry axis, ¥'. The
collective rotational angular momentam, R, is perpendicular to the nuclear symmetry axis; thus, X is entirely
_ a property of the imtrinsic motion.
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(JR) = O+, 2+, U+, G+, B+ atc. i (1.40)
with D . = 0, 6, 20, 42, 72 ctc. times ﬁ%% (1.41)
1.2, Erot s Qy 1, 333, 7y 12, otc. tiuea
L, for J = 2. (1.42)
A8 an illustration ﬁflﬁo has spin 0 and .
J = 2,4,6,8 for the first four excited statos. The

snergy of the Tirst excited state 1s 93 ko?, that of tho
sucond 18 3.3 x 93 keV, that of the third 6.9 x 93 keV and
that of the fourth 11.7 x 93 kaoV. The above aimple
approach 1s therefore quite sound.

In general the intrinsic angular rouwentum of the
micleus is not =ero. Its wave function can hovever be
expressed in terms of the rotation operator D(a3Y) (sce
Cdwmonids 1957) which refers to rotations through the three
tulerien angles a, A and Y. The eigenfunctions of this
(a3Y) are those of a syauetric top with
JFT?:I; Ti, projection iifi on the

"intrinsic"

oparator &D;y

total angular rionentun

z~axig and projection KN on the z ~axis, 1.0

on tha axis of syuuwetry in

In the nuclcecar case,
anzular siomentun [ wust be
axio, Hence flg; l.11 i

tho coentribution of the

total ansular wouentuid.

the rotating {rame.
ag has been secn, the rotational
perpendicular to the symaetry

obtained, in which K represcnts

intrinsic angular oomentusm to the

Thus there will be a rotuational

bant of levols corresponding to K = U and others



corresponding to K £ 0O, The total wave function of the

nucleus can be writtens

I |
'Uf = }% 4’1.-';( %Mx("‘l“) (1.43)

wliero ¢>represuuts the intrinsic structuroe charactorised
by R and additional guantum nuubers 7T . LDy an extension
of the simple argunent givea above the following results

tor ¥ £ 0O are obtainod:s .

excited state spins = Ly, K + 1, Il « 2
(1.141&)
parity sane as for (ﬁﬂ{

41l the enoerglies of the excited states areos
£° I+ s }
‘ 1 IREL LT TS
Ly = B + EY3 {J(Ji-l) + a(=1) (Je) K} (1.45)

In viaw of 3q. (1.43) any nuclear parameter or
process can be thought of as having two aspects, a
rotational and an intrinsic aspect. The rotational

aspaect can be dealt with explicitly since the%; are

iK
knoun. This means thats
a) States having a cowmon ¢Z’K (L.0. states in sanmec
rotational band) cun be preciscly conmpared.
b) Transitions for which < ¢rn' (bcf.cl) is the

same cun be precisely coupuared. (This includes

traunsitions within & roiational band).
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Aapplying point a) to the watter of quadrupole
siocients, tho idntrinsic state <Prn will liave ah infrin$1c-
cuuadrupole noment Qo' | Due to the rotation of the'nucleua
tho gquadrupole noment observed in the laboratory is leas
thoan Qo' Lssentially there is a smeaflng out of the
nuclcear shape so that the fuaster the rotation the moré
spherical 18 the appearance of ithe nucleus (saé b i ¥ l.ll)._

Tho result 1s that

2 - gy .,
i - +
(20 + 3)(d + 1) ‘o (1.46)

Qs
According to oq. (1.46) § - Qo even {or theo ground
state. This is because of the zero point rotation.
Thus 1in the case of Tulal the ground state has
. = J a 72 (Mottelson and Nilsson 1959). From the
hyperfine structure of specetral lines  has baen doternined

-2l 2 \
a8 2,7 x 10 =% c” (liurakawn and Kamei 1957) 4dmplying that

Qo = 5,8 x 10“24 cma. ¢n the other hand Qd has beun
derived (lluus et al. 1956) froa Coulomb excitution to be

7 x lonah cmz. If @ could be obtained for an ex¢itad
otate eq.(1.46) could be checked and the different rosults
couapiared, The detalls of this will be considered in
chapter 7.

Applying point b) to transition probabilitios the

relative probabilities for transitions in the same




- 39 =

rotatlonal band can bo caleculated. Applying the rosults
of Dohr and lNotteolson (1953) to the case of K s O the

following ratio is obtained:

B, (2) (J = b =DJ a 2)

s 10 (2.47)

Bg(a) (J = 2 =53 = 0) 7
Thiis recult will be roferred to in chapter 4.

Vhenever QK > L the change in the intrinsic wave
function gives rise to k=-forbiddenness (Aluga et al., 1955)}
ie2s the transitions are inhibited. The numbeor
Y= Al - L is the degree of forbiddenness, and its effect
on transition probabllitics will be referred to in chapter 4.

A more complete treatrnent of the intrinsic states
cuinn be glven in teras of the so éallad Hilssou asyuptotic
suantust nunbers (Nilsson 1955, Mottelson and Nilsson 1959).
On tho basis of changes in these three nunmbers and in AKX
treonsitions can be classified us hindered or unhindered.

181

For instance the 480 keV H1l transition in Ta is

hindered according to the asyumptotic selection rules.
The measured hindrance factor is ~ 3 x 106. The
transition is therefore 97 E2 since the hindrance factor
Tfor the latter is only ~30,

It is appuarent from all that has Just been said that

the extrena sinple particle description of Yeray enission



nhas to be preatly modified when applied to nuclei‘in which
collective aeffects are dominant, The case of rotational
colleotive effects is, strictly speaking, only relevant to
the expoerimoental wvork described in chapter 7, but it has
been discussed in sowe detail hure because these effacts
have been the subject ol much theorotical and experimental
study aud are novw woll understood. To socue extent
thierufore they servo os a gqualitative gulde to the
phenoriena encountered in gpherical nuclei and in nucled

of tho intermcdiate roglon vherc neither the hydrody:iamical
nor the rotatlonal nodel 4ds applicable and in whidch the
sing;le particle model is quite inadequate. llenco, lacking

’ & «
a neat theoory 1o apply to the results for 001&0. Balja.

3“12’. thic author was forced to unako ecrude conparisons
with cxampleos taken froo thoe theory of rotational states,
in this way the weasured lifetliies were found to be
cualitatively acceptable although nothing positive or

precise could bo done to conpare them with theory,
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CHAPTERY 2

TiL _DELAYDED COINCIDENC!: 1IMTI{OD®

AND 175 LIMITATIONS

(241) Iaat Coincidence Techniquos and Time-té-ﬁu{g@ ladishit
Convorsions, ‘

(i) Past _ceincildence circuits.,

The techiniquos of delayéd coincidence counting
aad tlimne=to=pulse holpght conversién vere developed for use
with scintillation countors. The latter reapoﬁd rapidly
to donlsdng radiations and produceo pulsosfwith exceedingzly ¢
ffast rising edges and with falling edges that can also Le
ruch faster than anything produced by n‘Guiger countcr,

Thus the gediaotillation counter is the obvious choicé of
detector for resolviag the aﬂallltimo 1ntcfvala betweéﬁ
closely consecutive radiations such ans occuf in tho decay’
of shert lived excited statés of nuclei.

A cnindideﬂc& circuilt 1s oha wﬁich accepta at-tﬁo or
rnere input points pulses of width?T' say, and which gives an
cutput pulse when these overlap. Idoally thercfuru the
circult should give an 6utpht wvhuenever the centres of two
pulses occur within T' seconds of one anotherg othcrwiae-

it should give no output, In practigo the input pulges

* Frollouing general practisoe this exprossion ie here used
to rnean tineeto=pulse height conversdon as woell as the

original techniqgue of delayed codncidence counting,
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are never perfect step functionsa ond the ecircuites aroe in
nny ease always limlted in respounse so that us thn tilue
interval between the coutrosg of the input pﬁlaas vuries
the codncidence output varies also idn a contiauous way.
VMorcover coincidence circults always give sone kind of
output for Jjust a siugle pulse.

Fize 241 1llustrates the performance of a
colnclidance cilrcuit both for long pulsces (fi::. 2.1&)-
and for short pulses (fig. 2.1d). 1f the input pulse

length ds Y thie resolving tisme 4s glven by

No '
T o= 2R N, (2.1)

whaero Hl and l,, arc the input pulso rates and Ne is the
e .

nunber of chance colncidences counted above the

digeriminator lovel 4B, when the rise tice of the

coincldence output pulse, T i3 nuch less tlian TY,

R'
then Tt T,

The resolving tine can also be obtained by plotting
the coincidence counting rate as a function of At
the time interval between thoe pulses (fip. 2.1c,f).
The width at half height of this curve is called the full
width resolution, hereafter referred to as the Filta
The Full = 2T, Yhen T & Tn the best resclution can be
obtalued, I the level AD (fig. 2.1e) is varied the
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resoclution curve (fig. 2.1f) will vary and the minimun

Fil will be obtained when the level AL 18 set high enough

to elininate the flat top on the resovlution curve.

Filg. 2420 shows a dilede coincildence circuit used by

Hinton {1956) and
this clreult when
With daput pulaes
A the 'Vl will be
settin; is raised

~MH X =10

8eC.
noide oif operation

at this level,

reliably with less than

fise 2.2b shows the churacteristics of
handling fast ;ulses from o mercury switch,
of 6 volts and the discriuinator set at
~#l.h x 10-9 Bec. If the discrinminator
to B the FVIR should in principle bo
llovever this is not a very satisfactory
since the characteristic varies so slowly

Thus, this circult could not boe usged

-
~1lQ 4 sec, for the FWR,

A method for duproving the resolving time of such

circuits was proposed by Bay (1951) and was in fact

adopterd Ly Minton,

This is the nethod of differential

coincidence counting in which only the rising and falling

edgses of the pulses are utiliseod,

those of fig.

ia f1;. 2420h,

2e42a arce used,

Two circuits like

aach binsed at the level C

Put in this case (fig. 2.6a) artificial

delays are included in the circuitry so that coincident

rulsecs do not overlap fully in the two circuits,

the zZera occur as

Instead

shown in fig;. 2.2b, with tho result that

Just as the pulses coue into coincildence in the second unit
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they start to go out of coinéidence in the firab unit,

'he outputs from the two units are coumbilnoed in a slow
coincidence unit whose efficiency ( i.e. blas) can also
be wvaried. By this means Minton was able to achievo an

electronice PWR of 2.8 x 10-10 506C,

(b) ionsurcnionts with fast _coincidence systems.

By "fast coincidence systoeia” 1s neant the complete
arrongcment of scintillators, photomultipliers and electronics.
In guch o asysten the pulses bein;; fed to the coincildenco
device are taken {row the output (usually the anods) of
the photonultiplier, thoy are pgenerx.lly passed through a
nenelinear linmiting wvalve to.standardiso theirvheights,und
thedr leagsth is aluo f£ixed by a length of shorted delay
line, normally referred to as n clipping line. = Ideally
tlierefore the pulses ought to be square. Tho apparatus
aleo includes independent auxiliary equipuent (side
channels) which permit the sclection of a limitad-anergy
ranse in either detector. These side cliannels are
comparatively slow and so the completo arrangement (sce
fipe. 243a) 4s called a fast-slow systeni.

If such a systemn is used to detect pfomp%
radintions, i.e. two sinmultanecus or nearly simultaheous

events such as anninilation quanta, and if artificial
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delays are introduced and At varied whidle the
coincidence counting rute is observed a curve like that
of fi;. 2.3b is obtaincd (Bell et al. 1952). In this
case the FUR aridses not only frow thoe electronics but
also from tine fluctuutions in tho scintillators and
multiplicrs.

It 1s essentially this FVR which deternines the
lover l1imit to tino measurcment with this kind of
apparatus., When tha tine distribution under study is
mucii more dispersed thun the proopt rosolution,cﬁrve the
moasurcments are relativoly casy.,

FFor instunce in the measurc.oont of an isonoridae
lifetine with rtean life ¥ the procedure is as
illustrated in fig. 2.4 (Dell ot al. 1952). P(t) is
the proupt resolution curve and F(t) the dolayed resolution
CUL'V( e If the decuay ol the state in question is given

by £(t) o e“t/t then:
)

B(t) = £(x) [L’gt-x)dx] (z.2)

from which 4t follows thatt
-—-(-)-“d’; o2 [1‘(t) - ) (2.3)

"'?i? log F(t) =« = L { 1 - ’f"‘(‘s')‘] (2.5)

(4

T = centroid F{t) - ceutroid P(%) (2.5)
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Tanation (2.3) shows that the maximun of F(t) should
occur at 1its intersection with P(t) 3 (2.4) indicates that
vien P(t) << I'(¢) the 1ifetine nmay be obtaineﬂ from the
slope of the curve P(t); and (2.5) reveals that even
when this condition does unot obtain tle lifétimc in givén
by the difforence in the centroids of the two curves, This
last e.;uatlion applics therefore to lifetiuies which are less
then the resolving tiue of the apparatus and provides the
basls for the centroild czhift cethod of lifetime nmeasurcoent.

Lhon the iifetinme is detorulned frou the slope of
I'(t} the prompt curve P(t) is not reoally necessary.
liowvever in tho basic centrold shift method bLoth curves drc
necessary to determine T . P(t) 1s obtalned with a source
off prompt radistions and I'(t) is obtained with the source
contalning the delayed level. Uometines a motliod called
the selfl coumparison method is used.,. In this ¥(t) is
rocorded with the first radiation detected in counter 1
sayy and the second in counter 2. A second "invorse"
CUrve F.'(t) is then obtained with tho order of the‘
radiations reversed, The centroid shiff from IP{(t) to
F*{t) 41s then twice the nmean 1life of the delayed lavel.

A recent method doveloped by Wesver andvﬂell (1960)
involves the calculation of the third noment of the curve
r'(t) and makes poasible a slight improvewment on tho

centrold shift nethod, This is cssentially an
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improvenrent in analysis, not in techniques. The latter
have alao boen refined however. Simss et al. (1961) have
moasured lifotimes by a method whiehi allows both the proupt
and the delayed peaks P(t) and F(t) to be recorded
simultancously. Tho wethod can be applied to ovnly a few
doecay schemes, but since errors due to instability,

drifting etc. are grasatly reduced the method yilelds an

- -1l
accuracy of 5 x 10 °° sec.
(e) Tine=tospulans heir-ht convarsion.,

In 1952 Horshall used a apoclal pated-beain tube. the
6DNG, dn a fast coincldence circuit and obtained a
resolving tlue of better than 3 x 10’10 sac. with pulses
I'romn o vercury syvritch, This valve has two control grids,
Thiese can be bilaged in such & way that the vulve passes
negrliszible current in the guicescent atate and very little
current vhen a signal is applied to one grid only. Dut
«hen coincildent sipgnals are applied to both grids there is
a larpge flow of current through the valve producing a
nreninent signael at its ahode (scc f£i:a B.Ib).

Neilsen and Janea (1955) uscd this valve in a
develeprent vihich has in the intervening years altogether
superscded the carlicr type of deluayed coincldence

cir-ouistry. Instead of annlyin; very short pulses those
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workieirs used a relatively long clipping line to produce

pulses of ~ 40 nsec. longth. These are showa in £ig.
HAPR T VI The pulses aroe applicd o Lhae 06BHG6 4n the manner
shoewn in Tle 2eH0e Durin;; the period of overlap,

20 nsec. say, the 6LN6 valve passes (in the nuihor's
arparatus)  ~A 0.1 wl of currenty this current is fed
throu;h a coupling condenser Cl to 02 wvhere it is
Integrated to produce a potential as shown idn 1. 2450
since RC, >™> 20 :seee, where X s Rluz/(“x - uz). the
voltagge developaed acrosa C? i3 proportionul to the period
of overlap of the original pulsoes, Thus a tine interval
Iiig been eonverted to a pulse Leiyt and the circult is
callcd a time-to-pulse heipht or tlue-ts-cnplitude
CUlWel Lal, Groon and Bell (1958) fuproved the circult
and made it possible to distinguish the order in which the
pulges arrive at the 6ING, thus cutting down the chance
colncidence rate,

The beauty of the tinmeeto-hicdighit couverter 1s that
information over almost any deslrod tine ruaige ia obtained
countinuously provided that Lacilitiee are uVuiluble for

analysing the pulse heipghts. Hence informaatlien about a

tine distribution can Le¢ obtuined much wmore rapidly than by

delayed codncidonce counting (in the strict sense), also,

Iongy lterm instabilities are rendered less troublesowme anwd



- 49 -

tho statistics are greatly improved.

