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ABSTRACl' 

High spin states in 126,12BXe arrl 116Te have been stooied in the 
\ 

(a,4ny) reacaons on enriched Tellur1UIn arrl Tin targets us1ng 1n-beam 

gamna-ray spectrosCop1C methods. For both Xenon nuc1el, new leve1s at high 
\:~ 

sPl:ns have been proposed. '!he occurrence o'f backbendug 1n the-

126,128Xe nuclel. 15 aiso exanu.ned. For the 116Te nucleus, two new level.s 

have been tentat1vely ass1gne!d. 
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RESUME 

Les états de spin élevé des isotopes l26,128xe et 116Te ont été 

étudiés, par des méthcx:les de spectro-scopie ,gamna en l1gne. lors de 

réactions (a, 4n'f) sur des clbles de Tellure et d' Eta1.n enr1.chies. Dans le 

cas des deux noyaux du Xénon, de nouveaux tliveaux de spIn élevé ont été 

proposés. La poss1.blllte çwe le phénomène de "backberx:hng" se produ~se, 

pour les noyaux l26,l28 xe a égalelllént été cons1.dérée. Pour le noyau ~16Te, 

deux nouveaux niveaux ont~ été, proposés a titre d 'essa1.. 
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Chapter I: Introduction ' 

In the' 'field of human endeavours, research in the natural SC1ences 

-
pro':T1des -one of the most stlmulatl.ng and challenging OCcupatlons aval!lable 

for the interested iOO1 vidual. The sClentific method ha8 ~roven to be /TlOst 

efflcacious 10 brulging to light the urx:lerlying fotm and processes of 

~ nature responsib1e for the diversity of phenomena we see around us. It has 

been the author t s goOO fortune to have_ worked in one interestlng area of 

research, namel y that of In Bearn Ganma-Ray Spectroscopy (1. B . r . ) , 

coooucted here at' MeOill. The work to be presented concerns itself with 

the experunental determinatlOn of the excited states of three nuclei: 

l26xe , 128xe , and ll6Te • To urrlerstand the purpose and nature of th.1s work 

a brief background is given. 

Nuclear phys1cs effectively began in 1911 when Lord Rutherford and. 

his associates discovered that the scattering of alpha particles by gold 

atorns could be best eKp1ained if atoms consist of a small, massive, 

" • posi tively charged core surrounded by orbi ting electrons. '!he magn.1 tude of 

this core, called the nucleus, was estimated by Rutherford to ~ on the 

order of 10-14 m. Since then, the nucleus has been found to l:e constituted 

of nucleons of twd ty?!s: the zero charged neutrons and the positively 

charged protons. '!he force which holds the nucleus together against the 

proton-proton repulsion is called the • strong 1 force. 

Stu:ii.es of nuclei irrlicate that the strong force has" a short range, 

on the order of the average distance between nucleons in the nucleus i.e. 

be~ l and 2 fennis. Furthèr, the nuclear force saturates leading ta 

n\Jclei which aU have similar internaI densities arki which have radii 

-', 

-~ 
" 
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proportional to AlP where A is the munber of nucl~ns. Further 

und~rstandiOg of the strQ~ force has come ma~nly frOm an exarn~n~tion of 

the two body nucleon-nucleon lnteraction. The resul ts of stooyirg these 

nucleon-nucleen systems iool.C;,ate that any descriptl.on of the nuclear force 

needs to include the follow~ng (1) : 

a) Terms dependiix} on the s~Jln degree of freedom: 

A direèt. spin-spin interaction of the form: 

<'2vrlï\ - r21 ) 
,1 

-a . "-, 1 
" 

/,/ . 
.--' 

a ppin orbit interaction: 

" 
,. [raI '+ a2') .0\ r2)x(Pl - P2 ))v(jrl r21) 

and a tensor: intera:ction: 

b) Charge symnetry and charge irrle{:)errlence. The former referrug to 

the fact that the nuclear force ~s known to be the same for n-n ~ p-p 

interactions 1 the latter refernng to evidence that for p-n ln ter actions 
-" 

where the space-sp~n states are the same as for n-n arrl p-p reactlo~ the 
- ." 

interactlons are also the same. 

c) An exchange potent~al to allow for exchange of charge. 

d) A repulslve core. 

Despi te these known 'attributes of the nuclear force, mathematl.cal 

descriphons f= the force winch differ fr' _ach other can œ fOUIrl which 

satisfy the expenmental data eqûally weIl: '\leca'use of this lack of 

precise knowledge of the nuclear force, in adh tion wi th l ts ev~dent 

~ 
complexity, it becomes very difflcult ta derive the properties of nuq~. 

\ 
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-,' 
using a fundamental approach. As a result, tO,ga~n any understandrng of 

nucle~ at aIl,' exper~mental data on nucle~ are ~nterpreted ln terms of 
) 

varlous nuclear 'models' that are lnvented to flt the facts. 

Deperxhng upon the' number of nucleons 10 the nucleus beulg stuched, 

sorne models become more approprlate than others ln descrlblng' nuclear 

'" behav~our. It may even happen that more than one merlel lS lnvoked to 

descrl.be dlfferent aspects of the same nucleus. One of the ·most successful 

mo::lels to be used lS the shell model lntroduced urlependently by M.G. 

Mayer (2) arrl Haxel,Jensen arrl Suess (3). Th1S model was suggested by the 

~~' exper1mental ev~dence that, slmllar to the case of electrons ln atoms. the 

nucleons fi11ed up nuclear orbltals 1n a deflmte sequence winch lead. to 

sheH effects. 'Ihese 'shells' occur urleperrlently for neutrons and protons 

when the~r numbers ln Buclel reach 2, 8, 20, 28, 50, 82, 126 arrl 184. When 

L 
both neutron and proton number equals a shell closure, the nucleus lS 

fourd to be especla11y stable. 10 analogy to the lnert elements. The shell 

model conslders parbcle motl0n ln a spherlcal potentla1 Wl th strong L-S 

coupling forces. In th1S way the model lS able to reproduce the shell 

sequence for nuclel found above. 

In addltion to the eVldence for shel1 structure lt was aiso known 

that nuclear behavlOur 1rKhcated the effects of collectlve nuclear motion 

(4,5,6,7,8,9). Bohr(7) ln 1952 proposed a collectlve mode1 ta explaln 

collect~ve behav~our and then wlth Mottelson(9) 1n 1953 proposed a U01f~ed 

model where the nucleus ~ descnbed ~n terms of partl.cle am co11ectl.ve 

degrees of freedom. 