The resolviag tie in a tima~toéheight conVefter 1é.
obtained by exposding the detcctors to proﬁpt radiations so
that cutput pulses of néarly coastant amplitude are préduoed.
These are fed to a multichannel pulse haight analyser |
(kicksorter) and will appear on this as a Caussian
distribution, I tho corréspondenée bufween pulse height
or channel nuomber and At is known the FYit 4s obtained
dircetly from the curve on the kicksorter, Curvos
obtained bLy this wethod are similar to those shown 1n

Tfisurcs 2.3bL and 2.4 and aro analysed in exactly tho samo

vaye

(a) Linitations of tho method.

From the foregoing pafagraphs it is clear that
isomaxrlc lifetimes can be nost Quaily and most reliably
determined wvhon T2 T(the FUR = 27T). 1t is thercfore
very desirable that tho resolving tine of a delayed
ceincidence system should be as swall as possible, and
any improvements in detectors, in circuits, in nethodsror
in understanding which makes possible a reduction of the
F¥il 1s to be welcomad, 1t 18 cesscential therefore that
tho factors dotormining tho FiUll be understood quantitatively
o that the proper steps can be tukon to minimise thedir

cflfccto,



During the past ten years thoeroe have been several
investigations of the theory of time resolution in
scintillation counter zystcecms and in the next section it
will be shown that while the early studlos woere not quite
correct a stage has now been reachoed wvhere the various
liniting factors are fairly well undaratood; Along
with this theoretical development there have also been
numcrous quialitative comparisons of theory and eiperiment
uini two or thr.e specific experiucntil gtudies of
pericrmuncej Lut there has not becn aeily thorough
guuntitative oxperinental check of the latest theorotical
analyals and no convineiny dewonstration of its valiadity.

This gap was £1illed by the repsults te be glivea in
chapter 3, obtuined by the author and published in
collaboration with R, Azuna and G,il, iLcewls in #lucloar
Instrusents and iethods™, The nmeasurerents are also
of valuo in another very practical wvay. When a wvary
shiort lifetime (&£ T) 1is bolng measured the centroid shift
rict .ol 1is used. How, as will be seen in the next seg¥ion
and chapter, the position of the centroid of a resolution
curve depends not just on the nature of thulrudiation source
but on varicus instruncuatal effects, in particular on
thin energy liberated in the scintillator, This means

that unless the cenergy selection during the production of tho

curve I'(t) coirresponds exactly to that usod in obtaining
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r(t) or I'(t) there will bo systematic instrumental

effects which could seriously affceet the outcome of the
weasuremant, There has beon only onetinveetigutian
{(lashandy 1960) of this effect, known an instrumentai timé
delayy and in that case the results were interprated with
the wrong equations, The results 1n chapter 3 have
thiereforoe provided long overdue corroboration of-thg corroct
cqustions while at the saue time demonstrating how serious
thene timo delays are and how thoy can be assessed in a

civen application,

(2.2) Pevelopnent of the Theory of Tine Resolution.

(2} Tho carly treatrent of Post and Schiff, .

soon after tho development of the scintillation
counter and its application to the measurcuent of very
shert lifetiries it was realised that the factors governing
the resolving time nust be clearly understuod, even if
only toc allow the improvencent of»acintillutcrs multiplicrs
and techmlquos,. ThoAfirst theorotical analysis of fast
enincidence performance was by Post and Schiff (1950)..-
They made two impdrtdnt assu#ptionsi-
1) It wias assumed that the photomultiplier acts as a
perfect amplificr multiplying the primary
photoelectrons wiih precisc gaip and without

tiume spread,



2) It was assumed that the faasat coincildoace
circult aets as a perfect discriminator giving
a signal when the photomultiplier h;'uz
accunulated a definite number ol photoclcetrons,
These assuuptions are important becauso it 1s only tileir
incerrectness in practise which wakes the Post-Schiff treatment
inadequate, and 1t has been their unvarranted acceptiance

vhich has led soue iuvestigators to drav the wrong conclusions

]

in ascesaing perforunance,

v

The trentuent of Pest and Schiff was thorefore
concerned euntirely with the scintillator and the statistics
tiicreof.,. The analysis was rigorous and general and
cupnble of appldcation to nny intensity function for the
seintillator output, but tie basic relevant feature of the
process in so far as it concorns renl ecintillators can be
understood gquite sinmply.

Suppose that a scintillotion evont results in the
rolease ol U photoelectrons Lfrom the photocathode of the
rialtiplier and that theilr caisslon follows the law of

sponential docay., Thon the nuuber of thtoeléctrbna

reloased after a tine t is:

n(t) = R(1 - o~ ¥/%) | (2.6)

wiere T( = 1/X ) is the decay tiue of the scintillator,




The rate of eunlsnsion of photoelcetrons wiil be

dn I ~-t/T

- M
ol I 2.7)
and for short tiwes suchi that
t << 7 | (2.8)
ci3e (2.7) can be approxinated by
<In I
W  (2.9)

It fellows that the wean time elupsing before the cuission

of i photoelectrons ias given by

. 25
w= o ¥y
T
deere tQ s n (2.20)

Thius thoe ideal coincidence circuit will register the
gvent after a moean tiue tq' given approxinately by eq.(2.10).
This tilne delay depends on Ry, the unerygy essentially , and
will be large for small R,

1t 1s now necessary to consider the fluctuations in
tu. In this tiue an average of & photoelectrons are
cadttoed, The error on 4§ is apprbximately fa 80 that

fluctuations in the number of photoelceetrons eonittod in tinme

tu is‘JE . Crudely, therefore, the fluctuations in the



tilmn tu will be thoe tine required to collect JQ

rhictoslactrons, lence the variance on ¢, 43 given

:
rouzhly by

Oﬂ = Q(%)E | (2.11)

truations (2.,10) and (2.11) are in fact perfectly
correct to first order which is all that is required in
LRy CaBeS8. Uy thelr more rigorous iethods Post and

Selil{f obtained, to second order:

7 D o+ 1
tq = Q(H) {' 1l «+ om b mm—- ‘} (2.12)

< Y
o = %) {1 PR (2.13)

andyeliudinating T ,

og = % tuz( 1 ﬂ_ﬁ_i + m————) (2.14)

Bguations (2.11) and (2.,13) indicate that the best
phosphor will be the one for which ( Z/R) is least, that
is to say the light output should be high and the docay tiue
shiort. Thie ratio of the efficienecy to the decay $inc is
thicrzfore generully used as a figure of merit'for
sclitillation materials.

i'ollowin; the paper by Post and LHchiff attention was

Gireetod to the effect of imperfoctions in the nultiplicr,
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At a symposium (Symposiun 1952) on scintillation
ceunting lorton pointed out that the vardance due to transit

tiuve spread would be given Ly

of =& | (2.15)

where 8 18 the r.m.ns time spread per stage of thé
zultiplier and the subscript ! has been used to indicate
"multiplier®, On this béaia he couicluded that the
eptinun value of Q would be given approximately by

R .
Q= m | , (4‘.016)

where 3 18 n constant of tho order of unity.

Thus the optinum value of Q is energy depondent
aad is not neacssarily small. This point has been
isnored by many workors who have advocated (o.g. Garg,
as recsntly as 1960) the desirability of limiting on the
f'iyst photoelectron, i.e, mnaking Q = 1,

In 1952 Post conaidered the effects of 1li;:ht
colloction, Since these are normally of marginai
importance and are considerable only wlien Long li;ht

puides are usced they will not be dotalled here,

(L) The treatment of ilinton.

tidnton (1956) reoconsidered the thoory of timo

resolution and used a fast coincidence circuit (£ig.2.6)
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to check his results numerically. ile considered in
more detail tho rospense of his fast coincidence circuilt
to photouultiplier pulses, Lt secmud unrcalistic to
ascuze that the colncidence circuilt triggered procisély on
tho calssion of the (th photoeclcctron, It was more |
natural to suppose that each of the first {{ photoculectrons
played 1ts part in registering the 6vent and that the
varianco in the tiluae of response of the systcm to the
rulse would be given by the arithmetic wmean of the
varliaoneecs associated individually with the first

clectrons,. tinton therefore took as the variances

2 (Z)z 1
Nzt

- (%} [a( Qr) z(a:l( a-+2) ]

{Nf%N + N‘}

(3 2
&(z) + 28 (zZ)
2\ KR 7 gR R (2'17)
whiech is correct to second order for  >>1. Tlie
csubeeript S hore refers to "scintillator"®, Thus

tha first order variance is half the Post-Schiff vulue
since it no longer deponds on just one photoelectron,
Thie analysis also dealt with tirme aﬁruud in the

photomultiplier. Followin; Morton (Lymposium 1952),

Hinton concludod that the nultiplier would coentribute u



variance
| ( Std '
Q. ' L '
Om = a ( ip‘\ . 9 ) (2.18)
_ ok
due to transit time fluctuations. In (2.18)415 the

r.zas5e« time spread for photoelectirons and & 18 the saue
quantity for secondary electrons leaviuu'ihﬂ first dynodej
¢ is the stapge gain aiud 1t 4is to bo noted that tfanait
time effects beyond the‘sucond dynode havoe not Leen
coilsidered o To (2e18) was addod a vuriance YZ/Q which
vag due to fluctuations in gain, Ll e (2.18) could thus

be vwritten 2

ar =g ( tph + %“" + ’ft)

2
Tt T1.,° '
lee. Om = «——*(i (2.19)
v hara Tn is a conastant, characteristic of the nmultiplier,

Conbining (2.17) and (2.19), to first order:

Y)
dstq = 9.(2)

*
and this will be zero, l.e. @ will be uninimised whent

3 fZ Ty - (2.20)
T .

Tho ndndmun value of o will bos .

21,7 | -~ (2.21)

R

G;MN
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Tho schane of [inton's differential coincidence
aystein s shown 4n fig. 2.06a. Fir. 2.6b 4llustrates the
dependence of oton the energy liberated in the scintillator,
1'i5. 247b shows how oYcan be improved by éhdica of
scintlillator and Flg. 2.7a shows how photoelectron transit
tims spread can be reduced with corresponding iﬁprovement
in cfz FProu an analysi# of these curves 1t was concluded

thats

T & 1,8 x 10“9 scec. for 180 volts between cathode

!

and first dynodo.

10

Tﬁ s 9,5 x 107 gec. lfor 700 volts botwveen cathode

and first dynodo.

an:d the best FWR obtained was 6.2 x 10-10 sec, with 0060

proapt Yerays,

The various factors influencing resolution were
discussed again by do VWaard (1958) but with little
uttentionﬁ#natrumentﬂl time delays,. The latter wore
investisated by Bashandy (1%60) but the 1nterpretati§n was
confined to o couparison with tho PosteSchirf equations
and touk no wccount of multdpller eflfects, Donity wnd
Derlovitch (1960) also reproduced some data on time deluys
Lut aode no atteupt at all to analyse themn,

It should perhaps be reoarked here thant there have



boen very few investigations by the centroid shift
method in recent years, and sowe of thoe results circuiatad
carlicr have not in fact been published (e.ge case of 180
roferred to in chapter 4). It would appear thatdaébitéx
tiie lack of precise data on the aubject'muaf'invaatigatoya’
have realised the hazard of neasuring wvery short |
lifoetines by this uethod, In particulaf thelae;r .
conparison rethod in which time delay effects wouiq b; o

moot serious has rarely been used, \

(c) Thie theory of Gnatti nnd his co-voriiers. '

In 1957 Colombo, Gattl and Pignanelld published a

@

rigoreus analysis of tho perforunance of a delayed cd%ncidcnc%
system end in 1959 Gattl and Svelto went over the théury ?
agailn auplifying some of the points, /ith these pépors 3
the theory of tiiie delays and time resolution is more or
legs comploted, Unfortunately the results could not be
oxprassed in siwple foruulaea, Instcad nuaerical
ecalenlations wore rade and illustrative results were given in |
the form of gruphs. Tho main pointas of the Gatti thoory
will now be considered.

The chain of processes involved in fhe detcctioﬁ of
a particle in a scintillation counter 1is aayfolioﬁs:;

1) Slow=-down in the scintillator and excitation of

optlically active states.

2) Decay of the exclted states with emission of light
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3) Collection of 1li;ht.

) Cmissdion of photoelecctrons by the photocathode,

5) Secondary cumission frowu dynodes and the formation

of the electron avalanchao,

6) Processing of the ocutput current pulsae.

Processes 1) and 3) will not be considarcd,'and
process 2) will be considered through its effecot on
1) o The Cirat thing to be considered however is 0),
becuuge the theory was developed with strict reference to a
pulse processing technigue rather different from that of
tino=to=pulse height conversion.

In this technique (Cottini ot al. 1956, Cottini and
Gatti 1956) the photonultiplicr outputs are applied to
valves and used to excite transient oscillations at the
anodes, 20 lc in onc¢ detector, 20.2 Mc in the other,
The two wave trains are then coubined in a ring diode
modulator whose 200Ke output ie used in its first cycle to
trigsser a discriminator,. The output of the discriminator
blocks a linearly risin: voltage which has been atarted
indepeandently by the multiplior pulses, and since the
phase of the 200 e oscillation is deteriuined by the
phase difference in the original transients the voltapge
at which this blochking occurs 1s o neasure of tho original

phase Jdiffereuce, d.8. of Lthe original tiune diffarenco.



Lspentially, tho teelhnigue of froquency convoersion
mayrnifles by a factor of 100 the time to be evaluatced by
timc~to=helght conversion. Thus the outputiis sluilar
te that of a time to holght converter,

Gattl ot al. analysed the operation of this systeu
and veveloped the theory accordingly. They distinzuished,
in the wain, two modes of operation:

1) Non-linear working in which only a part of the
output pulse frow the mwultiplicer is used to excite
tlie oscillations, and the relevant variance is
that on the centroid of this partial pulse.

2) Ballistic linear working in which the whole
multiplier pulsc is used but in which this pulse
is puch shorter than a perlod of the 20 Mo
oscillation, In this case the variance 1s that
on the centroid of the whole pulse.

It turns out that mode 2) does not give quite such good
resolution as mode 1) but does have the advantage that ho
ingtrunental time delay is involved, This nmeans that a
wido zange o0f energy can be selected without loss of
resolution. It will be shown in the next chapter that
modo 1) 1s equivalent to the standard technique of timoe-to-
rulse helght converslon.

Attention can now be directud to procosses 4) and.S)..

1t 15 desired to calculate tho occurrence time of the
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ccntrold of the inifiul part of thgrpulaé which 18
exciting the oscillationa. This is illuaérated-as the,i
hatched area in fig. 2.8 whére'tu is fhe,time'ta the
centrold and ti is tho tinme raquired t& cut off the
first valye, i.e. the t ime reyuired to collect Q photoelectruns,
It 1s desirad then to calculate tc and its variance, |
From the Poef—Schiff troatnent 4t is known that the
mncan time of emission of the nth photoelcctron 1B;vfrom

Gte (2.13)

T n+ 1

Therefore thoe mcan tilno tc of the centroid of the first Y

photoelectrons 1ss

(4]
1 /T n{n « 1
on (D)5 [ nen L]
n~

22 [T\, 82 [ ___ (2.22)
2 I IR

which is different Ffrom the Fost=Schiff result. Lg.(2.22)
lias Just been obtained by the saune sunmation nethod as wus“
used Ly Ninton in deriving 031. ‘ Apéliéd to tc this
surmation is quite vdlidQ but liinton's application of it

N o
to ¢ was note. This can be seen us follows:

Ty ='j55§

' T

but tQ = Q T
: T
3.00. t\.l - t‘-l-l s T




How ‘f/ll < {G(7T/R) which means that when the ch
phiotoelectron arrives early Ly an amount 0&.'the (Q‘- 1)th
and possibly the (@ - 2)th etc. photoolcctrona»must also
arrive before thelr neantimes, Thius the actual arrival
tines of individual photoelectrons are not independent,
Tiiere i3 a coastraint on then, 43 a result 6f tﬁis
Hinton's equation (2.17) 4s incorrect and should.. according

to Gatti, be replaced by

ALK G{T ¢ —me- (2.23)

In the Gatti theory Hintun's proposals for dealing
witih the multiplier are accepted and improved upon, The
remeBe transit time spread is tuken to include tine
spread botween all tlhie dynodes, For a fixed stago gain

g 4t can easlly he shown thati

2
T _ 3 €ad (’ -kfi)
Een = Ea * a-1 I +3 (2.24)

where "cd" refers to photoelectrons and Ydd" to secondary

clectrons. Hencos
1
1 Tph

The effects of gain fluctuations will not be considered
Liare,

Thus far the Gattl theory is not very differént fromn
tiiat of !dnton, but at this atage o new and very important

paraviecter is idntroducoed. This iﬁ‘k. defined as the sacond
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FIG. 2.9

Iliustrating the effect of the paramcter A .



moment of the multiplier current pulse resulting from a

sinzle photoelectrong
o0
v Y [y ac
AY = | (e (2.26)
[ -]

wvhere £{t) is the single elcectron rosponse of the
pliotomultiplier and a the tiwme of its centroid,. The
effect of A is 4llustrated in fig. 2.9, Fig. 2.9a shows
tho first 10 single electron delta function pulses couing
out of an idaeal photomultiplior, Fige 2.9b shows how

tho actunl multiplier pulse 18 a superposition of pulses,
cachk with finito'X. Theo arrow in cach figure indicates
the tine of eniasion of the 6th photoclectron, In fig.
2.,%a 21l the charge corresponding to the six photoelectrons
Iz bheen cellected in this tinme tG' but in filg. 2.9H, due
1o the dispersive effoct of“hﬂ all the charge in the

shaded area has not been collected. A little of the

7th and 8th photoeclectron pulses has been collected but the
net result is thiat the charge collected in tine t6
cerresponds to less than aix photoslectirons, ~ The
pliotoelectron equivalent of this charge is thercfore

desinated C and it follows that

Q 2 C alwvays (2.27)
In view ol thils, 4f o charge equlvalent to € photoelcectrons

is regquirosd to cut of f a limiter valve the tima fnquired to

collect this charge 48 not tc but tQ ancd since > c
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gencrally, tiz > tc'

Tiitls distinction between C and & is one of the nost
important results of the Gatti theory and most of the
nractical cousequences of A can bLe uaderstood simply in
feature. Fige. 24104 shows how C and ¢ aro

terniz of this

rolotod. It can be seen that as %ﬁ:increasas the ef'fect
bhecenies very serious,

If 21l eother things are fixed except the energy the
elfect of A cuan be dncorporated in tihe earlier ogquatilons by

e ry oy 3

writine in place of equations (2.22), (2.23) and (2.25)1

ti‘!{! + 1 (1 B0
2 { 2
o ) (Z) (2.29)
3 i
2 £
and O-M 2= ?{_(%f (2030)
vhere (2.28) and (2.29) are correct to Cirst order. The

runctlon Q(R) is always greater than the simple constant
(¢ in the new terninology) and can be obtained graphlically
how N affects the

from fig. 2.10a. Pig.2.10b show:s

instrumental tioe delay tc'

It was to clarify tlhe wviarious
thils section and to investigate the

thizory that the measurcnents now to

undaertalicn.

natters discussed in
complieteneas of the

e desocribed were
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CHAPTIR 3

INSTRUHLHTAL TINT DIILAY

(3.1) The Anparatus

The apparatus which was used for all the meoasurcrments
reportod in this thesis 18 u time~to-pulso height coaverter
of the type Tirst used by Noilson and Jamea (1955) and
develeped by Green and Dell (1958), It does not
incoirporate the supervisory dlode circuif used by Green and
lell Lo determine tho order in which tﬁe pulsos must overlap.
Wlthout such a control the pulsés of flge 2.5 can give the
same jpulse helght at the ocutput for two possible positions,
la2 ol 2«1, This fact doubles the random counting rate
and ceould be troublesone iﬁ ce;tain neasurenents, Howevér.
in what follows 4t 1s not ralévunt.

Mlioe Jela is a block diagram of the systen. The
anodo pulse of the photomultipLier is appliad to a limiter
valve, as shown in fig, 3.10; cutting: it off and producing o
pooitive step at its anode. This step is pasased down a
variuable length of 200 4 delay cable to the tine=to=lieight
convorter, The lattor unit is not situated at the end df
the delay linb, Inatead 4t is a fixed distance, say 6
metres, frou tho end and this final O6m is terninated with a
short circuit and so acts as a clipping line. The result

iz that a roctangular pulse ~ 45 nsec, long is applied
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to one control grid of the GBHGYQalve. A sinmilar
pulse frowm the other detector is applied to the otlier
ceatrol grid. |

The 6BNG valve is operoted at very low voltages,
15 volts on the anodo and 6 volts on the accelerator.
Under these conditions the astatic characteristics are as
shown in fige. 3.1b where 4t can be seen thai Just a little .
rmore than one volt applied to both grids should produce
a saturation current of 0,1 mwmA. Switching off the 14 ma
anode current in an L180F limiter will result in a 1.4 volt
pulce going down the 200 L cablo (in parallel with a 200
anode resistor) to the O6LNG. The overlaps of the
two pulses will therefore turn on Q current of 0,1 mA in the
606 and this current will<chargo‘up the 300pT integrating
condenger for the time of overlap. I'or 10 nsec., of
overlap the accumulatod charge will be 10‘12 coulonmbs and
tho voltage doveloped across the condenser will be 3.3 mV.
iho time constant of this 1ﬁtégrat1ng circuit is deteruined
largely by the anode load on tho 6DNG. . It will therefore
be ~hW.,8% x 10”6 sec. which is much longer than fhn muximumv
tine of intugrutioﬁ, 40 nsec. The circuit therefore
converts tine to amplitude linearly in the range O - 40 nsec.,
producing initially a pulse of up to A 1l wV with a decay

tirie of 4,5 usec,
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Mge Jela wlso éhows tho Bide ch#nﬁels and auxiliary
units,. The side chanﬁela derive thaif’signals frou tho
third last dynocdo of thd'photomultipliof. - These energy
pulses are integrated, anuplified and passédito differenfial
puloe hoipght analysers whicﬂ allow ény'deaired‘fgngu of
enerszles to be solected, If the outputs of thdeo analysers
were coubined in a simple coincidence unit and thus used to
zato tho centre channel signals the iundom‘colncidcnce rate
would be quite high on account of the large { ~ 1.3 pscc.)
rosolving time of the slow coincidonce_unita | This is
cverceong by malidng the unit o triple coihcidenca deviéo‘which
meansg that the chance coincidence rate depends only on the
short resolving iima of the r#at part or‘tho circuit. | It is
thereforo preatly reduced, | |

The bilased umplifief and_lengtheniﬁgvgate.weta4
developed specifically forx this;workg o Tho amplifiér haa'a

biacs control which can be set at anytiiing between O and 50

volts, vhen a pulse is fed 1nto!tha unit only that part
vhich exceeds the bias lovel is transaitted, This portion
of the pulse can then be lincarly amﬁlified} The unit

therefore peruits mugniriéution_of fha tima-scale so that
any selected portion of fhe coincidence puléé héight
apectruw can bé expanded to cover the 150'qhunnels_or a
iicksorter, This was inVuluub;a 1n_thu\meaéﬁraments'o#

rcaclution and time delay. The lcngthuning.gata is a
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coinoidence/an;i;coincidenca devioq; very neceésary'ror
lengthening the sharp pulses from tho blased amplificer and
for prevonting larpge pulses entering the kiocksorter, "It
producos at 1its output rectangular ﬁulsea of about 10 usec.
lengzth.

The apparatus was calibrated by the 1naeftion of various
lengzths of 2000 delay cable between the limiters and the
GG Fig. 3.2a showa throe A"Jolution curves whileh were
obtained with lengths of cnble d1ffcring by 50 cnm, Tho
performance was found to conparc favourably with quotations
by other workers (Lell and Jdrgensen 1960, noﬁitz and Berlovitcl
1960, Kane et al. 1960, Simms et al. 1961). Fig. 3.2h
illugstrates this. For curve A the dutput of the
photouultiplier was applied to both channels of the time=to-
height converter. This is raeferred to as self-coincidences.

Curve U was obtained with high energy Yerays frono 0060 and

2
curve C with §=lfeV annihilation radiation fron Na“z. For

10 seca., a figure

the 0060 Y-rays thebest FWR was 4.3 x 107
scarcely betterod at tho time of this work.

In ordexr to coéparo neasurcerients nade on this apparatus
with the predictions of the Gatti theory it is necessary to
establish that the results of that theory ure applicable. N
Figs 3e3a shows the current pulse cut of tho photomultiplier.

The hatehed area 1s the portion which registers tho egvent
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by BLleociking the 18CF linditer and creating the linmited step
pulse at the anode of this valve, Tig. 3.3b. ‘1Thia limited
pulse ds then used to turn oun the sﬁturutiop csurrent 1& in
the 6116, fiz. 3.3cC. If the L1BOF and 6536 have linear
cbaracterlstics, then, ignoring for the moment the 6ffect

of 7\, the rising edire of the current pulse throush the 6B
will correspond to the ernission of ﬁhotoelcctrons frorm the
jdiotocathode of the wmultiplicr. This 4s 4llustrated in fig.
Fe3Cs If two ideal pulses coincide at tixa 611N6 grids then
tha idosal current pulse will be jiven by OACP and the charge
pasned to the integrating condenser w:.ll correspond to the
area 0ACE, 1f, on the other hand, the second pulse 1s

noet ideal but results from the arrival of discreto units of
tz. t oo § corrésponding to

1’ 3 Q
thhe ordginal 4 electrons an amount of charge equal to the

chiarze ut tines t

nren CAlL will be lost to the OBN6 integrating condenser,

since charge = current x time, the tiune dolay will be

OAD

tn——-—u

CA

.4 4 t,1 4 emmeome t 4

2

L@ Qi |
= 3 E ty B (3.1)
=

vizieh is the same ar was assumed in the derivation ol eq.

1

(2.22). Thus it is the centroid of the hatched part (fig.

3e3a) o0f tho nultiplioer pulse, i.e. the centroid of the first

¥

‘¢ elactrons, whichh doteruidnes the time delay and resolution.
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(3.2) aneillary Heasurcrments,

(a) Valneclity of propasation in the 2000 conble.

To allow the prncisurdeterminﬂfion of smali timo
intervals the apparatus must be darefully calibrated.
This rejudres an accuraté knowledgé of the yulocity of
propasation of pulses doﬁn the 200 £ delay cable. 'vThis‘
vas deternined by two mothods .

Thie F£irst method is illustrated in fig, J.be  Fig.
Jelia shows a siznal penerator feedini: a sino wave oscillntion
into the cable with a fast oscilloscope displaying the voltage
at tho input to the cable. Vhen the transmission line is
terminated by a short clrcuit and n good sine wave appe&rs
at its input the length of the lino is related to fha aignal

wvavelength bys

2 ¢ = '% + n\
ioeq 229 = (n. + I]“)V A‘ (3.2)

vhnre ¥ 1s the fregueancy, v is the veloclty of propajzation

znddl n 48 an integer. Mence if 4 4is known and ¥V is
varied n and v can be found, Figze 3.bb shows the frequency

plotted against n. f'ron this graph
( ) ”1,) &= (nl ng) V‘

2‘ V) - V , |
fee.  veEElzoend C(3.3)

From this equation, by the method of least 8GUGAS S
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v = (0.90 X 0.01)times the velocity of light (3.4)

A sccond mothod of estimating tho volocity of
propagation down the cable 1s the tinme of flight teclinique,
A source of prompt annihilation radiation (Hazz) waé placed
betwecn tlhe deotectors on the common axis of both photo-~
rultipliers, but nearer to one than the other., Three
rcsolutien curves were recordoed with differcent lengths of
delay cable. Thaese are shoun in fig. Je5a. Tiie source
was then moved 72 crte nearer the other detector and the sanc
three resolution curves fccorded again, fig, J«Hba The
displacesiont of these curves corresponds to tho tiée taken
by light in travelling 1,444, Fromu the separations between
tho curves of figse.e 3¢5a and b the length of cable required:
te produce the same digplacement can be found te be 1.27m |

Henece the velocity of propagutiéu down tho cable 1ist
Vv = 1.27‘3/1.&1} ) 0.885 c

This result was not regarded as very reliable since
tyie counting ratos wvere changed in the two counters vhen
tihie source was moved, Al 1ncreaégd dounting rato can cause
pile up effectns and apurious time delays nnd since no
pracautions were taken against these effects a proclce
agsrecment between the two estimates can hardly be expectad,
Thz agrecuent is nevertheless moderately pood and in all

subseyuont work it lLas becn assuued that (J.4) 1s corrocty



. o
i.e. that 1 nmetre of cuble is cquivalent to 3.7 x 10 J 8AaC.

(v) PUfficiencios of scintillatorsa.

The relutive efficiencies of tlie diffoerent scintillators
wore determined by direet couparison under the conditions of
thoe expericient. After a series of ncﬁsurémunts with say,
%aI(T1l), several standard photopecaks vere reocorded on a
kieksorter. The Ll.11.T. was then switclhied off, the laI(T1)
replaced by anthracene, for instance, X.ll.Te switclied on and
Cexznton distributions recorded for the second scintillator.
In tils way the relative efficlengics werg nccurately

deteralined eacit tinie a change was rnada.

(e} DNocay tires of scintillators,

Poforce the equations given in chupter 2 could be used
for a cowparison of different scintillators the docay times
of these scintillators had to be known. There h:c plenty
of guotations for theso (e.gs by the munufadturafs) but
decay times are known to vary with ccuposition and temperature
in tho case of NaI(T1) (Van Sciver 1956, Iby and Jentschke
195%), with crystal size in the casc of unthfnc§na(ﬂrqoks
1956), und with oxygen content in the case of liquid
scintillators (manufacturer's report). | In view of these
feets 1t was necessary to deteruine the decay times of the

pheaphors used in the neasurements.
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Tho method used to obtain thé,sciniillﬁtion d§cay
Linies was a direct oacillbscopc mefhdd aimilar to that used
by Phillips and Swank (1953). The anode of the photo-
wultipllier was connected to ground through a 1COSLL fanistor and

9

the current pulse (time constant ~10°7 sec.) viewed in a
fagt oscilleacope. Tho fastost scope found oompaﬁibla
wilith avadlable £ilm specds wauae the Tektronix 517 with a rise
time of 7 nsoc. Ficre 3.6Ga shows a current pulse fron
Hal(Tl). The roughness of the trace is due to statistical
fluctuations in photoelectron emission, PFiie Ja0b 48 a
sraph of pulse height (log) against timo, obtainc& fron

suniidng the ordinates of 31 traces, ¥rom a least squares

aualysis of the data
+ -7
T s (2.34 = 0.12) x 107/ soe,

where allowance has been wade for a possible dnuccuracy in.
ti:e calibration of thoe oscilloscopoa.

iho next scintillatorA1nVeafigated by.thia method was
naphthaleno, This materinl was found tq have a decuy tine
of 70 nacc. but its light output was vor& ;bw and ;;ood pulseg
for application to the GBN6 could not bLe obtained.
Adccordingly no further use was made of naphthalené.

3

A gwall cube, ~1 cu” , of anthracene was used in

the measurcnents and its decay time was obtained by the above
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rethod. Fig. 3.7a shows a typical anthraéana'pulse and
£ise Je7b shows the menﬁ pulse shupe obtained by suﬁming.