N~lsson(lO) ln 1955 introduced a model, since named the N~lsson 
," 

model, where the nucle~ were treated by consideno;} particie mohon l.n" a 

deformed well. More recently, Stephens (11) has lnterpreted nuclei showin;J 

\ 

1 
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collective behav10ur ln terms of the Coriolls effects lntroduced as a 

.' resul t of theu rotatl0~. 

'!he abundance of posslble viewp:nnts from whlch to descrlbe nuclear 

structure thus necessltate experlments whlch can .1nchcate whlCh 

theoretlcal approach lS most sUlted to wh1Ch nucleus am over what energy 

range. 'AIso, further exper1mental work may a~so lead to more general 

JTlOdels whlCh unlfy these theoretlcal approaches. As lS eVldent, one of the 

most useful experlmental datum 15 to have a precIse khowledge of the level 

schemes of the exclted states of nuclel to as hlgh a spIn as 15 

experimentally poss1.ble. We want to obtaln hlgh Sp1ns Slnce a proper 

" descnptlon of the levels over a greater range requlres that the models be . ~ 
made ~re reflned. It 1S to satlsfy thls need that the exper1mental method 

of In Bearn Gamma-Ray Spectroscopy proves useful. By perforrnu~ (Cl, xn'Y.) 

reactlons one lS able to pro]ect out of the many nuclear states certaIn of 

them wtnch are amenable to study usu:q slmple models. Other nuclear 
. 

reactwns, (p, 'Y) etC., wlll, over the same energy range, pro]ect out a 

dlfferent set of states ln general. '!hus by selectlng the probug react1.on 
'\ 

one may select states assoclated wlth one or posslbly two models. 

Hlstorlcally, r.B.'Y. began ln 1963 when Morlnaga and Guge,lot(12) 

observed that' dlscrete gamna-rays can be detected durlllg fbe de-excHatlon 

of nuclel prcduced t>Y (a,xn) reactions. MaQ.y of the baslC features of thlS " 

type of reactlon have slnce been understood and an outllne lS provlded 

here: 

When an inCOlTll.rr;J pro)ectlle, . such. as an a-partlcle, collldes Wl th 
ÇJ 

sorne, target nucleus then, providug the proJect1le has sufficient klnetl.C 

energy to overcome the Coulomb rep.ùsl.on of the target a new system may he 

formed called the canpound nucleus. For medium heavy target nuclel the 

~ , \ 

\ 
\ 
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cross-sectIon for the compound nucleus normally domIna tes the 

cross-sectIon for other react~ons for pro)ect~le energ~es moderately above 

the Coulomb barrler (13). The comp::>uoo nucleus eXlsts In a very eXCl ted 

state and urrnedlately t>egIns to 1 evaporate 1 off neutrons, protons arrl 

alpha partlcles(l4l.,Generally, however, the Coulomb barrler 5uppresses 

'the emlSSlon o~ charged partlcles and neutron evaporatlon predomlnates. 

DepeOOlilg on the energy of the pro)ectlle, one type of (a,xn) react1.on 

predomlnates. ~or example, at an a-partlcle lab energy of 59 MeV the 

126Te(a,4nl126 Xe rep~tlon has the hlghest cross-sectîon for occurrlng over 
(). 

other pos51.ble reactlon channels. After the flnal neutron lS emltted We 

are left W1. th whât 15 called the reSldual nucleus. '!he res"ldual nucleus 

e~sts ln an exclted state where Its énergy 15 less than the neutron 

bindlng energy. De-eXCl tatlon of the resldual nucleus takes place through 

the emlSSlon of gamma-rays and 1.nternal converSIon electrons. The InItIal 
, 

de-excItatIon COnslSts of gamma-ray5 from what 15 called,the statlstlcal 

reglon( 15). '!his reglOn represents the hIqh denslty of levels at hlgh 

excltat1.0n. Th~ gamma-rays from thlS reglon reglster ln the gamma-ray 

spectrum as a contlnuous background W1th url1vldual gamma-r:ays beuq 

unresolved. Because gamma-rays are InefflC1.ent at removIng angular 
• 

momentum from the r-es1.dual nuèleus, there lS a terrlency for the garrma 

cascade to reach flrst to the lowest energy state for a gl.ven SpIn arrl 

then ta cascade down further along 111e lowest energy, hlghest SpIn level 

sequence. '!'tus latter sequence lS caUed the Yrast l1.ne(l6). It i5 these 
". 

ganma-rays from the Yrast 11.ne ~nch st.an::l out ln a spectrum above the 

unr;esolved backgrourrl of statlstlcal gamma-rays,. This cascade of 

gaJTll\a-rays lS referred to as the grou~ barrl. ExamInat1.on of a spèctrum, 

however, usually shows a number of dlscrete garrrna-rays whlCh are not part 
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of the ground band. These ga.!llTla-rays come fram slde-bands wtuch recel.ve 

theIr feedu);J also from the statl.stIca1 reg 1. on and then they ln turn feed 

members of the ground band. FIgure l offers an overvlew of the transItlons 

tak~g place. for aIl electromagnetlc transItIons, except those betweeo 

states of zero angular momentum, Y -ray emlSSlon and lnternal converSIon 

compete. In the latter case, the ava11able energy and angu1ar momentum 

changes are transferred ta an orb1tal" electron winch 1S then eJected. 

The hlghest sp.tn state that one may expect to observe deperrls on 

the amount of angular momentwn broUJht ln by the pro)ectüe. ClasSlcaly, 

the maX1mum aI'kJUlar momentum 15 (17): 

where A is the atomlc rnass of the target, M'the proJectlle mass, E the 

pro)ectlle's enevgy ln MeV and Eb the Çoulomb barrler ln MeV. Eh lS found 

fram Eh ::: zZ/Al/S where z arrl Z are the target lanj proJectlle atOlnlC 

numbers. For the nucle1 Studled ln thIS work we have: 

~ 
126xe w1th E 48 MeV, L :::: 17 max 

li. 
128Xe w1th E 48 MeV, L -max - 17 

116Te wlth E = 59 MeV, L :;: 20 max 

In 1971 and 1972 Johnson et al. (18,19) stuiyux;J the 16000( Cl,4n)16Ony 

reactlon plotted 2 9 1 1'1" 
l 

Where 91 is the effectlve moment of 

inertia for a translt10n 1- 1-2, versus na u1 =4( ra - Hl) (Er - EI_~/41-2)2 

and fourrl that below 1=10 • ~ lncreases smooth1y with cJl • but above r=12 

sudden Jumps take place. 'Ihis effect is called 'back-beooirq' because of 

its shape. The satlsfactory explanatlOn of this effect forces further 
" 

refinements ta be made to nuclear m:xle1s arrl Slnce lts d1scovery much 
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Flow diagram for ganrn:a-rays produced in (c,xnY) reactl.ons. 