20 tracea. It will be noted that the anthracene pulse
decay is not exponential and that the photoelectron emisaion
ciennot therefore be described by oq«(2.7). Rather, the |
decay is linecar for about 60 nscc., followed by an
exponentinl Tail. This can be deult with if eq.{2.9) is

replaced by

]
Q- _ (33)

whero 1Y 1s the total nuabor of photoelectrons in the.linear
rart of the pulse, 1.0. excluding the Tadil, and T is the
tine required for the linear part to fall to zero . For

t —» ¢ 3

S0 ’
i o ., (3.6)

which means that tho anthracene has an effective mean life
of RT/2RY, 1n this vay the decay time of the anthracene

was found $o bet

7 = (37 ¥ 2) nsee. _ o
The plastic and liquid écintillutors wore investi ated
by the mothod also but for these cases T wuas too‘éhort for
moasurable effects to be'éoan on tho oacilloscope. All

that could be concluded about these scintillators was that in
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cach caso K7 nscc, The mamufacturers quotations were

Drerefora accepted foxr thew,

{(a) Photonlnctroﬁ yieldas (p)

The statistical analysis of time roesolution depends
aon the parameters Q and R Theéa reprasent numhafa of
uvhictoelectrons and unless thuey are knqwﬁ with sowme precision
the analysis 48 not very meaningful. 1t was necoasary
thereforoe to estinate the numbers of photoslecirons produced
by events in the different scintillators., = This nuuber is
net of course Just a property of tl.e scintillators. It
depends on the efficiency of tho photocatlhiode of the multiplier,
nsunlly 5«10, The photoelectron yleld P cunktheréfora be
defined as the nunber of photoelectrons produced per keV of
energy for a gilven scintillator/umultiplier combination.

Tho photoelectron yileld P is paramountiin datermining
the energy resolution of a acintillation cnuntar since the
statistical uncertainties in pulse size aro primariiy‘due
to the statistics of electron emiasibn’from the photocathodé.
If R photoeleotrona result from a aaintillation offonorgy B
the standard deviation on‘ R 18 d‘:: ,‘[Tl-. llence the fraétioﬁa‘. ,
variance in it is 1/R. At the First dynodée each photoelectror
bececomes g secondary elcotrons. Tﬁe ffudtional.variaﬁca |
o this number is 1/g and Af thero aro Il photoelectrons

incident on the dynode the fractional #dri&nca on the number
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ledﬁing it will

he 1/zR. Similarly the fractional Vnrianeds'uf thoe second .
N ,
third ctc. dynodes will dbe 1/g"R, 1/33R etc.  Hence the

total fractional waxdance 1is given by

2 1 1 1

& L T ]

It gt ge<it
and since only tlie leading derins matter this can be writtan

Ass

- .
v.os R(g=1) (3.7)
The fractional wvariance at different energies can Lie

deterulined experinentally by measuring @ wherot

- full width ot half helght in keV (3 8)
% energy in keV- M

How slnce, in genexals

CWR = 2,360 - | (3.9)

it Ffellows that 2

Tt 2.36 g fon
Q
,' =R i § ‘ : -(3'1 )
fleace 10 the stage gain g is known and if , is measured
at o plven enerygy iU can be deteruined and heneo P,
< Ly ey
M. 3.8 is a graph of nmeasured 0 (in channels®)

plotted ngailnst the energy (in chunnels)., $inco this

2
craph de roughily linecar it means that 9 varlies as 1/Id whieh



is s Lt shivuld be.

The stage gain g was deternained forx

threce stages as 4.1, 2.5 and 3.6, 1.e. 3.4 on average.

Jince g cannot be determined for the first and most iuportant

dynode there is u coasilderable uncertainty in this factor.

Altogether therefore the method is not very satisfactory,

The value finally determined for P wasg 2 pa l5% but

this was not considered very reliable.

The resclution can

be cegraded by warlous effects (Kelly et al. 1956, derby ot

nle 19060, jionahan et al. 1960) and so the figure of 2 4e

acceptable only as a lower ldmit,
be explainced how a more anccurate vialue of P a 252

obtained in quite a different way.

lin the next section it will

‘.'
 Was

The results of thils section are smuunarised in table 3.1.

Table 3,1

T (sec) Lfficiency(') [ Photoelectrons

Sclntillator] (*quoted by ) of anthracene per keV

manufacturer) T a2 ¥ 55
NaI{T1) (2.34 £ 0.12)x1077 175 2.5
Anthiracene (3.7 X 0.2) X 10-8 100 1.4
Plastic * L4 x 10-9

- C.5

L 102 7 x 10™7 35 5
Liquid % 3 x 1077 !
LG 211 7 x 1079 33 037




(3.3) Hnin Heasurements,.

The quuntities to be assessed were tc and 03} Since
thhe position of the centrold of any rosolution curve depends,
anony othor things, on the energles soclected in the sido
chninnels o controid shlft nethod for determining to was
adonted,. ‘he chango in t, produced by a change in energy
wvas weasulred fer a givea scintillator by observing the
ceatroid shifd of the rosolution curve. Thus the
reacurcments of tc were relativo sinece the zero valuo of this
vuantity correspoinds to the high cnergy limit and is
innccessible. When Hashundy (1960) was analysing his
rieasurcnents he did so in terns of At in order to allow for this
fact, This is not noecessary howover, and the interpretation
is much more straightforvard and the curves much clearer
whon tc itself 1is used.

Tfor each series of neasurcnents o plastic scintillator
wvas used in channel 1 and the energy selected in this channel
waa Kept fixed. Thus the tine delay for this channel was
constont, Ihe bLias of thoe single channel analyscr was first
of 2all calibrated in terus of energy. This was done by
sating energy pulses with tho output of the analyser and
foedin;: thom to a kicksorter. Using a "window" of 0.5 volts
(this neans selecting a range of voltage of 0.5 volts) the
kdieksorter was calibrated in terus of the nnulyaer blas.

DiiTerent standard sources werc then selcected to produce
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recorded with electrons of 1300 keV and were used as reference
peaks and for stability checks. In the case of Nal(Tl) and
anthracene, the variation of resolving time with energy was

also obtained from such shifted peaks.

FIG. 3.9




srectra on the kickoorter, From theso an accurate
calibration of single channel analyser bias in terms of energy'
could be quickly obtalned, |

The blas of the analysor in cliannel 2 was then varied
systematically and coilncildence resolution curves werevrocorﬁed
on thco kkicksorter for each bius and window aettihg. The
results of such a serios of umgasurcuents on KaIl(Tl) are
shoewn in fig, J3.9. The obsaerved poaks givo diraetly tba
variation of tc with energy. Turthernore the broadening
of thoese peaks at low enerjies is due almost entirely to
statiastical fluctuations in the eriisnsion of light from the
¥al(Tl) and the contribution of this variance to the total
width obviously outweighs the contritutions from channel
1 and {rorm othier sources, Therefore these peaks are also
adeguate for obtaining the variation of szith enersy fox
¥al(T1),

with the orgunle phosphors the procedure was a little
wore complicated, In order to obtaln lurge énough'Variutioné
in te it was necessary to cover a wider range of energy than
in fige 3.9, This was beat done by the usé ovaQdo Yerays
for Ligh enoergles and Eagz Y~rays at lov cnergics, thus
avoiding overloading and paralysis troubles uf low onergles,
For znthracena, pleostic and liquid thereflore, thé~curvcs
giving t, wore dbtained frca a auperpositioﬂ of poiﬁts

cbtained with differont sourcas.



In the case of anthracene the variation of W&bould'
also b obtuined from theso shifted peaks , Jjust as in tho |
cagse of NaX(Tl). But with the plastic and liquid |
scintillators this method was not considered precise
caough to give tho small variations of anith encergy, as
found in these cases. The wvarlation of tc was found as
above but that of Gaaaa obtained somewhat differently,
as follous.

Uoth single channel analysers were culibrated in
torres of energy and both weore varied simultancously so that
the oune energy range was selected in ecach channel. When
this was donoe the centroild of the resolution curve did not

10 sec.y thus indicating that the

move by more than 0"
tire delay in channol 1 was the samoe as that in channel 2.
The changes in.d}were twice the chungés which would have
been produced had the energy been varied in only one
cliannel, and a nmore accurate evaluation of the variatibn

of ijith eneryey could thus be obtalned.

In most cascs the measurcements were repeated séveral
tines to improve the accuracy, especially at high energles
where changes in tc wore small, Stabi].ity was checked all
thie time and energy and time calibrations were repcated
frequently. In a series of medsurumenta like those

illustrated in fig. 3.9 thce odd peaks (only Ho.l shown)

were all recorded at 1,300 koV and were used for stubillity
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checks, This was generally of the order'of a few xr10°11
sece. over long periods. |

It should be nentioned here that the problem of

stability in the apparatus was a very serious one and held
up these measurenments for exactly one year, It was only
after many tosts and after the ihcbrporation of numerous .
improvements that sufficiently good performanca was obtﬁinéd
for the precision neasurements of time deluys ete, to be

carried out,

(34) Results and Discussion.

(a) Timo dolays with NaX(T1l) and anthriacene

The changes in time delay to for differcent energies

in NaX(T1l) and anthracene scintillators are shown in fig,
3.10, For each material the experimental points wero
measured relative to one another. The solid curve draﬁn
throuzh the NaX(Tl) points was calculuted frou eq.(2.22)

on the assumption that (Q + 1)/2 was thovchargo enitted

at tho photocathode by the liberation of 3.2 kﬁV in the
scintillator. Thus although  itselfl was not known fﬁa
ratio W/R was ossentially known'qnd the points could be
correctly plotted. The valuc of 3.2 keV for (Q + 1)/2
wag chosen simply to make the curve fit the points, and the
zero of the time sciale was obtained from these cdnsidgrations.

It was then found that the above figura4for (q + 1)72;

tgkuu in conjunction with the mcasured relative officiency
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and decay time of anthracene gave the theoretical curva
drawn through the anthracene points in fig. 3.10. The
cxcellent 4t dn this case emphatically cuonfirus the validity
of the pethod end the correctnesa of the data.

Yhen it was first attenpted to muke the data for the
H1 162 plastic scintillator £i¢ this scheme good ugreenent
cculd not be obtained. ot only did the relative
efficicncy and decay time of L 162 fall to give values
of t_ consistent with the results for NaI(Tl) and
cnthrecenc, but the shape of the curve drawn through the
Plastic points was wrong. These points could not be
fitted by an equation of the type (2.22) for uny valuos
of ¥ or Q. This mattcer will be reconsidered a little

]uﬂ.tﬁ‘rl

(v) Determination of Pand Q.

It has already been sald that for a conplotely
satisfactory description of time delays and resolution it
iz necessary to know ( and R as numbers of photoeloctrons.,
In the last section it was secn that atteupts to doteraine
P, and hence R, by consideration of the enerygy resolution
wore nelther accurate nor convincing enough to meet this
deaand. In the course of the work another method was
found which doos allow an accurate determination of Q.
This method 1s neat and much more convincing than any of the

earlier methods for the deterniination of either Q or P.
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in the original Post-bSchifl treatment an oequation was

Z
civen {eq. (2.14)) linking 6 and t To first order

l.
thils oguation is independent of R, viz:

v 1.2 ,
o= &t (3.21)

In tho nore accurate Gatti troatment the analogue of this

¢r2ation is obtained frou equations (2.22) and (2.23) and

is
) ( 2

by

-

Since ¥ aad tcz ciul be obtained dircctly froa the curves

ef fijze 349 a plot of these can be made and should gilve

a stridight line with pgradient deteruined by Q. ‘This is
sacwn in fig.3.11. Here points are plotted for both
§al(TL) and anthracene, It will be noted that a line

Grawan through the points for Nal(Tl) wakes an intercept

o the anhxis. Thls is the contribution to f’?rom the
zmultipliers and from the plastic scintillator in channel 1.
it will be noticed alsc that the intercept for the
antiirncone points is sli htly larger than for the NaI(T1)
points. The rcason for this is that the anthracene points
ware obtained with a Na“= sourca, the NaI(Tl) points with a
6060 gource., Hence the contrib=ution from channel 1 was
sreater in the case of antiracene.

Froa the wmean line drawn througzh the points a value

of 15 is obtained for (. This figure, taken in conjunction
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with the value of 3.2 keV for (Q + 1)/2 quoted earlier

gives a result for NaI(Tl) ofs

P a2.5 : 5% photoelectrons/keV

(e) Tire delays with plastic ond liguid.

It has been stated that the nmeasured changss in to
for plastic and liquid scintillators could not be accounted
for by eq. (2.22). The roason for this is that in the
case of these fast scintillators there is a considerable
effect <due to the parumeter'l. eq.(2.26). This effect is
1nost serious when 'K/z' is approciable and when tc <N, A8
exzplained in chapter 2, C = ( only in the ideal case when
ﬁﬁrn O In all other cases C<Q. This i1s because the
linited speod of response of the multiplier (as measured by} )
to a delta function input (single photoclectron) introduces
an additional delay whose onerpgy dependence is different
froa that given 1in eq. (2.22). Put &nother way?!
when the liuniter valve 1s cut off by C equivalent photo-
electrons scne of the information from the sointillator is
56till in transit in the multiplior. | llence 4, the nuubor
of nctunl photoveluctrons is greuter than € by the awmount
wirdeh 13, effectively, still in transit.

It 18 to be expected thaerefore that the curwvaes of
Colombo et al. (1937), Lased on a full considufntion of
the implications of A, will more adequatecly doécribe the

perforvuance of the plastic and liquid scintillators,
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Figre 3el2 shows the data for these scintillators ploited
after the fashion of fig. 2.10b which was taken from
Colombo et al. (1957). If these two figures are compared
it will be apparent that the Gatti description is a good
one,

Following Colombd et al., calculations have been
made in an effort to determine A\. In thelr paper it
is shown that 1;

c(ty) = S}. (t)at (3.13)

vhere C 1s the charge gollected in tine ti and &(t) is

the current output pulse of the photormltiplier:s

t
i(t) = [I(t') f(t-t*)ase (3.14)

In (3.1%) I(t) 4s the illumination function of the
photocathode which, for simplicity, can be assumed in the

calculations to be
R
I(t) = 3 (3.15)
Also, in (3.14) £(t) is the single electron response
of the multiplier, assumed to bet
L -
£f(t) = c( e et _ Ct) (3.16)

where ¢ = JB7A in order to satisfy eqg. (2.26).

In the paper referred to it is also shown thats
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t
t = Lt 1 (t) dt

© v

Yg‘ (t) at
t
t 1 (t) at
2

c(s,)

(3.17)

Assuming (3.15) and (3.16) calculations of t  waore
riade for various values of A und 1t was found that the
rlastic curve of fig. 3.12 could be obtained roughly with
A% 1072 seco. The shupe was not quite correct but this
wias probably due to the inadequacy of eq.(3.16). 1t was
concluded therefore that the 6342-A tubes used for the
measurcoments gave a single electron output whose second
mouient was -~ nsec. That 4s to say the intrinsic rise
tire of the photormltiplier is ~2A nsec,

It may be asked whethoer or not A has any effect on
the Nal(Tl) and anthracene data. It can be seen in fig.
3.12 that for E £ 100 keV the actual curve for ﬁc has very
much the same shape us the broken curve calculated from
eqs(2e22). Thus the eficct of A at those cnergies ia
eassentially an alteration in the zero of the tiue scalo,
by ~1l.3 nscc. in this casoa. Calculations in which A was
agsuned to be 1 nsec. Bhowedvthat'for HaI(Tl) and anthracene
the shapes of the curves would not be affected in the ﬁnqrgy.
ranges considered but thdt the zero ofifﬁe tiﬁq'séalo would be

10

shifted by # 9 x 10°"" gec. in the case of the fonavr and
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plier transit #Ame variances (cf. text).
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~ 1.0 x 10-9 gsece. 1n the case of the latter. Only
at very high energios would eq. (2.22) be seriously
risleading for tlicae scintillators., Thus, consideration

of A docs not alter the earlier analysis of these data.

(a) Rleaolution with plastic,

It was explained in the last scotion how measurcments
1ﬂ‘d&fﬂr plastic were made Ly changing the enerygy in both
channels simultancously’by aqual amnounts, The results wereco
corrected for finite "window"™ width, i.0. allowance was made
for the variation of tc in the eneorygy ruﬁge selected by the
use of fig. J.12. Vere eqe (2.23) for the variance strictly
valid the contribution of the two plastic scintillators to
the total variance would be correctly given by the broken
curve of fige. 3.13 (assuming the data of Tablo 3.1 and
Q= 15), The inclusion of a socond order term in qu
(2423) and the effects of gain fluctuations 4in the
photomultiplier would raise tho broken curve slightly at
lowver energles and make it concave upwards like the
experimental curve. Dut there would still be a substantial

20 ] )
soc. between the two curves. Tha offecct

gap 25 x 10~
of the elcvctronics, as exhibited by curve A in fig. 3.2b
is of only minor 1mp6rtance and so this contribution of

g’5 x 10-20 scc?, to fhe total variance must be largely

tlie result of tine sprend in the photonmultipliers, i.c.
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interdynode fluctuationsa euzand photoelectron transit tinme
fluctuations ‘é‘u_f.

As explained in chapter 2 these effecta have been
congiderced in detail by Colombo et al. (1957) and Géﬂ:ti
and Svelto (1959). In the lattexr paper it 18 assuiied
thatA arises fron the cunulative effects of interdynode

fluctuations and is given by
| R 2
Na (n - 1) €ad (3018)

whero n 1s the number of dynodes, This should noﬁ
e confused with the variance on the centroid of the single
cloctron responsc or with the vdri&mce on A itaelf. From
eqe(3.18) 1t follows that for the 6342-A and ’X"Clo-gaec..
AN 3 x 10-10 80C. The effect that this has on (T“?'czm be
understood in terms of oquations (2.29) and (2.30). The
function Q(R) 1s always greater than Q so that dg3*is
increased by the effect of A and 0]\:'18 decrensed. 4(R) was
obtalned graphically from fig. 2.10a and 1t was found that

the experimental curve of fig. 3Jel3 could be accounted for

in tho range 500 kaV = 70 keV if it vwere assumed that:

g7 % 10710 sec,

This 1s very reasonable sinco tho maximum time delay
botwveen photoelectrons leaving the centre of the photocathode
and others leavin;: the circunference of a circle 2,85 om., in

dlasneter is quoted by tho manufacturers of the 6342«A as
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1.3 nsec. For a circle 2.5 cms in divmeter, as used

in the measurements, the maxioum rolative &olay will bve

1,0 = 1,2 nsec. and the r.m.s. delay should be about 1/{Z
tlues tlhids, i1.e. ~8 x 10-10 acc; It muat be reuenbered
tliant in the experiment the tubes wore fun at higher voltagces
than recoumended so that &hw should be lower than the figure
Just quoted. Also it is apparent fronm eq. (2.24) that there
is a coatribution to Huflronm the dynodes. Howvover, this

ig only ~6, and so i;‘: can be almost entirely attributcd

to the transit time fluctuations baetwoen photocathode and
first dynode.

Above about 500 keV only one measureuont was madey, not
sufficient to give the exact variation of a’with l/nz .

From equations (2.29) ana (2.30) it 1s expected that o¥should
tend to zero at very high conergiles (agvernl MoV).‘ This
vonld riean that the solid 1line in fig. 3.13 would not
intercoct the aﬁhxis at the point shown but at a lower point
determined mainly by the elcctronics.

An important conclusion to be drawn from all this is
that in the apparatus ﬁsed for these meaauromants’tha
centribution of the scintillators (in the case of plastic)
to tho FWR is outweighed by the contribution from tho
multipliers, 'ige 3413 reveals that at 1 HeV the
contribution of the scintillators accounts for less than 10%

of tho total variancee. ' llere then it is desirable to



=
ninluise T, The procedure is, lhowever, not as simple
as ¢qe (2.20) Buggests. The effect of A must be taken
into account, This matter has not yet been pursued any -

further but as a result of some correspondence with R.,E.Dell
it 1s intcnded to malke further mcasuremonts which, it is

Lhicpedy, will show how almay be minimised.,
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CHAVPIER 4

o BRIV TINEL O TH 2,083 MEVOLUVEL AN (3611}0-

(4a1) dntroduction

After soveral unsuccassful atteapts had been nade
Li Ghnerve perturbed an ular correlation effocts in the
coeay of 1EP8Y ana H5199 (for which sce chapter 7) it was
docided to atteapt soue measurceicnts of isoueric lifetiues,

LAl

Twoe ol these had alroady boen investigated (see nlso chapter
71 bl without uny success, and as thero has been quite an
inteasive study of the lifotimes of excited states 4in recent
vears there s not o great deal of scope for neasurcacnts
in thin field, By the useo of 1h eV neutron rcactions a
rnuvber of interesting sourcea can be made and in chapters 5
wil O the usefulaess of this tochnique will be shown, This
moilied of activation i3 one which secms novor to have been
uned {or the jpurpose of isouoerlc studieas.

Another line of enquiry is the investi;ation of very
Low onvrpy levels. Such levels ure interesting; not only
{rea tlie general stundpodnt of nucleur dsocmoriss but also
Preq thie point of view of the llossbauer effoct. Tiwey
nregent quite a difficult problem in measurcament technigues
Bugause althoupgh the radiative lifetina nay be qulte long,
internal cenversion is usually the dominant deocuy mode and
tii2 ouserved lifotime can thercfore be quite short (see £igs.

Yol andd Ue2). Two further fuctors that make such



T l\\‘\\.lll ™1 TT7TT T

0% L S
N AN
'\ Z:25 AN -
NN\ 3
2R I h
RN ANNAN

[
KA
J
i/
4
"%
rd
7’
'
7

<)
y

L
‘7
/s
,:/ £
i
'd
4
ol
"
’
1 1

N\,

25 \,
; T~

NN

/
’
/7
4

rd
Vs

S
.8
y

Ay
PN N

Holf-fife (seconds)
T L

&
rd

/.
7y

/’ '
rd
//

7z,
4
1 1

1 l/;
Vi
4
'/
A
sy
,/
/ / /
4
//’
7/ 7

.’.
0 N

4
/7
)
/

/A

7 ;

/,

“

J
II /’

///,/

” A
7 v
% / /5

"/

\
NN
' \\\s\\\ 85
: TSR \
25-\\5‘\\ \ |
i N M3
™ 551 X R k
. D
0 D <
i 85—-—\11: > \
i \~“ -.\~ \ M2
10 I ggﬁ"«_ \
- as-——;\
- -\\
- \K
10 L Lddl Ll Lird
ool 002 005 01 02 0S5 1 2 5

Gamma ray energy (MeV)

. P . n . Y3 . h ed
i .2 Half-lives for gamma ray emission (Weisskopf estimate) with (drawn lines) and without (das
F‘—g.’ﬁ-z" Klines) correction for conversion. Magnetic multipoles.



measurenents difficult are the 1ncfenaed resélvinﬁltiue of
fast coincidence s&stema at qu‘ena:giea and the widening
culf between photopeuk enorgies and Compton edge energies.
This last fuct mecans that 10&43 plastic scintillatots.'which
Ihave the best resolving times, becouwe rapldly 1neffeot1ve
for Yeray detection and timalresolutiou as the energy is
lovered. |
As a result of these various factors a decrease in

enorgy for any kind of transition faster than EJ is
accompanied at ~100 keV by a more rapid increaae‘in the tiue
resolution than in the observed lifetine, Conaequ¢ntly low
cnergy measurements ure difficult, Thié haa'lead to a
nunkor of variations in: neasuring taéhniquqs. Sincé
conversion coeffilcients increase as fh@ energy is lowered

it is better to detect the conversion clectrons rather than
the Yerays. Dy this peons Bell et al. (1960) have baeen ablé _
to Jdeternine mean lives of 3 xlo-loiaec. or so for laovels
as low as 43 keV from the slope of tho delayed resolution
Curves. Beckhuis and de Vaard (1958) develeped a apecial
technique of accoldratinﬁ the low energy conVQféign"dlectrbns
bofore detocting them and by this moans were abia to
weasure the lifetime of the 8 keV H1 transition in Tmlsg..
Dy tho samo moans Beckhuis (reported in Boskma and deo Waard

1959) was unable to deterulne the lifetime of the 30 keV level

in Laluo. He obtained only an upper limit of J x_10"9 sec.

for this transition.



567

40606

—~162

N 9 § 30
(3-) e Yo

s7Ugz (40h)
ElG. 4.3

!
Decay scheme of Balio




- 9“ -

It seened, thcréforu, that 1t mightvdust be possibld
to deternine thilis lifetiuc with the apparatus described in
chiapter 3. It was thought possibile to obtain a Wl of
v 2 3‘10-9 gcc. with one counter detecting'Jo KeV conversion
alectrona, in which case a lifetiue of ~#1 nsec. or uore could
bo determined from the slope of the delayed resolution curve,
Ca tlic basis of these considerations an atteupt was méde to

140 i

ricasure the lifetime of the JO keV.IGVul in La uaiﬁ; a

13 day source of Dal4o, fig. 4.3 | \

I'or the dotuction of convcrsion‘electrona tho sod{ce
h..s to beo very tﬁin and eilther placed directly an the k
scintillator or diffused within 1t. One drawback of'iﬁg
projoct was thought to be the radiation frowm the docuy(bf\h

c
tiic daughter Lnlho. This decay schome (figz. 4,.5) involves

t
i

several high enorgy Yerays which would prove a nuisanco ; i)

in tiite examination of the 30 keV level in Laluoc

Sclecti&aA
of the low cnergy radiation in the presence of so many high %
ener;y events would be difficult and overloading and paralysis
effectn would impair the time resolution,

I'or these reasons a Qpecially thin ecintillator
(3.5 x 10”3 inches) wéa prépured for counter 2 und was
mounted on a recently obtained 56AVP photomultiplier,
Channel 1 detuctor consisted of a 6342-A multiplier with a
dise of Ne 102, % inch thick. The thin scintillator was
prepared by placing a pellet of NE 102 between two plates

of zlass and loading with 12-14 lead blocks 1in an oven,
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The source was placed on the thin scintillator and the
arrangeacnt coupleted as showu in fig. 4.ka,

The tine analyser was adjusted so tﬁat dulayqd‘
conversion elcectrons detocted in the thin scintillator wéﬁld
sive rise to a delayed tall on the resolution curve, thip'
tall coning on the lower or left hand side of the mailn poak,

That is to say, events .leclayed in counter 2 would éhifﬁ'the'

Y
|

peal to the left. When a pulse height specotrum was
recorded the opposite was found. Fig. 4.4b was the f{irat
apactrwi obtalined, It sugiested that the delayed evonts

vereo belng detected in counter 1 and that the mean life\ﬁqr

9

tiiese events was #5,3 x 10" 7 sec. ' 'f
The only events which could be detected by counter i\

vere tho B-particles and the Y-rdys. By vary;ng the

snergy selection in channel 1 4t #aa deternained that the

very higshest energy puless in counter 1 produced delayed

evontd,e It was concluded therefore that tlhiese events

mnst Lbe produced in the decay of Laluo, 1.e. the delayed :ﬁ

level was in Celho. By further investigution with the

H
Bal’g source it was establislied that the 2,083 MeV levollin

Galko (fig.5.5) was the delayed one. in ordor to

elininate the possibility of error or contaminution a Laluc

e

source was obtained und was usod to produce the results which .

will now bLe given.
” 140 o
e lifetime of the 30 koV state in La was never

dotervilned but will be the subjeet of further investigation
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with an dnaproved technigque for low energy worl,

(bs2) Teehnigue and Measuresnents.

The apparatus used in this experiment was essentiully
the same as that described in the last chapter, Howevor,
in order to demonstrate conclusively which level was the
delayed one a spoecial tecinique was used and for the
clarification of this techinique a block dingrum‘of the
syatern is given in fig. 4.6a.

Fi7. 4.6b shows the sort of julse height distributibn
vitkelt imighit be obtained from a tinv=to-pulse hei;:ht cunvértor
vlhien the source of the radiations contains both proupt aﬁd
delayed lovela ( cf. fig. 4.4b). It s a mixture of a
proupt peak and a delayed curvo, Figz. 4.6a shows that
the pulses fron the.time sorter (tire-to-height convcrter)‘
pass from anplifier 4 tnrough a discriminator to the slow |
triple coincidence unit to jirovide a pgating signﬁl. At
the same time theso pulses are fed to a socond discrimiuutog
(upper disc). When the lautter fires, a voto pulse is
appliod to the gute cancelling the’evcnt. Thus 1if the
lower discriminator 1is set at a levei corresponding to A in
fize l46b and the upper discriminator at a level corresponding
to I the lengthening gate passes pulses only when a proupt |
coincidence occurs. Sinmilarly, if the discriuinator 1§vuls
correspond to C and D the gate will open only for déluyod

cvento,
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With the awitch (fig. 4.6a) in position 1 the
diseriminators were adjusted while the delayed coincidence
spoetruim was observed on the screen of a nultichannel
analyser, Thoe adjustrent could be mude so that the
znte opened for prompt, delayed or all events as desired.
fite switch was then turned to position 2 so that enarygy
pulses (rom channel 2 passed to the’gatc. In this way
tiie radiations associlated with proupt and delayed events
could be analysod., Techniquee of this kind have been
nised beforc. For instance a more rudimnentary fornm of
the present arrangeuent was used to elucidate a similar
situation in the decay of PbZO“m(Krohn and Raboy 195h4),

A ninuto quantity ol active Lazoj was rubbed on to
a disc of NE102 plastic scintillator 1l.25cm x 1.9 cm. dian.,
and covered with anluminiun foil. This scintillator,
mounted on a 6342-A photonultiplier, constituted the
Gedatirctor (channel 1), Thoe second detector(channel 2)
for ferays was a 1" x 1" diam. HaI(Tl) scintillator also
mgunted on a 6342-A,

In order to use the techniyue Jjust described it was
nzecegssary to take coincideﬁcea betweon fB-particles stopping
1n the plastic scintillator and Yerays stopping in the
Hal(T1l). It was further necessary to select as wide an
cnerpy range as possible in the NaI(Tl), i.0. to sclcet all

ener;ries above a cortain minliwun, this minimun beding
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Fig.4.7 y-ruy energy spectra fron Nal{Tl) obtained by
using first prompt, and then delayed f-r coincidences
to open the lengthening gate of [{ig. 4.6A,the switch
being in position 2. These curves show that the 329
and 815 keV y-rays are only in prompt coincidence with
the @3's while the 487 keV and 1.596 MeV <¥-rays are
also in delayed coincidence with them.

90



determined by the pulse height selector in that channel.
Tiae use of such a wide range of cnergices fesults in poor
cverall tiwme resolution, not uercly bocause ¢1hets large
at low energies but also because of the time delays tc
which augment Gﬂ%hcn tc varies markedly over the encrgy
"window".

In the present case the reselution of the Yechannel
and its inherent tinme dolays were sumall enough for delayed
events to be separated unequivocally frow proupt events
even when the pulse hoijht selector in this channel was sot
to seleet all energies above about 180 KeV. Under these
conditions, of course, the lower discriminator level (C in
fig. 4.6L) had to be set quite high so as to exclude all
low enerpgy events deiayed in the instruaent. From fig,.
3610 1t can be concluded that the delay associanted with a
180 keV event in NaI(Tl) i ~ 5 x 1072 sec. greater than
that associated with a 1 MeV event, 1.e. thoe difference in
deloay is about the samo as the lifcetime bein;; meaaured.
This consideration and the increased resolving time at 180
koV meant that, spcaking in terms of time, level C had to be
6110_8 sec. away from the high energy proopt peak, and this
in turn led Yo a rather reduced counting rato.