Taken fram MorLnag~(15) 
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1 effort has been made in the invest~gatlon of hlgh spin rotatlonal 

levels(l3,20.21). Since hlgh SplIl states are expected from the (o..xn) 

react~ons ln thlS work, thlS phenomenon wll1 also be examlned. 

In-beam gamma ;"nrk bejan at McG1l1 ln 1979. Sl.nce that tlme, many 

nuclel have been successfully studled USlng thiS technique. Since lt 

becomes more dlfflcul t to do Pioneering work USing al(:X1a parUcles, th~s 

theslS represents the last experiments to he carrled out ln thlS field 

us~ the McGl.ll equlpnent. 

~I ' 
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Olapter II - Exper~mental Apparatus 

.,' 

A)Cyclotron: 

'Ihe al(i1a part1cle beam required for 1. B. 'Y. work ~s produced by the ' 

McG~11 synchrocyclotron. This machine was commiss1oned for use ~n 1949 and 

now bears the dlstinction of helng the oldest worKlng cyclotron ln Canada. 

" However. llke a f~ne wlpe. the [)erformance of thls machlne has lmproved 

" 
Wl th age. At present, alpha parlcles, deuterons, protons and 3He++ may he 

'. 
accelerated to maximum energles of 100, 50, 100 and 133 MeV respectlve~y. 

'The reqUl.rement for a source of alpha part~cles .L5 met by a radial 

~on P .I.G source (Flgure 2). Referrlng to the flgure: hellum gas lS fed ln 

fram the top of the anode and lS suhsequently lonized bl' means of a • 

d~scharge between the anode and the two cathodes, the latter bewg located 

at the top and bottom of the 10n source. The heliurn ~ons. botl) si~ly and 

doubly charged, as well as unl0nl:zed hel1um atoms, ex1t rarually throt.gh a 

sl~ t in the anode. The body of the lon source 15 water cooled sa that heat 

released 1.n the dlschafge (about 2 kw.), may he dissipated. The lon source 

lS maintalned at a posi tlve p:>tentlal of +3 kv. sa as ta repel the 

(X>si tlve l.ons. 'Ihl.S i5 necessary Sl.nce the placement of the water pl.pes 

block the tra)ectory of the 10ns on thelr fl.rst orb1 t . 

Havlng 50 obtalned a source of alpha partlcles, i t 15 now necessary 

to accelerate them. Flgure 3 shows the pn.nclpal components of the 

synchrocyclotron, l.nchrling the Dee. The Dee has a radio frequency high 

voltage of aR'roxlmately 15 kv applied ta it. This allows for acceleration 

of the alpha partlcles by alternately attractl~ and repelllng the 

partlcles as they enter and exit the Dee ln their splral orbit. '!he spiral 
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Figure 3: 

The Synchrocyclotron 
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motlon is brought about by a large electromagnet , the pole faces of which 
JO' 

cover the top and bottom of the Dee and deflnes the maximum radlus of the 

orbltlng partlcles. The magnetlc fleld lS cyllndrlcally symmetrlc and 

talls off with the radius. The fleld strength at the centre of the magnet 

is approxlmately 17 KGauss. The alpha partlcle may he selectlvely 

accelerated by exploltlng the charge to mass ratlo dlfference between it 

and other ions present. As the alpna particles lncrease ln velocity, they 

undergo a relatlvlstic mass lncrease. ThlS increase ln mass lS a function 

'of lncreaslng orbl t radlus and, coupled Wl th the shaped magnètic held 1 

caUses the particles 1 orbl tal veloci ty ta decrease. To compensa te for 

this, the frequency of the radio frequency voltage applled to the Dee lS 

lowered approprlately sq as to provlde phas~~~tabillty to the accelerating , , 

particles. At an orbit radlus of 36 lnches, the part1cles have thelr 

maxlmum energy and are then extracted. The time taken for the beam to 

travel from the Lon source at the centre of the cyclotron to the polnt of' 

extractlon lS 600 ~s. The beam lS represented by bunches of partlcles 

25 J.lS long. 

Stretcher: 

For reasons that will he dealt with later, it is more useful to 

have a continuous beam of alpha particles rather than the pulsed beam the 

"cyclotron gi ves. '!he 1 Cee 1 shown in figure 3 enables us to do this. '!his 

changing of the beam proflle from a pulsed to a continuous mode is 

accomplished as follows: 

At a rachus of approximately 32 lnches, the radl.o frequency to the 

Dee is turned off. Tb obtaln further acceleration to the 36 inch 

extractl.on orbi t, an oscillating voltage of - 5 kv is applied to the Cee. 

The Cee is simply two 'c 1 shaped copper sheets separated by Teflon 
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, 
sUpp::Jrts ta a distance of 4 inches. It is also electrically isolatéd from 

the rest of the cyclotron. The radio frequency voltage apphed to the Cee 

is out of phase with the t~ro frequency that was ap~h~ ta the Dee am 
. ~ ~ ...... ~ ... ~ ~'...' 

contalns rarrlom frequency components equlvalent to noise. This has the 

"/~t of de$troywg the phase s tabi lit Y of the bunched beam and the 

partlcles are smeared out over the tlme lnterval between beam packets thus 

giving a D.C. beam. oThis apparatus 15 called the 'stretcher' and was built 

l'Dy Mr. Leo Nlkkinen of this lal:loratory. nie stretcher gl ves us a dut y 

cycle of 100% as compared to 0.2% to 0.4% for the unstretched beam. 

Regenerative Magnetic Extractor 

The last th:Ulg to be dealt Wl th in the cyclotron is the 

regenerative magnetlc extractor shown "ln flgure 3. This b1t of hardware is' 

a piece of irqn 'wh.l-ch causes an increase ln the local magnehc f leld , 

perturbu19 the orbi t of the parhcle5 pasSln;} by. The orbl t perturbation 
u 

of the partlcles takes the form of an ~table radlal ~osc1l1atlon whlch 

grows exponentlally wlth each orbit. Eventually 1 the orblt amplltude 

carnes the parhcles lnto the extractlOn channel from where they exit the' 

cyclotron. 'The extractlOn efflciehcy is typically 10% arx:l lS a strong 

functlon of 10n source placement. 

B)Beam Transp:?rt 

Having obtalOed an alpha beam from the cyclotron, i t is now 

necessary to transp::>rt thlS beam to the exper1meqtpl area. Figure 4 shows 
'c' 

. the po51 tlOnal relatl0nship between. the cyclotron 1 control room anj 

experimental area. 