With plastic as the Bedetector in channel 1 « wide
rangze of ;nurgies could be selcected with little

deterioration of resolving time. in this way, with the
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Fig.4.6 ¥-ray energy spectra from NaI(Tl) obtained by
using first all, and then delayed ¥-T coincidences

to open the lengthening gate of fig.4.6A. One channel
selected only the 1.596 MeV T-ray while the other
channel- detected radiations in coincidence with this.
The curves show that the 329 a.nci, less clearly, the
438 keV ¥-rays are in advance of the 1.596 MeV rad-
iation. The peak at 220 keV was caused by back
scattered photons from the 1.596 MeV Y-ray stopping

in plastic.



tue detectors praessed togethor an& a fairly high counting
rate in the B-chiunnel both a good coincidence counting rate
and a good real/random ratio were achicved,

ith the arrangeunents Just describoed the Yeray
spectra assoclated with both prompt and delayed events were
recorded, These are shown in fig. 4.7. From thcse
curvoe it cun bo inferred that the 487 keV and the 1,596 eV
Yerays are delayed with respect to (=rays while the 329 and
015 keV Yerays are not,. This evidence by itsolf indicates

thia 2,083 MeV level as the delayed one,

For confiruation of these results the plustic disc in
channel 1 was replaced by a larger encapsulated plastic
geintillator and an external source was ceuployed. Chanuei 1;
was then used to detcot the 1.596 Hév Y-ray while the
HaI{Tl) scintillator in channel 2 detected Yerays in
coincidence with this radiation, Under theso circumstances
deluayoed coincidences in channel 2 were, strictly speaking,
prior cvents; i.e. they were caused by Yerays preceding the
1,596 !leV level by wmore than the rpsolving t;ma of the
apparatus,

Spectra weroe obtalned for events both in general and
in delayed ceincidence with the 1,596 MeV radiation. These
recults are shown in fig. 4.8 froua which it is apparent that
tiie 329 and 438 keV Y-rays are advanced relative to the
1,596 HeV Yeray ,while the 487 and 815 keV radiations are in

prospt coincldence with it. This confirms that the 2,083
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FMeV level ie the deloyed one. Tha"delayed” curve of
fiz. 4.8 1is the only one which shows the 438 keV photopeak
clearly., In the "all" curve of Tig. 4.8 and the "prompt®
curve of fig. 4.7 this peak 1s rendered invisible by the
much larger 487 keV peak. The absence of the 438 keV
contribution is nevertholess noticeable in the "delayed*
curve of fig. h.7. The 220 keV peak appearing in the
"511 coincidences® curve of fiz. 4.8 was caused by Ceonpton
backscatterod photons from the 1.596 MeV Yeray stopping in the
plastic scintillator, |
The lifetinme curve (fig. 4.9) was obtainod from 3=Y
coincidences with the pulse helght selector in the Yechannel

se&t on the central part, of the 487 keV photopeak (see fig.

hel) . For this reason the admixture of prompt evenis is
crmall .
(4.3) Rosult and Discussion.

9

A mean 1lifo of (4.97 ¥ 0.09) x 1077 sec. was obtained
froa the average of turewe separate nmcausurements each giving
a delayed coincidence curve like that of fig. 4.9, Since

the internal coaversion cooefficicnt for this transition is

~3,01 (Bashilov et al. 1938, UDolotin et al. 1955) ‘UY:‘.' 5 nsec

by equation (1.9). The reduced lifetime is thercfore
! .
‘rm = 2'«( A ’/3 ol
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where £ 1is in MeV, This gives almost exactly 10’7 BOCae:
for the reduced lifetiwe, coupared with the single particle
ostimate of 5.6 x 10”7 sec. for an E2 transition obtained
f'ron eq; (1.10). Thus, assuoing an E2 transition the
vensured lifetine is 18 times longgr than the single particle
cstinato. This contrasts strongly with the lifetime of the
1.590 !leV level whiclhh has been deternined by nuclear resonance
scntterin: to be (1.10 & 0.15) x 10-133ec.. 17 tinmes shorter
than the single particle estimate (Ofer and Schwarzschild 1939),

It would seen therefore that these two transitions in
Celho are quite different in tholr reduced lifetines, The
difference was so narked that it was wondored if the 487 keV
transition was M2, For an M2 transition of this cecnergy eq.
(1411) gives 7.8 x 1078 sec. for tue single particle life$imo.
This 1s Just 15.5 tines longer than tho observed lifetine.
Tho observed lifetime is therafore closer to the M2 prediction
thon teo the E2 prediction. But according to fig. 1.4 the
tendency { on the little data avanilable) is for }2 lifetiues
to be lorger than the single particle estimate, not shorter.
Un the otlier hand the tendency is for L2 lifetimes to be
shorter than the single particle estimate, not longer.

These doubts concerning the character of the 487 keV
radiation were settled by an examination of the published

tiata. Loth the spins and the parities of the principal Celko

levels were investigated by Dishop and Porcy Y Yorba (1934),
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Fer the first three excited states (excluding the O+ state)
they inferred two possible scliemest 2¢, 4¢, J= or 2«, l4a, 3+,
¢n the assuupiion (hydrodynumical model) that the Cirst state
rtst be a 2+ one they concluded that the firat achieme was
coyrrect. If thelr experinoent i3 assumed to have been
nnrelinble the next two possibilities are 2+, 4e¢, 3+ aud‘z;.
liwy, 3= wnich still imply an E2 transition from the 2,083 HeV
level, The measurcuents would have to be in error by as
rach as 129 before the scliente 2+, L=, J= would be reasonable,
naiidng possible an 2 transition from the 2,083 MeV level.

Bolotin et al. (1953), Coleman (19535) and Kelly and
iicdenboek (1956) also studied this scheme and on the busis
ol conversion coofficients and ratios, and directional
corralation measurements thoy all found agreement with the
assignment 2+, 4e, 3=, 1% did not seem reasonable 1u;the
face of so much covidence to regard the 487 keV transition
as anything but L2, {(note: none of thoeso investigators were
aware of tho O+ level at 1.9 HeV, concerniﬁg which see
chiipter 7) |

The result of the measurcment on Colua was thus
ccuacluded to be an unusually long B2 lifetine, and_an
explanation was therefoure sought. The result was coupared.
with known data on E2 lifetimes in even-even nuclei within
tiie ranze S2€N €126, ‘This was done after the manner of

£ine 1410 (Sunyar 1955), as shown in fig. 4.11, Souie
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discussion of these results is called for.

It can be seen that wost recont data are in agreeﬁent
witii the general tendency for L2 lifotimes in this parf of the
perliodic table, i.e. enhanced transition probabilities
resulting frow collective effects, llost of the duta

refexr to first oxcited stutes, i.¢. low lying rotational states,

f’ B
altliough the 2+ states 4in Celho and Pb“Ué are vibrational in
nature, As explained in chapter 1 all these trausitions
r
should have enhanced probabllities. In Gdl)G and Hflao

(sunyar 1955, birk et al. 1959, vsunyar 1958, Bell and

Jér ensen 1959, Ofer 1939, Goldrin; and Vager 1961) the
lifetimes for both the 2+ and the 4+ states of the K=0 band
are hnowne. A8 dJdiscussed in chapter 1 these should be in the

ratio 10/7 (i.e. 1.43). The ratios for tlho umeasured values

are approximuately

Gd156 %;gﬁ = 1,39 approx.

180 10
725

it 4 = 1.38 "

+

Dy160 (Hurde andd RakaWy 1961) = 1,65 = 0,33

The last named figure is frou a recent publication not
avuilable when fig. 4,11 was prepared, The azreciient 1is
quite good and suggests that thils prodiétion of the unified
uvdel is precisely correct.

Fige 4.11 shows several points which do not conform

156
te tihe gonceral rule. In the caze of Gd the rcason is
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to be found in the discussion of chapter 1. There it was
pointed out that where a transition betﬁ@en fotutiénal statea”f
involves a change in the intrinsic stﬁte of the nucleus | |
selection rules aro liablo to hinder the'prOcess.‘ Inffig;
ia11 the triangles and circles refer to tho Vuriona'branchéa

in tho decay of tho 1.507 MoV level in Gd156

(Gregers-ianaen
ot ale 1959, Ofer 1959). The lifetiue of this state ﬁas
been measured, (Bell und Jdrgensen 1959) and the branching
ratios are known. On the basis of the interpretation of
Grogersellansen ot al. (1959) three of the branches have
An = 2, These are shown as_circlea in fig. 4.11 where it
can be seen that they fall close to the single particle
ostinate. The other three are K~rorbidden; with AR = 4,
They are represented by the triangles in fig. 4,11 and are.
slower than the single particle cestinate by about 103. Thusa,
while purely collective effects always speed up an L2
transition, tho cowbination of collective and intrinsic or
sianzle particle states cun result in considerable slowing
down of the decay process. |

The other even-even lovela ﬁith hindered Ezvtrunsitions
can be secn in fig. 4.11 fo be all higher than the firat
cxcited state and to occur in nuclei close.to the magic
numbers, These nuciei aro not deformed and can more
correctly be described by the hydrodynamical model,

Pbgﬁg is rather exceptional in having both H anh Z nmagic.

20! 202 |
tho" b © and Celuo all have siullar spectra and the



hindered transitions are all froo tho second 4s stata to
the first 2+ state., In the Pb isotopes there is also a

hipher 4+ state which probably corresponds to the two phonon

excitation, The lower L+ state 1s therefore a particle
excltation of the 2+ state. The samo applies to the 4+
state 4in Calgo. Its first excited state is close (0.94)

to the prediction of the hydrodynamical model (Colewan 1958),
Hence tho 4+ —» 2¢ docay in each of these nuclei is rather
sindllar to the K=forbidden decay in Gdl56. and the fact that
thosae transitions are slower thuan the sinzle particle estiuate
is in qualitative acreementAwith what happens in deforned
nuclel when there is nixing of states.

In view of these various remarks 1t appoars that the

140 is consistent with other data on collective

rezult for Ce
olfects, There 1s no precise theoretical prediction with
wirich the result can be coupared, as in the case of |
rotationul excitations, but the overall systematics for 2

lifetinmes 1in this region of the periodic table render the

result much less surprising than it appeared at first,
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CHAPTER 5.

IoOGHERIC LIFVETIINS IH Snlzo AND Baljaa

(5.1) Introduction,

Followin; the discovery of the unusually long L2

iifetine in Celuo

other apherical nuclei showing both
vibrational and particle cacitations wore sought, The
peosibility of similarly retarded L2 transitions in such
nucled was envisaged and it was consldered a worthwliile
natter for investigation, Great stress has been laid in
the literaturce on the enhancement of nost QZ transition
probabilities and counsequently u series of transitions of
this multipolarity and character wvhicihh did not exhibit the
usuazl enhancenent wvould provide an interesting addition to
the Jdata on isomeric atates.

The first obvious nucleus for study was Da138 (Thulin
1954, Bunker et al. 19356). This is produced by the decay
ol 05138 and hus a level structure, fi:. 5.1by, very similar

140 138

to that of La , cf. fig. 4.5, Ba also has N = 82 and

the close reseullance boetween its levels and those of Lalho
irriediately suggests that the 1.89 lieV level is a L+ atate
and that the 4673 koV transition frowm this level to the 1.43
eV 2+ level is E2 and 1s retarded,

138 (32m.) could be produced by the (n,p) recaction on

C
ﬁal': with 1h !{eV neutrons froua the H.T. set. Tho use of

1% MoV medtrons for source preparation hid been tried quite a
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lon; time bLefore this and found very successfule. it is
discussed nore fully in chapter 6.

Another nucleus to which sowme attention was given
is Huljé. The level schewe of this nucleus is rather
different fron that of Ba138 (Girgis and Van Lieahout 1959)
and the parent 03136 has a half-lifc which is8 rathor long
(13 days) for preparation by the abovo wethod, | roduction
of this isotupe would be both expensive and difficult, For
these reasoins 1t has not so far been oxplorod,

jio other nuclei in the reglon of H = 82 were found
cuituble for study,. Attention was therafore directed to
the reglons of Z = 50 and N = 50, The only nucleus which
was found to have a promising decay schene and whilch could
be obtalned easily was Snlzo(z 2 50). This is proeduced by

120

the decay of Sb (5.8d) and has particle excitations

superinposed on the two phonon excitation at 2422 leV

(fize Belu). Tho transition 6+ §,k+ night thorofore

bave quite a long; lifetine, The parent nuclous could bae
')

produccd by the (n, 2n) reaction on Sbl“l.

5e2) Lifetiric of the 1,89 2oV Level in Dulje.

. by
tatural barium consists of 72 Ba.13j

y Bo if it ig

- , 4 . " - < . 12, 137n
irraniated by 14 MeV neutrons 2.0 muinute 3a should be
produced by the (n,2n) reaction, and 32 minute 05138 by the
(1155) reaction (Thulin 1954, Bunker ot al. 1956). (n,2n)

veactions have quite high cross sections in general whileo tle
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(nyp) reactions are normally much less productive.
Furthermore many early estimates of (n,p) crosa sections
liave wmore recently been shown to be tbc high, For instanco

Paul and Clarke (1953) (juoted the (n.p) cross scotion for
o )

Ealju as 6.3 wb., while Colecuman et al. (1959) 0btaihed a -
Tfisure of only 2.2 mbe for the same roaction. The

138

production of Cs cannot therefore be expected to bo very

craeate.

Ordinary Busoh was irradiated in the H.T. set and the
resulting irradiations examined for the Cslaa,activity.
This could not bve found, Instead, after the rapld decay
of the 662 keV BalB?m‘radiation. a prominent Yeray of 385
keV, having a half-life of 2.8 hr. Wﬁa observed., Other
Yerays were also observed but the 385 keV eono stood out
particularly and prevented any small 462 keV peak beiﬁg scoen,
This 385 KeV Y-ray was not identified. Da CO3 was irradianted
with the same result, |

To get rid of the unwanted‘rudiétiona 200 mg. of

138

saparated Ba , enriclhed to 97 and in the form of 287 mg.

of BaCOB. was bought from Oak Ridgo Hational Laboratory.

then this material was irradiated the only activities
produced to a noasureable deygree were those of Ba137m and
Cslza. That of BalJ?m was douinant but by the use of fast
A=Y colucidences to open the gate (see fig., L4,67) the

ener;y spectrum in fig. 5.2 w,y8 obtained. This spectrum

1s not very dmpressive but it does show tho 463 keV photopoak
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nnd it was consaldered to be a reliable enough identification
of the batd® activity.

The apparatus was then arranged for time measurcuent.
A 1" thick NI102 plastio scintillator, coverod by thin
aluminiun foil and wmounted on a 6342~A photomultiplier
conatituted the B-detectér. while the Y=detector was a 1" x 1%
diam, NaI(T1l) scintillator, also on a 6342-A. The encrgy
selection window in the Y-channel was set roughly on the
463 keV photopeak and the doldyed coincidenceo sbeotrum
recorded for about three hours. The result is ﬁhown‘in
Fige 543

From this curve the niean life 1s derived usg

z = (2.9 % 0.2) x 1672 sac.
Consequently the traunsition is Just slightly slower than the
single proton estimata, It is not as slow as its analogue
in Celuo. but neither 1s it onhanced as in so wmany other
CN808, llence it may reasonably be chcluded that the
origsinal thought concofning this transition was Justified.l
and the result way therefore be lumped with those for Cglho

and the Pb isotopes as 111uat:ating a slower kind of L2

transition which occurs when there is a mixing of statocs.

b
(5.3) Lifetimc_of the 2.31 MeV Lovel in snl?9,

120

The level acheme of Sn has already been given,

fise Jelu, j This is the revised schcme, As originally

proposed the second highest level was at 2.42 MeV and the
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twe low ecnerpgy Y=rays were cmitted in the opposite order
froii that shown in fig. 5.1a. it is only this éxperiment
vhich allows the radiations to be put dofinitely in the |
order shown In fig. Hela.