After leaving the cyc~otron, the, beam goes through a self exclted 
, 0 

sextupole magnet to correct for spatlal dlstortl0n in the beam caused by 

the method of extractl0n. Next, the beam encounters a pair of two inch 
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quadrupole ffiagnets, used for focussu1g, and from there :;.s bent by two 

separate magnet5 thraugh angles af 30~ and 45° . Followlng the 45- magnet 

15 the degrader box. The beam can be degraded to more SUl table energles at 

thlS polnt. How thls lS done w1l1 he- explalned later. After the degrader 
" . 

box the beam l5 refocussed as necessary by a palr of four and SlX lnch 

quadrupoles and then enters the beam hall,. The beam may be steered to 

dlfferent expen,mental sltes ln the' beam hall by means of a sva tchlng 

magnet,. TIle œarn, after leavlng the sWltchlng magnet, 15 refocussed once 

more by another palr of quadrupoles and then enters the target area. At 

the target Sl te the bearn may be focussed anywhere from 3 to 7 mm., 

dependlng on beam energy. The poorer focussll'):] occurs because af the beam 

spread resul tlng from the method of beam degradatlon. 

C ) Degrade rs 

Since the (a, xn) reactlOns of lnterest may have thelr opt1mum 

/ occtrence.s at energles less than 100 MeV lt }Jecome5 necessary to hnd 
~ 

means by whlch to lawer the bearn energy. 'Itns lS accompl1shed by placlt~ 

beryll1um deçrraders ln, the path of the beam. TI1ese degraders are flat 

clrcu1ar pleces of Be. winch vary ln thlCknesS from 1.52 to 3.38 1TIl1. On 

pa5SHlg through the degraqer, the beam lonlzes-Be. atoms ln the V1Cilllty 

of 1ts path, glvlng up sorne of Hs energy ln the process. The process of 

lonlsatl.On lS statlstl.cal ln nature and gl.ves rl.se to a dlstnbution 

skewed to hlgh energles. TIus latter effect is known as the Landau-Symons 

effect and the dlstn.rutlOn lS known as the Landau dlstn.butlon (22,23) • 

The energy of the degraded beam versus degrader thlckness was 

calculated from stopping power table,s as tabulated by Wlll1arnson et 

al. (24). The beam divergence as well as the degree of straggl1ng lS 
\ 

pro(X)rtional to the atomic number Z of the degrachng matenal. The spread 
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ln energy lS calculated to be less than 5 MeV for a degradahon of 50 MeV. 

Fl.gure 5 shows the al~a partlcie beam energy as a functlon of the Be_ 

thlckness (calculated). Table l gl.ves a table of energy versus the 

dl.fferent Be _ thlcknesses aval1able. The posH1.on of the degrader box was 

chosen for two reasons: 1) the beam could be focussed at the degrader Sl.te 

2) neutrons produced at the slte could he adequately shl.elded from the 

experlmental area. The concern wl.th neutrons wl.l1 be deait wl.th ln deta1.l 

later on.' 

OJExperlmental Area 

HaVH19 dl.rected the beam to where 1. t is wan ted. a deSCrl.ptloo of 

the experlmental area 1.S now glven. Figure 6 shows the area layout. 

The motlvatlon behl.nd the deslgn of the experJ.nlental area 1S ta 

allaw for the opt1.mum detectlon of gamma-rays over extended tlme perlods 

wlth as llttle slgnal 1.nterference as possIble. The experlmen~al shed, 

wl'uch lS bull t on a ral.sed platform ln order to br.lng target and detectors 

level Wl th the beam, demonstrates thlS des1.gn ptnlosophy: 

Flrst, the shed structure ConSlsts of alumlnium; walls, roof, door 

and flood of anoh zed al ullll.num) wi th dlmens 10ns 1.85 m x 1. 85 m x 2.0 m. 

AIso, the portl0n of the beam plpe ln the shed 15 lsolated from the part 

,outslde by means of an Insulatlng teflon flange. These precautl.ons 

effectlvely make the shed lnto a Faraday cage and ehffil.nate radIO 

frequency waves glven off by the cyclotron, especlally those carrled along 

the beam plpe, from the lnterlor of the shed. As a further precautloo, the 

shed lS insulated trom the concrete floor S1nce R.F. nOlse may be 

transm1tted through the floor materia1. Next, the shed and a11 the 

( internaI electronlcs are 1so1ated from each other. '!he e1ectronlc 

apparatus recelve power from an outlet where the grourrl pln has been 
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( .. 
Table l 

AII::ha beam energy as a function of Be. degrader thickness. 

Inc1dent energy = 100 MeV. 

'rtl1ckness (cm) 'lhickness (rrq/an2 ) Ene~ (Mev) . , 
0.152 281.6 ", 78.2 

0.206 380.2 
'-.,\ 

69.0 

0.231 427.1 \ .. --- 64.3 

0.259. 478.7 59.0 

0.284 525.7 54.1 

0.305 563.3 49.3 

0.338 624.3 42.0 
~ 

'" 

, , 

,­
c 

" 
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removed, thus leavJ..n;J the electronics at a floatlng grourrl. AU electrical 

signaIs are carried from the shed ta the data accumulatwn computer 

through tn.a.><lal c~les. 'lbe outer sh1eld of the cable ] ~ connected to the 

shed aJ the 1.lme~ .shleld lS cannected ta the caslflg of aU electran1c 

modules. \TI11S cable 15 then graunded locallytat the canputer sIte. All 
\, 

these steps are necessary Slnce the detectors w1l1 plck up R. F or ather 

Spur10US electncal noise 1 superlmpose l t on the electrlcal p..11ses 

representu1g gamma-ray detectlon and lead to (XX)r detector resolution. 

The next prcblem ta te dealt w1th 15 that of the high neutron 

bal:kground present ln the ex~rune~_=_ .... poses 

a problem Slnce 1 as wlll be deal t with 1.n the sectlOn on detectors, the 

resolutlOn of Germanium detectors degrades over tlme when eXp:Jsed to high 
l' 

energy neutrons. Hlgh energy neutrons here may be anythirq from l MeV 

upwards. Ta enhance detector hfetime 1. t then becomes necessary el ther ta 

ellmJ..nate the neutrons ln the experimental area or ta thermal1.ze them. The 

protection methcx:ls used 1nvolve a canbinatian of I:x>th these requlrements. 

One source of hl9h energy neutrons i3, as stated before, the degrader 

oox. '!he degraders, hawever 1 are located on the other slde of a 3 foot 

thick concrete wall which therrnaliaes the neutrons arrl captures most of 

them. The degraders, however, increase the beam divergence causing beam 

acatteriD;J 1.nto the switchJ..Tg magnet, leadirq ta roore neutron product1.on. 