The two high cuergy Yerays are probably both L2
radiations from the decay of vibrational states, although the
lifetine of the first state at 1.10 !leV 1s only sliglhtly
shorter than the single particle estinate, It was
deterained by Coulonb excitation to be 7 x'lO’lB sec.
(5tuelson and lcGowan 1957). The two low eunergy radiations
arec therefore very likely to come from the decay of mixed state

sinilar to those in Celhu and UalBB.

The decuy of Sblzo(S.Bd) was investigated Ly McGinnis
(1953), He showed by deluyed coincidence methods that the
2.51 MaV level had a half-life of 11 usec., and on the bausis
of the internal convefsion coefficients he concluded that fhc
39 pnd 199 keV Yerays were 5Ll and E2 respectively, McGinnis
¢id not deteruine directly the order of these two Y-rays but
inferred thut the 89 keV photon was onitted first by the'
following argumont.

103

The E1 transitions in ag and Aglu9 frow the 410 keV

5/2 = level to the 7/2 + level have a half=life of ~ 9 x 10-9
sace which is 10b tines longer than the singlec proton estinnte,
If the 89 keV El Y=pray 1s cuitted in the decuy of the 1l usec.

120
I on

level 1 its 1lifetiue 1s 4 x 107 tines greater than the

single particle estismiste, while 1f this level Cécays Ly the
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cuission of tho 199 keV Yeray the transition would be 300
times slower than the single partiolo estimate for an £°
transition, Since L2 transitions are generally faster than
nreilicted by this model it is reasonable to associlute the.
tlie 11 psec. half life with the 89 keV El Yeray. |

‘As 1s #bout to be shown, the order of the f—rdys
is not in fact that concluded by licGinnis, and in viow of the
findings reported in this thesis 4t is not unraaaﬁnabla to
accept the £2 transition as 300 times slower than tlhe
w%isskogf estinate, The slow L2 tranasition in Pb 20h is

600 times slower (fige. 4.11) than this estimatoe.

Crdinary anticony powder was irradiated by 14 leV
neutrons in the H.T. set for several hours each day over a
soriocd of about a wecuke. Thiese irradiations were done at the
snme time as those on chrooium (next chapter), tho antimony :
and chromium  being placed simultancously in a spoclal
container, The cross section for the (n,2n)rcaction on

121 (57;5 of natural Sb) leading to the 5.8 day activity is

1,166 be (Preatwood and Bayhurst 1961), and in agcordance

bed
witii this high value a good activity was obtained.. Sblzf
(2.,3d) was 2lso produced but presented no problém. The

low energy Yeray spectrum obtained from antinony is showa
in fig. S5«.4a, tho high cnergy spoctrum in fig. 5.4b.
The lifetime which was wuanted was that of the 199 koV

transition which, according to McGinnis (1958) 4s L2 und
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follows the B89 keV transition.  On the basis of the results

for Calho and Bal38

this lifetime was expected to be quite
Jon:, porhapa ’Vlb-gseo. It was thc:ardre conslidered
worthvhilo attempting the measurement with two NaI(T1)
aeintill#tors. one for the 89 keV photoh and the other for the
159 keV photon. 1¥ith such agintillutors and low cnergy
radiationa the tine resolution would be poor, but for a

long enough lifetiime the measurement would be poasible.

This was found to be the cuse. "Fige 55 ghows a
delayed coincidenca'Spoctrum obtained by taliing coinéidences
bBetween the two low enercy Tgraya. The energy "windows" were
set on the photopeaks for those radiations. It will be
noticed that this curve is better than that (fig. h,9)
obtalried for Celhu. in §ho sense that it 1is linear overxr a
creater rangee. The roason for this is that stops wore tuken
to overcoue the "instrumental effects" referred to in fix. 4.9.
The time constants of the limiter circuits were anltered and
the counting rates were kopt low to ensuro that the sténding
curreints through the limiter valves warn\muintainnd ag nearly
censtant as possible. In this way paralysisveffecta wvere.
Lept to a safe level,

Fut flu. 5.5 48 revealing in two ways. 1t shows directly
in csnju?ctiop with the sottings used in the apparatus at the
tlsie e %h&t the 199 keV Yeray procedesa the 89 keV radiation
and that 1t is the latter which is responsible.for the

lifetino apparont in fige HBebe From the data this lifetine

is deternined asl
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T = (8,452 0.18) x 1072 soc.

This wmecana that 1t 1is the 199 kevvrudiation which decnys
with u mean life of 1.45 x 10~2 sco. (T% w l.1 x 1055 sec.).
#ith these findings the schenie of McUinnis nceds
re=axanination.

it seens very likely that the two high eﬁergy ?—raYs
are L2, The angular oorrelatiﬁn results of McGiinis support
this view, as also does his vulue for the convevrsion
ceefficient of the 1,04 MeV radiation. In addition, aa
lias beon polinted ocut already, this conclusion is consistent
with the oxpectations of the hydrodynaaical model. The
firagt two oxcited states are therefore unddubtcdly 2+ and be.
Tite converslion cocffioclents qdotad by McGinnis for the other
tvo radiations and the theoretical predictions are given in

table 5010

Table 5.1
Y ax107 Theoratical a(xlog), - Assicne
(2t0v) (exp.) T1 £z nL | H2 uent
04639 [0.29%0.05 0.24 | 2.30 | ©0.80 | 8.9 | L1
0199 [0,1320,025 | 0,025 0.12 | 0.093| 0.52 B2

Thease data loave no alturnative to hins oouolusious that the
39 heV Yeray is L1 und the 199 keV ono L2, Thies conclusion

is supported by his angular correclation data. - llonce there

is an L2 transition of 199 keV having a radiation lifetime
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of 1.64 x 10'5590. and an £l transition of 89 keV with a
radiation 1ifotime cf.l.09 x 10~%sea. DBy fig. 4.1 theso

uro respectively 2.7 x loh and 300 times louger than the
sinzle proton estimaté. llere then is another case of a
ratarded L2 transition, once again where there is nixing of
collective nndlindividual particle excitations, Ih
zccordance with these concluaions the third and fourth excited

states have to be 5« and 7~ respeatively.



CHAPTER 6.

LIFDTING OF Tu: 152 keV Lbvil IN VY9,

(6.1) Intreduction.

In z4ving consideration to the wmeasurcmont of isooorice
lifotizes special attention was paid to the ehort'livad
isotopes whidich could be produced by one or other of the
reastions (n,2n),(n,p), (n,a). The nuclei which can be
procduced in piles by the common (n,Y) reaction have been
studied very thoroughly and in consequence there are very few
likely isomeric levels which have not been examined by
dolayed coincldence mothods, But many of the nuclei which
are produced by the (n,21) and other reactions have not béon
studied in detuail and it seemcd that there was quite a range
of such nuclei which could profitably be 1nvoatigated, Oné
of the reasons why sowo of these isotopes havo escaped dotailed
attention is that they are often short lived, a fow minutes
to a few lLiours. For this rcason they must be prepared and
invenstisated in the same placo.

From the viewpoint of the present work the short ﬁulf—
lives of these (n, 2n) products is an advantage because in
nany cases sufficient activity can be obtained oniy whaon fha
irradiation lasts for several half-lives. The'optimum
l1ifetime is thorefore 2=3 hours.

Of the thruc reactions mentioned at the begiuning
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the (n,2n) one is the most productive having a cross
section R 1b in wany heavy nucledi. The (n,p) and (n,a)
reactlions have much lower cross scctions especially in heavy
niclel, where Coulomb effects are strong. Proton reactions
vera also consldered and a nuﬁbor of thon 1nc1uded:1n the
prosyrarie but so far this process has nct baen utilised. It
regulres thie use of the large H.T. set whilo all the work to
date hus been done on the small H.T. set,. The latter when
functioning at its best produces up to 7 x 109 14 eV
neutrons per second,isotropically distriLbuted over a solid
anzle of ULx. A specinl target was prepared for this work.
It allowed the material for irradiation to be pluced very close
to the tritium target but without its boeing in the wvacuun,.
The material could therefore be reuoved very quickly und
replaced by a fresh sample without the vacuum bedin; broken.

The 152 LeV level of V“g (fig. 6.1) 4s expected to have
quite n long lifotime. Hussbaum et al.(1954) looked
for this with a minimum resolving tize of 2 x 107 sec. but
obtaln+d no positive rosults, In spite of this it looked
as thouzh this was a case of u‘luVQl whoose lifetime could be
moasured vory easily with n delayed coincidence appaiatus.
The only difficulty was the production of the source.

Crso has an abundanco of only 4.3% and the cross saction
for the reaction Crsu(n,ZH) ce*? 1e only 26 mb.{Rayburn 1961).

Henco the preduction of 42 minuto Crug was likely to be
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adifrficult, especially as so manj other reactions take place
whon chromium is bombarded with néutrons. - Rotwithstunﬂina,
thoa 1sotope has been prepared and the measurcment mado. Fig.
GeR(curve a) shows the low energy spectrum obtained from

ordinary chromium irradiated for a short time in the H.T. set,

(642) Ilieasurements and lesults,

The expeoriuent was tried firat of all with plastic
scintillators because 1t was expected thaﬁ tho lifctimé would
b2 yuite short, perhaps a few nsoc. This was unsﬁccessful
am! tho quest was alhost abundoned when 1t was noticed that
the number of non-prompt, random coincidences was rather
inordinate, Thereupon two NaI(T1) scintillators ware pﬁt in
placo of the plastic ones and a delayed coiﬁcidence Spactrﬁm
was qulekly obtained, the lifetime being quite long and -
reguiring very long clipping lines for 1ts determination.

In order to dewuonstrate that tﬁa Qbserved period was
that of the 152 keV leﬁel in vk9 the dela&ed cating; technique
c¢esoribed in chapter 4 was usod. One counter was set to |
salect the photopoeak of tho %:Mov annihilation radiuation from
tho Crhg positrons while the energy pulses from the other
counter were pgrted by the delayed colncidence rulses as
deseribed in section 4. 2. The result was the curve b of

£ire 642 which cloearly variries that the 152 keV level is

spensible for the delayed coincidencos.

It will be noticed that the 89 koV phiotopeak is lurger
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ti:an that of the 03 keV radiation. anaiderations of the J
dotection efficiency and conversion coefficients do not lead

to this conclusion, If the data of Nussbaum et al. ars |
carrect the two photopeaks ahﬁuld have appreximately the saune
aren b&cause nearly every 89 keV Yeray should be accompanied

Ly one :f 63 keV. This suggested that the 89 keV level also
had quite a long half life and that some of the delayed

ihotons from this level were associated with positrons

fecdin: the level directly. To check this possibility the
arncunt of 200£. delay cable used to separate the delayed

frov the prompt coincidences was varied to see Af tlhie ratio of&}
LeV/63%oV areas would change. There was no aignificant
variation, This implies firstly that the 89 keV level is
short lived and secondly that the conversion coefficionts quoted
by Nussbaum et al. are incorrect. These authors realised
this possibility and stated that the figures might be in error
by o factor of two. It saeens now that this is so and that

a,, for the 63 keV transition 1s considerably greater than the

K
viilue reported in the above paper, This would be consistent
with theo rather long lifetime of the 152 keV level on the one
hand and with the short lifetime of the 89‘keV on the other,

Ffor tho lifetime of the 152 keV level the "window" in
cliannel 2 was set on the 152 keV photopeak and the delayed
coincidence'apeoféum recorded. Tho measurement was hindered
by the presence of so many other undesirable high cnergy

radiations. Although the crlt9 activity was weak tihe total
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counting rate was quite high. Added to-thé long clipﬁing
times this neant that paralysis troubles were oncountefed at
qulte low counting rates. A8 a result the cthmium
activations had to be kept'short and had tb bo made frequently.
Also 2 delay of half an hour had to bLe ullﬁwed betwecn activiite
tion and use to permit the docay of short lived componenté.

The curve of fig. 6.9 was recorded with 6 irradiations
paidle over a whole daye A tiwe calibration was made Lhallway
throuzl, From this curve the nean 1life has bqen calguluted

2%
Z =(3.05 2 0.08)x 1078 gec.

Fron this reoeult the radiation lifetimes for the M1l and
L2 transiticns can be calculated, Aasuning Nussbaun's result
for the E2 trunsiéion. Qe = 0.16; and a value aﬁ_azo.és for
the Ml transition, the radiation lifetimes are derived asg

& and 7.2 x 10"8 respectively. For the 12

Te7 x 10"
tronsition this 1s A~ ) times shorter than the single proton
¢atimate while for the M1l tramnsition the result is A~ 700 timga
lonszer than the single purticle estimate. These results are

in gencral agreement with comparative data.
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CHAPTIIR 7.

PERTUMADTD ARGULAR CORRLLATIONS IN TalSl

AND OTIHHR NORK.,

(7.1) Introduction.,

In chapter 1 soue conslderation was given to collective
effocte in nuclel and 4t was shown that quite a few of the
propertien of deofornmed nuclel can be fairly precisely
predicted by the simple treatment given there. in
particular 1t was pointed out that the quadrupole moments of
the different levels of a rotational band should be related
by og. (1.46). In this conncction, therefore, the theory
provides a specific theoreotical predictlion, applicable chiefly
to cxeited states. The other theoretical predictions
conceraing spins, parities, energies and trunsition rates have
all been well substantiated and 1t is therefore hardly
credible that the prediction concerning quadrupole noments
ahould not also be correct. Dut, while this 1s s0, an
exporinental vorification of eq. (1.46) would still bo very
g¢ratifying and it is in any case desirable that this eqguation
should be tested for at least one particular case.

Tho proﬁlem raised in the preceding paragraph is a
difficult one, namely thes measurcment of the quadrupole
moment of an excited nuclear state, The determination

of sround state quadrupole woments is difficult enough ,and



gencrally speaking, for an excited or unstable nucleua
the standard techniques are not applicable and in only a
fev cases is a measurement posasible,

lialissinos and Davis (1959) have studied the optical

197 and 2% hour isomoeric

lincs of 65 hour radiocactive g
Hglg? and in this wvay have dotormined the uadrupole interactiorn
cnergies, Cn the basis of certain assumptions they were
able to derive wvalues for the quadrupole moments of these

unatable nuclel, It is to be noted that, as in all

deteriinations of quadrupole nonents; theso measurements
roguired assunptions to Le wade, The rcason is that
controlled artificial field gradients sufficlent to produce
monsurable offects cannot be manufactured in the laboratory.
Censequently any measurements, whother by resonance, optical
spectra or angular correlations, will yield only the
interaction frequency ¥ of eq. (1.32). Assunptions have
therefore to be made about 7%%'before Q can be evaluated.

In section 1l.3b it was explained how measurcments of
perturbed angular correlations, especially delayed angular
correlations, could lead to a value for the yuadrupole
interaction frequency. Such measurements aro equivalent
to those madeo on stable nuclei by other reana. They aro,
however, liable to special couplications. When the Yerays
follow n Be-particle there is a change in Z with consequent

cffects due to sllakce-=0ff electrons. Also there nay be a




considaerable recoil of the nuoleus, and when electron capture
nkes place there will bo effects due to the residual eleoctron
holo and to Auger tranasitions. Those eoffeocts must be
considered and, Af possible, evaluated in the interpretation
of results for, as has been pointed out by several authors
(eeze FPottersson ot al. 1961), the interplay botween these
effocts and the static quadrupole interaction may considerably
affsot the angsular corraelation.

The nmost reliable way of investigating the static
guadrupole interaction would be by a delayed anjular correlation
mweasurcoent as deseribed and illustratod in scction 1.36,.

Such a measurecnent might ullow a clear distinction to bLe made
batuecn static quadrupole and othor effects and it would in any
case ke the most accurate method for determining the
preocessional frequencye. The method has already been used
(Lehman and Hiller 1958) with the resultes shown in fig. 1.9b,
In this investigation static quadrupole and Kecupture effeots
(not illustrated in fig. 1.9) were clearly distinguished in

thie time dependent wmeasurenents of anisotropy. The resultant
volue for ¥, was rathor different froum that obtained by

intesral correlation weasurcucents (Steffen 1956, using eq.
(1,29)) and indicates the superiority of the delayed method.
Where the precessional period is short compared with the
isoueric lifetime the delayed method becomes more desirable

and in the linmit of a "hard core" integral correlation only

the deluyed method off'ers any chunce of yilelding the
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interaction strength.