The solution to this problem was to surrouOO the SWl tch1ng magnet wi th 

concrete blacks, Ieavln;} anly suff1cient space for the œam p~pe ta get 

through. 'lhis same solutiop ia also used for the 1 beam dump '. This is the 

area 1 located arout 12 :feet from the experimental shed, where the beam is 

stoppeci. As a final effort to reduce the fast neutrons .ln the shed, the 

shoo 15 surrourxied by one foot cubic containers filled with water arrl 
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bor~c aCld. 'ftle water serves to thermal~ze the neutrons wh1ch are then 

absorbed by the Boron. Inslde the target chamber ltself, neutrons are 

prcxiuced by COlllS1.0n of the beam wlth the target and surrourxhng bearn 

plpe materlal. By fOCUSSHlÇJ the beam as tlghtly as posslble the beam 15 

preventErl from hitt1.ng the sldes of the beam p1.pe dUfl.Dg lts Journey to 

the target. By mak1.rJÇJ the target sufhc1ently thl.n, 50 ll'q/cm 2 
, and by 

USln:;:J larger eut p1.pes, the amount of l.nteractlon of the dl.spersed beam 

Wl th the beam plpe 1S reduced. 

Slnce the hlgh energy neutrons produced ln the (a, xn) reactlons are 

eml tted predomwantly ln the dlrectl.On of the beam (25,26), the Gennanlum 

detectors are always paSl tloned at angles greater than or equal ta 90° 

Wl th respect ta the beam dlrectlon. Measurements were made ta determ1.ne 

the levels of neutrons present ln the hut for the targets used. ln th1S 

work. The neutron detector used W'as a Vl.ctoreen model 488A. nns detector 

1.5 most sensl.tlve ta 5 MeV neutrons arrl only tells the flux of neutrons 

arourrl thlS energy. The average flux fouro was 110 fn/an 2 taken 10 the 

forward angle duectl.on relatlve to the beam. The letters 'fn' stam for 

'fast neutrons'. Ta put th1S number in context, Gennanll..UTI detectors begln 

to show damage at fluences of 10' - lOiD fn/cm2 (see sectlon on 

detectors) . 

E)Detectors: , 
/ 

F~ types of detectors were used for th1.S work: Llthiwn dnfted 

Germa1.~ [Ge( L1)], high prrity Germanium [Ge(HP)], B1Smuth Germanate 

(8CD)~ arrl Scrlium rcx:lide [NaI(Tl)] detectors. For gamma-ray detectl.On 

where the resolvi~ power of the detector lS cr1.t1Cal, the GermanlUm 

detectors were usel. In tl.mitx;J appllCat10ns where Yle are only l.nterested 

in the detectl.on of a ganma-ray l.rrespectl ve of i ts energy, the NaI (Tl) 
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and detectors were used. Table 2 l~sts aH the detectors used and 

their speCl.: dations. '!he operation of the sol~d state GermanJ.um detectors 
~ 

and that of the ~tülation NaI(Tl) and BGO are weIl known and may he 
~ t . , 

.. found 1.n references such 'às,,---~ulding and Pehl (27). A brief sUllll1ary of the 

maJ.n pnncJ.ples of. these detetors 11 be g1. ven . 

Scint1.llatJ.oo detectors: \. 
A sCJ.otillatJ.on phosphor is a matenal abl to convert energy lost 

by ~on1.zl.rlÇJ rad1.~tJ..on lOto pulses of 11.ght. In most $cin lation 

appl.1catl.Oos. the ioniZ1.og radiat1.ons of interest are in the fo of 

ganma-rays. eleekons 1 neutrons and alpha part.1clës .. The absorption 0 he , ., 

energy of any of the above partJ..cles leaves the atoms of the sC1.nt1.llator 

in excl.ted states wh1.ch subsequèntly deeay by e~ittl.ng light. 'lhese ll.ght 

~es are then detected by a sensl.tl.Ve photocathode. Electrons are 

eml. ted from 

anpl:Lf~ in 

the photocathcde V1.a the photoelectric effect and are 
- \ 

a photClr!lul t1. pll.er tube. '!he amplif ication in the 
1 

\ ~ 
photomultipl.1er~ occurs via a series of dynooes wh.1ch mul tlply the 

: " f 
electron flow by secondary emissJ.on .. '!he outP\ voltage 'of the 

fhotomultipl1er is directly proport:o~al to thesnergy deposJ.. ted in the 

sein tJ.llator • . >. '- r 

'!he use of NaI as a scintil1at~"'l::legan wi th th dl.scovery of 
" ' 

. Hofstader(28) in 1948 of the luminescent pro~rties of ~~ Later., an 

"\" "'. 
improvement .1n scint1l1ation was obtained by addulg "tl',lallium ·ha).ide to . "'" - "---, 
give Na! (Tl) _ 'Ille thallium halide shifts the absorbed pà~,ticle into 

the region of visible light to wh~ch the crystal is most transparent. The 

wavelength of maximum scintillat~on intensity is 420 nm _ More recently, 

the use of BGU as a scintJ..llation detector stems fram the discovery of 

Weber and Monchamp(29) in 1.973 that BOO, when exposed to X-rays, undergoes 

., 
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Table 2 

Table of detectors used 

Quantity 'l)'PE: Efficlency* , Range (MeV) 

l Ge(Li) 10% 0.03 - 4 

l p-type Ge. 16% 0.03 - 4 

l n-type Ge. 19% 0.005 - 4 
r- ., 

l n..,type Ge. 
f) 'Cf 28% 0.005 - 4 

r • 

2, NE 213 1 - 20 

4 NE 213 1 - 10 

l' J EGO 

a NaI(Tl) 1 

.,l 

* - relative to a 3"x3" NaI (Tl) 

** - at 1.3 MeV" 

Resolution** 

2.4 keV 

2.2 keV 

2.1 keV 

2.1 keV 

" 
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luminescence .• '!he actual chemisal structure of the BGO crystal ~s BL. ~ 012 , 
~~ , 

and the Hght emitted in sc~ntlllation cornes from" the 3P
l 

- ISo 

electronlc transItion wIthin 'the B~3+ ionS. For applications where the 

energy of a gamma-ray is not Important, B<D 1 S .are more sui table than NaI 1 S 

because of the~r greater detector effIClenc:,' ~~igher effic~ency 
. ~ " 

resul ts, ln part, from the greater densl ty of the BGO material. 

Solid State Detectors: 

Seml-conductor detectors were first introduced in the m~d-sixties 

" and qu~ckly gained Ln popularlty because of their superior energy . 
"resolution over Na! 1 s. 'Ihese de1;ectors may. be 'used ta measure the c::nergies 

of photons, electrons ànd heavier charged partlcles. Essentlally, the 

detector is a I?iece of solid material whose naturè and S1.ze lS matched to' 

th~ éPsorption cnaracterist~cs of the rad1atlon to be measured. When a 

photon or part~cle is absorbed, electrons an::l hales are prcxluced. 'Ihese 

are then collected by an electric f1eld 1.n the material ta provide ân 
J 

'. electrical s~gnal that is a direct rneasure of the energy of the photon or 

partl.cle. In our case, we are specifIcally 1.nterested Ln detectl.ng photons 

in th'e en~rgy range - 20 keV ta ~ 3 MeV. 'Ihe material most sui teç1 for thl.S 

appÜcation /is 'Germanium. '!he band gap frqm the valence ta the conduction 

1 

band ~s 0.79 eV, ,allowil1Ç! for the crea tian of electron· hole pa~rs wi th 

relative eas~. In fàct, the Germanlllm crystal has te he cooled to liquid 

nitrogen temperature 'to reduce the amount of thermally generated' 

electron-hole pairs. # • 

A number of processes occur when'a gamma-ray enters the detector 
, ' " c ,,? 00 ~ 

~ich -in turn lead to the production of electron-h61e ~~rs. One prooess 

is the photoelectric effect. This effect exhibi ts a Z5 dependence ,on the 
o 

atomic n!Jlllber, Z, of ~e detecting material. German~um has an atomic 

-r . 

" 

" 

, 
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i 
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number on 32 whereas Silicon, the next best materl..al, has an atoml..C number 

\ of 14, thus makin;J Ge. mo~e sUl..table for hl..gh ~nergy gamma-ray 

, \ 
spectroscopy. Apart from the photo-electnc effeè:t, photons enter1..ng the 

\ .. 
\ 

Germanl..UJT1 crystal may undergo, Compton scatter1..ng. Von th the secondary 

photon freque~tly exi hn:J the detector. As a resul t \ ~~l Y a frachon of 

the total ene~ of the phot~n 1..S deposi ted, leading to t..~e famJ..r1..ar 

Compton background m the subsequen't spec~. 'lhe' last process by winch 

photons may be absorbed 1..5 by pau produchon. Photons W,l.. th energl..es equai 

to or greater than 1. 02 MeV may 9-1 ve rlse to an electron-po5üron pair . 

The po51..tron eventually annlhl..Iates ln the detector materl..al am the 1.02 

MeV e,nergy reappears as a pal.r SU keV gartlTla-rays ermtted ln Opp:lSlte 

dl..rechons. one or l::oth of winch may escape from the detector. 'Ihus we 

fuxi that hlgh energy gamma-ray spectra contal.n slo:.:Jle arrl double escape 

peaks ~long Wl th the full energy peak. 

The hrst type of Germanlum detector to become aval1able was of the 

Ll..th1Um drl.fted varlet y . Wlth thlS type of detector. a Ioaf. nonnally 

,-/cyll..l'rlncal, of hl.gh reslstlv1ty p-type germanIum l5 prepared. L1thl.Um 

10ns are then 1ntroduced onto the surface of the Ge. bar and perml.. tted to 

drl..ft' 1nto the Ge. urrler the lnfluence of a strong electrlc fleld. 'lhe 

Il.. thl.Um lOns then compensate. or neutrall.ze. the p-type unpUrl tles 1n the 

Germamum. After the drl..ftlng PX:-0cess lS completed. there stlll rernalns a 

hl.gh o::mcentratl.on of Il. thlum lOns at the surface. proVldulg a n contact. 
( 

In operatl.on, the detector 15 reversed blased to a voltage of the order of 

lOGO v. 
12 J 

"Ihe rrumber of lJTIpUrl ty l..ons ln the Ge ( Ll) detector l..5 -10 1 cm . 

Inplrltles act as charge trappug süe.s arrl lt 1.5 to neutrall.ze thl..S 

effect of these l.np.lrl tl.es why 11 thlum cOl'Jl)ensatlon 15 used. More 

/ 

, )~ 
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recently, however, the problem of 1mpurl ty 10ns has been overcome by the 

development of Ge. crystals of 109 
- 10

12 
lmpurlt1es per cm). These 50 

cal1ed 'hlgh-purlty' detectors undergo fabrlflcatlon methods slm1lar to 

those of Ilthlum drlfted detectors e~cept that the llthlum drlfted step 15 

om1tted. A Ilthlum dlffused n+ surface layer 18 stlll used but ln th1S 

case It merely provlde5 the n+ contact and lS not drlfted lnto the 

germanlum. Of the hlgh pur l ty detectors used ln th1S work bath n and 

p-type coaxlal detectors were utlllZed. Wlth p-type materlal the llthlum 

dlffused + n contact 15 put on the outslde of the german1um and a metal 

surface barrler ln the core. For n-type materlal the contacts are reversed 

+ wlth the llthlum dlffused contact ln the core arrl the p contact on the 

outslde. 

Our earller preoccupatlon about gettlng rld of fast neutrons can 

now be explalned. A fast neutron enter1ng a Ge. crystal, }:)ecause 1. t 1S 

neutral, does not 10nlze the detector materJ .. al but lnstead loses energy 

by CollIs10n Wl th Ge. 'IOns, d1splaclng them from thelr 1att1ce Sl tes. '!he 

Ge. lOns, toward the errl of theu range, become neutral and knock further 

latt1ce atoms from thelr sltes. Consequently, a fast neutron co111..duv;J 

Wl th a lattlce nucleus can produce thousarrls of dlsplaced atoms and ,WIll 

serlously damage the crystal ln the vlclnlty of the 1nl bal coll1slon. 

Ll tlllWTI drlftect Ge. detectors sUf\er the add.l tlonal problem that, due to 

precIpl tatlon of 11 thlum lOns at damage Sl tes, the compensatIon of 

acceptors ln the ong1nal mater1al lS destroyed. These defects act as 

traW1r~ S1 tes for the slgnal charge carrIers. Slnce the locatIon of the 

Inl tlal charge pr.oouct10n am varlat10ns ln the concentt:!t10n of traps at 

dlfferent ~lnts ln the detector cause the 1055 of the slgnal to chan;Je 

from one event to aoother, a fluctuatlon ln outp.lt results. nus 
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tr~ates to poor energy res~lut10n. Hence the effort to reduce to a 

mlnimum the presence of fast neutrons at the detector 51te. Even so, one 

detector, a p-type Ge(HP) from Pr1nceton Gamma Tech., suffered neutron 

damage dur1ng the early course of the experlments and had to be replaced. 

It has been determ1ned by Kraner et al.(30) that dose levels of 1010 fast 

neutrons/cm 2 lead to measurable neutron dam~ge. 