111

The case of Cd is sinilar to the cases of Talsl

and
35199 in that the sping of the interuocdiate state is 5/2 in

each case, llence the attenuation function is given by

204
eqe (1e30). Tho same effact has been studied in Pb

(Vertheim and Pound 1956) where the relevant spin is 4 and

the attenuation function 1ia more complicated. As in the

cusc of Cdll1 thoe lifetine (0.27 psec.) and precessional

peried ( v0O.1 psec.,) are long and measurements of the delayed

correlution were possible.

Tho measuremnents which have beon attoupted on Talal

199 and which will now be reviewed bLriefly are an

111 4 b2 gnto the sube

and lg
extensden of the work on Cd
naaosceond regilon, The Zechnique 4is nore difficult but
tlie experiments are pe{hapa more worthwhile (at least in the
case of Talal) since it might be posgslblo teo rslate the

raesults to the collective uodel.

1681 199

(7.2) Linerinents vith Ta and H~ .

The decay schieuwe of Hflgl 1s given in fig. 7el. The

5/2 level at 482 koV is the rirst state of the L=5/2 band
{{iottelson and Nilsson 1959). The groumnd state has Ka7/2.
These two states are therefore not in tho sane rotational
band; they are intrinsically different, wvhlehi is the roason

for the lomys lifutiume of the 482 keV level, Despite the
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intrinsie difference between thegse states it is unlikely that
Qo will differ very much betwoen thenm. Hence Eq.(l.hé)

should be quite a reliable guide to the difference in the

relative magnitudes of their quadrupole momenta, According
to (1;&6)

( 2

Q 5 2 A 1-3

Thus 1f the quadrupolo interaction froquency were determined
for the ground state by, say, rasonance methods, and for the
excited state by corrclution methods they would be expected
to ba in this ratio.

Unfortunately things are not quite so straightforward.
In the angular correlation neasurements a tantalum nucleus
1s precessing in a hafniuu lattice. For a strict
coniparison to be made between the two levela both experimonts
would have to be carried out under identical conditions.
This mizht be possible 1f a strong source of Hflal vere
allowed to docay for many half=lives(40d.) and 4f the
resultin: mnaterial were then used in resonance zeasuremants,
lietwithstanding these difficulties, as a first step towards
tho goal mentioned in the previous paragraph and as an
example of the téchnique on investigation of the delayed
anzular corrclation in polyorystalline ur02 was undertaken,

181

In the decay of lif a fulrly low energy B-pigfiolo

is
is emltted and subsequently the 482 kov level of Ta
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fed principally through the 19 psec. level at 619 keV,

A8 a rosult it 1s expooted that recoil and ionisation effecta
will not interfore with the precsssion of the 482 keV laevel
aad canly tho static gquadrupole interaction will influence

the correlation, The problew has been studied by

Debrunner et al., (1956) using the mothod of integral |
~eorrclationa, In the case of uruz they found only theo
"haxd core® correlation and hence concluded that Vg >

350 le/sec. How for I = 5/2 the fundamental frequency

of precession is given (llcer and Novey 1959) by

o4 2E
w = ZIRI-1) A yFR
2
® 21 :..ut--s.)"Q
1(’
a -E(Z) VQ

S5inco the separation of the main peaks in the curve of fig.
1.9& for I=5/2 is 2%x/w this separation must be less than
about 2 x 10'8 88Q. The matter was pursuad by Lewils and
Azuna (1937), prior to the author's work, who concluded that
their FUR of 4 nsec. was insufficient (d.e. too large) to
roveal the modulationa in the deiayed colneidanca curve.

Cn this account 4t seencd that the fundamontal poriod of
precession was much less than 2 x 10_8 sec, and that only
anl apparatus of very higzh resolution would perwit its

moasurcemnent.
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A8 a sequal to thoe work of Lewis and Azuma variouas
attecopts have been made by the author to obtain a delayed
coincidence lifetime curve showing modulations roughly like
those of figz. 1.8 These offorts have met with no success.,

The fallure of the experiments on Hf02 was perhaps due
in part to inexperience since this was the first investigation
undertaken by the author, The time resolution was poor,
the apparatus was not very stable nor perfectly linear and
thie preparation of sources was not planned in the nost
efficacious waye. As mentioned at the ond of section 3.3
much tine was spent in improving the apparatus, and it was
roally only ufter the work on ingtrumental effoects that the
corrclation experiment could be tackled in a Knowledgeable
WaY e Ly this time nore consideration had been given to
the work of other people and w different course of action was
adopted,

Debrunner et al. (1956) in their work on the Hflsl
docay schene used sources of (Nnh)3n£F7 and ubzﬂf 016 in
which the quadrupole interaction is much weaker than in

1If0 In the case of (rmh)snf 1«‘7 Yaw 59 He/sece so that

2*
tiie nodulation to bo looked for in the delayed angular
correlation would be much slower than in the case of n:oa .
Tho only problem with this source was ita proeparation. In

thias connection the nuthor reccived advice and assiastance

froa many people, including Debrunner himself, but did not
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succeed in denonastrating the effect.

The preparation of (Hﬂh)j Hr F7 or of tho very similar
(’mh); Zr F, hus been described by several people(Debrunner
et al, 1956,‘Ha§nqler ot al. 1952, lianpson and Pauling 1938,
Von lleveay and Jantzen 1923, Baker 1879). It was
attempted both with ordinury and with radioactive Hfoz
both by the author and by two chemists, The U.K.AJL.A.

Radlechoemical Centre, Aumershuam declined to make 4t and

Debrunnor at Zurich and Haddock at Cambridge were coﬁ;ﬁited.

The roeults were never conoclusive. Finally the Wah Chang
Corporation, Albany Orogon Kindly offerad thoeilrxr help. They
supplied different sauples of Hf02 and (Nnh)J i F7. They

also enclosed 18 mg. of the latter in a special quartz phial
whicli was sent to them, This was Arradiated at Harwell
and the active double fluoride extracted and put immediately
under 11quid parafflin, to prevent oxposure to the atmosphere.
Various sources of th;a material were studied both with
¥al(T1l) and with specially shaped conical plastic
scintillators and wmany delayed resolution curves were
recarded. Fige. 7.2 shows two delayed cecincidence curves,
eie recorded with the detectors close to the source, the
other with the detectors further back so that angular
corrclation effects would beconec apparent. There is‘na
indication of non linearity in the curve, and even although

thie statistiecs ure poor the result was considered
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significant. The large anisotropy of nearly 4oy, in

Ta181

should make the perturbation (“uite apparent. It was
concluded that radiation damage to tlie double fluoride had
altered the internal fields near radioactive nuclei.

Xn the course of the work attention was turned to
other nuclei which might prove more suitable for this kind

of experiment. In some respects Jngg9 and :i_igla'z {fig. 7*3)V

seemed preferable to Ta181° Xn both oases the state of
interest has X=3/2. Both levels cun be obtained in

mercury itself ir®&®**“tuhle and are used as
sources. This would permit excited state and ground state
quadrupole moments to be compared under identical conditions.
The half-lives of the levels are acceptable, 2.4 and 7*0 nsec
respectively and the energies are just tolerable.

Both levels have been studied before, by Coburn and
Franksl (1955) and Pound and Worthsim (1956). Coburn and
Frankel measured the K-i correlation for hg197 in various
chemical forms. In the case of llg KO* they concluded
that the attenuation arose from ionisation effects. This
would not apply to a Y-Y correlation. Pound and Wertheim
studied the case of lt}gg using liquid, frozen metal and
Hg Clgqg. They deduced interactions of 590 Mo/sec. and
1,101) Mc/seo. in the frozen metal and Jig 01~ respectively.
Thus the modulations to be expected would have periods of

about 10 and 5 nsec. rcapootively and this should come within

the scope of the apparatus.
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Tlie chief disadvantage of such a short lived source

99m is that it has to be prepared on tho premises by

as Hg1
the reaction 1lig"*”(n,2n) The cross section for
this reaction is quite high ( '“Ib,), the abundance of

is quite good (23%) but in spite of this it has not been
possible to obtain a high enough specific activity for

these rather difficult measurementse Special conical

plastic scintillators were obtained in an effort to improve

the detection efficiency but to no avail. It seems that

. . . . 199 . 197,
such an experiment is not practicable on lig . lig
has not been investigated but is under consideration. The

best course seems to be thermal neutron Irradiation of
enriched with rapid delivery from Harwell. The
radiations are lower in energy and the experiment is being
left until some improvements in technique have been

accomplished.

(7*3) Other Work.
(a) On the 0* levol in Ce”*”*.
As shown in fig. 4.5 there is a 0 level at 1.9 MeV
in Ce”~** (Cork et al. 195X» Dzelepov et ale 1958# hzelepov
ot al. 1958a, Langer and Smith I960). This level decays
by internal conversion only and can be expected to have a
lifetime of a nanosecond or so. The number of transitions
through this channel is very 1low, 0.013%. (Dzelepov et al.

1958$ Bashilov et al. 195*) # nikd so coincidences between
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B—particles and conversion olectroiis would be rare.

During the woz” on Cel4° a search was made for high
energy e-e coincidences but only a prompt peak could be
obtained. (whether this prompt peak included the desired
coincidences or not was uncertain. With such a low yield
of conversion electrons the summing effects of thu other
radiations becomes quite important and the experiment was
finally abandoned as being too impracticable. It could be

done with a magnetic spectrometer but even thon it would

be quite difficult.

oh
(b) On i<b

When 14 MoV neutron activation was first adopted as a
means of source production one of the levels investigated was

oh Hh
the 240 keV level of Hb . 23 minute Hb

" decays by a

220 keV Y-ray followed by one of z4o koV. The metastable
isomer was easily prepared using kb”% 003 and coincidences were
obtained. Those were x*rampt and formed a resolution curve
just like that obtained with aimihilutlon radiation. Hiere
was no difference in the widths of the curves and so it seemed

that the lifetime of the first excited state of Ub°’ is very

short < 10 sec.

(c) Ci
The decay of sb °°" is similar to that of Ub except
that the Y-raya have lower energy. The me tas table state is

reported to have a half-life of J.”m. (der Heteosian and
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GoXdhaber 1951)* It was fouad Uowevur to decay with a
half life of &m. , which was rather puzzling. Thin

... scintillators were used on two counters in an effort
plastic
to obtain coincidences between conversion electrons from
the two cascade transitions. Coincideiices were certainly

obtained but the resolution curve was prompt, suggesting a

very short half-life.

Since this work was done dor Hateoaian and Sehgal
(1962) have investigated this docay scheme again and found
tixat the first excited state has actually a long half-life
of 1#8 psec. On the basis of conversion coefficients this
slow Y-ray is concluded to be 1 wlille the first Y-ray with
3*5 m(?) half life is £2. Thus the transitions are
retarded by A106 and A108 respectively.

In a private communication der Mateosian has referred
to some work by Meyer-Berkhout which indicates another level

in Sb122,with perhaps a very low energy transition of a few

keV# In view of this it is intended to pursue the matter
further.
(d) Future plans.

As a result of private communications with R.B.Uell it
has been decided , as raentioned at tlie end of section 3*4, to
add a little to the work on instrumental effects, principally
to demonstrate the offectivenese of minimising and to

compare different multipliers. This will be done immediately
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since the information will be of oonsiclerablo praotioal
value to other experimenters*

After that it is intended to carry on the work on
lifetime measurements and also the work on delayed angular
correlationse In particular an improved technique for
centroid shift measurements may be tried out and quite a few
sources will be prepared by 14 MeV neutron bombardment and
investigated.

A particular development which may permit the
measurement of lifetimes of low energy states is a cooled
crystal spectrometer, now almost ready for use. This is a
cryostat in which it is intended to cool crystals of pure
Hal and CsX to 607K or lees. At those temperatures the
pure scintillators are very efficient and much improved in
speed* The liglit from then will be extracted through a 7"
quartz light pipe to a 36UVP photomultiplier. If the
system works as planned quite a number of measurouonts should

be possible*
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SUMMARY.

The work reported in this thesis was concerned with the
use of a fast coincidence measuring system, i.e. an apparatus
using scintillation counters for the measurement of short tim
intervals between nuclear radiations. The results deal
partly with the technique itself and partly with its
application to the study of nuclear isomerism.

It has been recognised for a long time now that there
are certain inherent limitations to the measurements which ca
be made with a fast coincidence system. In the first place
there is a lower limit to the resolving time which can be
obtained and in the second place almost all fast coincidence
systems generate by virtue of their detection processes energ
dependent, instrumental time delays. This means that the
apparent time of an event is influenced by the energy of the
radiation. These two aspects of instrumentation are of
great practical importance where very short times are being
measurede

Chapters 2 and 3 are concerned with these problems of
instrumentation, chapter 2 with the development and theory of
the subject and chapter 3 with the precise experimental study
instrumental time delays and resolution. The results are v
satisfactory. They demonstrate the actual performance
of a system, provide illustrative curves and numbers, and
indicate the manner in which any other system may be quickly

assessed and its limitations ascertained. In addition the



measurements provide pleasing confirmation of the latest
theoretical work which has been done on the subject and
reveal the inadequacy of some of the earlier treatments.

The rest of the thesis 1is concerned mainly with the
measurement of isomeric lifetimes, four new results being
reported and discussed. The background to the subject is
considered in chapter 1 where the various features of Y-ray
emission from nuclei are reviewed in simple terms and the
relationship between these electromagnetic phenomena and the
shell and collective models of the nucleus is described.

The value of the measurements lies principally in their
bearing on these models, and while they provide only a small
addition to the already substantial data on the subject they
are not insignificant. Three of the measurements have
yielded results which do not accord with the general tendency
of enhanced rates for E2 transition probabilities, thus
emphasising the need for more detailed knowledge of nuclear
states, particularly where there is mixing of collective and
single particle excitations.

The first lifetime measured was in semi-magic Cel4°.
It is an E2 lifetime, 17 times longer than the single proton
estimate. This was qt first found rather surprising since

40 had already been determined as

another E2 lifetime in Ce™
17 times shorter than this estimate. As explained in
chapter 4, the result 1is not quite so surprising when more

careful consideration is given to the results for other nude



This investigation suggested that there might be some

140, th(

other retarded E2 transitions in nuclei similar to Ce
is to say in other semi-magic nuclei which seemed to exhibit
mixed excitation modes. An immediate choice for further
study was and Sn***, with Z = 30 rather than N = 82,
was also selected for experiment. This work is described
chapter 3* In both cases successful measurements were mad(
the result for Ba100 being very similar to that for Celio, ai
the Sn120 result not only giving a lifetime but also
correcting an earlier misinterpretation of the decay scheme.
In chapter 6 the measurement of a mixed E2 and M1l
transition rate 1in V49 is reported. This work was carried
out as part of a plan for the investigation of many isomeric
levels using sources prepared on the H.T, set by 14 MeVb.eutr<
activation. The work on Ba138 and Sn120 was also carried
out by this means but only after the efficacy of the procedu]

had been demonstrated in other cases.

The four measured mean lives are :-

2.083 MeV level inCe”® ° (4.97 - 0.09)x10"~»
1.890 " " " (2.8 - 0.2) x10“~
2.304 " " "SnAA° (8.45 - 0.18)x10%4
152 keV " " (3.05 - 0.08)x10"®:

Finally, in chapter 7 (and part of the introduction)
cm
there 1is a discussion ofunsuccessful attempt to observe the
electric quadrupole perturbation in the delayed angular

181
correlation between the 133 and the %82 keV Y-rays of Ta



This was the initial project undertaken by the author.

It took up the greater part of 3% years without yielding an]
positive results. The reason for this lies simply in the
difficulty of the experiment, which was tackled in several

ways and which will be the subject of still further study.