Of ail the 5pecles of german1um detectors detectors avallable, lt 

has been found that n-type coaxlal Ge(HP) detectors are the most reslstant 

to neutron damage, belng some 30 ta 60 t1mes more reslstant than the 

d 
C;PF\liesponcllng p-type. The reason for th1s stems from the placement of the 

, ....... ,! 

\ 
p+ contact on the outslde of the germanIum ln the (\';ase of the n-type 

detector. Most particie InteractIOns occur near the outer portlons of the 

detector 50 that the hales produced have a short d1stance to travel to the 

+ p contact. Slnce hole trappIng 15 the predomInant d~a~~~g effect on 

energy resolut10n, then the probab11Ity for trapplng ta occur 15 reduced 

ln the n-type detector. 

One vltal plece of InformatIon requ1red wlth the Ge. detectors lS 

theIr detectlon efficlency. ThIS lS needed sa that the number of events 

detected can be related to the number actuall y occurru19 . nus ln turn 

enables us to determ1ne the IntensIt1es of observed gamma-rays. FIgure 7 

shows the relatlve efflclency of a 28% n-type h1gh pur1ty Ge. detector 

manufactured by Ortec. Eff1c1ency varIes W1 th detector p::!SI tlon and 1S 

usually quoted ln compar1son ta the absolute efflc1ency of a NaI(Tll 

crystal. The 28% eff1clency of the n-type detector refers ta how 1t 

compares WI th a 3"X 3" NaI (Tl) when ooth detectors are ,held at a dl.Stance 
f 

of 25 cm from a 60eo source where the 1.3 MeV gamna-ray lS the one beu~ 

measured. 
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Flgure 7: 

Efflclency curve of 28% Ge(HP) 
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F)Targets 

The targets used for ail experl.ments were prepared by one of hvo 

methods. dependlng on the nature of the target mater laI. 

In the case of the 126Te and 128Te targets, WhlCh were ln the form 

of Tellurium pc>wder, the powder was compressed to 

lbs/sq. cm ta fom a fIat tarqet of densüy 50 . The targets 

were then glued ta str~ps of mylar of densl ty 100 ~gms/cm2 • 'The glue used 

was düuted Polystyrene Q-dope. Q-dope produces a very low level of 

activity undêr Ct bombardment and the ln beam gamma-rays from mylar are 

weil known(31). The mylar w1th target lS then glued ta a target holder. 

The varl0US target holders and target chambers w1l1 be dlSCUS5e<l ln the 

chapterlpn Experlmantal Technl<Jues. In the case of the 116 Sn target, the 

procedure was Slml.lar except that the target came ln onde po~er fom and 

could not be compressed. !nstead - 50 rrq of the f1nely grourrl poloder was 

sprlnkled onto a, thln base of Q-dope of area l an2 • Of course, the 

densl.ty of the resultUlg target w1.11 not be perfectly UOl.f<;>I111 , but thl.S is 

nct consldered a problem. 

G)Data Acqulsltl0n: 

Data acqu1.sltl0n varles from experi.ment "to expenment rut there are 

features wtnch are conmon ta ail. We present these features here an::! leave 

spec1.fl.c details ta when the experiments are treated. 
f 

Data acqu.l.Slt1on 1.5 handled by a Dl.g.l.tal PDP-15:computer. '!he 

spectrum enters the cOOlputer V1.a a Tracor Northern TN-1212 analogue to 

dlg1.tal converter am from there 15 stored ln the memor'1 of the canplter 
, 

as data counts l.Il 4096 channels. '1he data aca.vnul.ated on the PDP-lS is 

analysed on a PDP-ll comp..1ter for ~ich a IlUIIi:ler of analYS1S programs have 

been wn t ten. 

( 
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Earlier the remark was made that ü was necessary to convert the 

cyclotron œam from a pulsed mcde to that of a continuous D.C beam. The 

reason for doll'~ thlS 1.5 as follows: In the (CI. ,xn) reachon, the lifetl.me5 

of the nuclear states are usually on the arder of plco-seconds. T'tus means 

that for a pulsed alpha beam an enormous amount of gamma-rays are produced 

in rursts lastH"lg 25 Ilsec am occurrHq every 600 IJS, these flgures 

correspondUlÇJ to the ,tl.me prof:J..le of the beam. ThlS has a number of 

consequences: If the 'flash' of gamma-rays exposed ta the Ge. detector l.5 

sufficiently intense, the resultlng accumulatlon of slgnal currents become 

almost llke a D.C. current burst an:l blacks the conventional FET 

pre':"ampllfl.er for a lOl1ÇJ time - from 100 Ilsec to l msec 1 even after the 

gamma-ray flash ceases. A m1.lder beam flash results ~n plle-up where two 

ganma-rays enter the detector crystal ln a tl!1le l.nterval shorter than the 

decay time of the first detected gamma-ray. Tins resul ts ln peaks whose 

energl.es do not convey any useful l.nformat1on arrl are reJected by the 

assOCl.ated electronlcs. Hence our eff lClency lS down. Also, the AOC' s on 
, 

the PDP-15 requl.re on the order of 5 ta 10 \.Isec to process, a gamma-ray 

signal durlng winch time the l.np.1t 15 blocked. Thus ~ur efficl.ency is down 

agatn. '!he solutl.on to thl.S, then, l.S to stretch the' beam as prevloUsly 

explained. 'nus gives us a continuous flow of information to the cOrlplter, 

boostlfq the efficency of the detection system. 
" 
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Olapter III: Experimental Techn~ques 

A)SiC91es: 

Pr10r to other expenments, 1 t 1S necessary to know at what energy 

the (a,xn) reactlon of lnterest is optlmally produced. ThlS lnformation 15 

obta1ned from an eXCltatlon functlon experlment. 

We first obtain a theoretlcal predlctlon of the cross sectIon for 

'productl0n of the isotOpe of Interest, uSlng the code 'Allce'(32), to 5ee 

If the reaction lS posslble ln the range of alpha beam energle5 available. 

For pre-equlllbn.:um emlSSl.On of neutrons 1 ~e calculatlon 15 done by the 

Geometry Deperdent Hybrld Model (33). For equllibnum emlSS10n the 

calculat10n follows the method of We1sskopf and Ewlng (34,35), 

Once sat1sf1ed that the exper1ment lS poss1ble, the exc1tat1on 

funct10n lS exper1mentally determlned. The exc1tat1on funct10n 50 obtalned, 

is represenled GY a plot of relatlve garnma-ray mtensl ty vérsus txJrnbarch~ 

energy. Tins experlment 15 the slmplest to execute. 'll1e target chamber 1 

f~gure 8, lS a vertlcal cyllrrler lnto wtllch two open~ngs have been dnlled 

arrl h tted W1 th entry arrl en t {X)rts for the passage of the beam. AIso on 

the cyllnder are apemngs to allow a vIdeo camera to see the target 

locatl.On. TIus camera lS used ta properly allgn the target arrl beam by 

observlng the lumlnescence glven off by a piece of phosphor flt~~the 

target 51 te. The top of the cyluner is fltted with a transparent 

plexlglass cap, the centre of which has a hale dr1l1ed ln lt for the 

insertion of a SOlld alwm.num cylurler to whlch the t~et holder l..9 

mounted (flgure 9). The cylirxler ln the cap can he moved up an::} down to 

ad Just the target pasi tion. en! Y one detector, a Ge (HP) 1 15 used l.n thlS 

experiment ard lt l.S placed at an angle of 125· re1at~ve to the beam 

--------------------------.......---. ... ~._. 
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Figure 8: 

Sirgles arxi· Angular Dis'tribuhon Target Chamber 
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1 

'Figure 9 

Target Helder am Target Fr aille 
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direction: 

,,' 
"i~ 

Normalization of the peaks in the aCq1llred spectrum lS with respect ta the _:1 

total lntenslty of the spectrum. This lS a reasonable thing to do sinee 

although the peaks of lnterest have different prOductlon cross-sectlons 

with different bombardlng energles, the total productlon cross-section 

remains fairly constant. 

l The set-up belng complete the targets are then bombarded at 

energies of 42, 49, 54, 59, 64, 69 and 78 MeV. A dlg1 tal representation of 

the spectrum (ch~pter II) accumulated at each energy is wn tten on 

dec-tape by the PDP-l5 èomputer using a generaY< purp::>se aGcumulat~on 

program. '!he eXCl tatlon funetion for each reaetl0n channel lS normally , 
o 

very distinct am i t tecomes possible to asSlgn gamma-riays, on a tentative 

basis 1 ta speclfic lsotOpeS lf the excitation functions for known 

gamma-rays are used for comparlson. More positive identlficatlon is got . , 

with the multipllClty f~lter experlment to te dlSCUSSed later. 

B) Angular D1S tributl.on: 

Part of the essentlal informatlOn needed ta construr- useful level 

schemes is ta know the spin and pari ty of the energy levels. One technique 

for obtaimng the spln of levels and, by dedu-ttion • their spin pari ty • is 

that of angular distributlOn. 

" 
The exci ted states of nuclei are subject to decay to lower states 

with simultaneous emission of electromagnetic radiation. Electromagnetic 
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Il 

radiation can l::e classified accorchO'J to the atgUl.ar roomentum (the 
2 

multi~le order) carried by each photon. For each multipole ordër there 

are t:\ox) possible classes of rachation: 0 

Electric 2À - pole (EÀ) ra(hat1on 

M.:qnet1c 2
À 

- pole (MA) racÏ1at10n 

,'Ihe term 1 mul t1polarI. ty 1 is used ta specify the kun of rachation as to 

bath class àrrl mul t1pole arder. 

Conservat10n of aI"9llar ~nturn for the system of nucleus + 

gamna-ray 1mpo.ses a selection rule for tra.n.s.l.tion between ~ states of" 

Coservation of panty further restrl.cts the c1ass of rachahon. For n . 
1 A~ radiation li If :: ( ... 1) an:l for' M>. rachation xi If = (-1) • 1

1 
arxi If 

refer to the parity of the initial arrl fuull states of the rrucleus 

eau ttirg the ganna-ray. Q1e further requiremento, a consequence of lX1otons 

havirv;J hel1.city h ;:: ,tl, 15 that no radiat10n of mult1.pole order zero can 

occur. New, for eaCh nul tlpo1e radiation of order À, the radiahon field 

displays a Characteristic argular distributl.on. 'Ibe intensity of ern1tted 

photons is gi ven by the PoyntirYJ vector: 

P = (c/4w)È x H 

the magrü. tude of which 1.5 gi ven by: 

and the éID]Ular distribution for EA am Ml ratiations will be identical. • 

. The ëm;JUlar distrl..but1on of ~tons of nultipOlarity 1. and corrp:>nent ~ is 
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g1.ven by: 

k is an even lnteger of maxl.lT1Um value 2 À • Pk (Cos e ) are ~erxire 

PolynOinlals. 

Urrler ard1.nary C1.rcumstances the r~hat1.on from a collectlOn of 

att>l.tranly oneIlted nuclel ~uld he 150trOplC. HoNever, lf 1. t becomes 
\ 

possJ.ble to ahgn these ra,hatH~ nuclei Wlth respect ta sorne axis, then 

measurement of the lntens1ty of the r~hatlOn fleld at various aIgles wlth 

respect to the syrrmetry axlS IIull reveal thlS angular d1stnbution. This 

al1.gnment of nuclel 15 obtained as follows: In our expenmental set-up, 

the lllComlng al(:i1a pancle transfers a large orbltal angular momentum to , 

the compound nucleus. For an even-even target w1th sp1n zero, this angular 

momentum acts ln a dlrect1.0n perperxhcular ta the beam d1rection and the 

c~urx:i nucleus 1.5 completely al1gned. For, targets W1 th non-zero sp1n, 
"' 

the anqular momenturn of the compourrl nucleus 1.S the vector sum of the 

~ntum broUÇJht 1.n am the spin' of the onglnal target. If the ln1 t1al <t 

spin of the target 15 small compared W1 th the angular rnomentum of the 

alçha partl.cle, then the al1grunent w!ll be almost complete. 

If the lSotOpe that we are lnterested ln 15 produced, for ex ample , 

by the (Cl,4xn) reactlOn then the neutrons arrl gamma-rays glven off J..n 

gOl.ng from the compoum nucleus to the resldual nucleus Will rernove sorne --
of the a~lar I1'Omentum makl~ the bnal allgnment partlal. 

The full mathemat1.cal treatmemt of th1S tOp1C may he foum ln 

Morl.naga arrl Yamazaki (36). Here we glve the mathematJ..cal results of 

imp::>rtance wtllch allows us to understand the SJ.. tuat.lon _ Tc treat the 

o 

excl. ted states of the resl.dual nucle1 \Ne take a stat15tlcal approach. In 
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general, the ~lar rromentum J of astate has 2J + l components m alorx;J 

sorne quant1.zatlon ax±' ~ If 'Ne cooslder an assembly of such' systems where 

the assembly 15 cam ed of prre states, then we can deflne the population 

parameter P (m) winch glVes the probab1l1 ty of each state wlth respect to a 

SUl table synmetry aX1S as the quantlZatlOr'l aX1S. In our case thls 1S the 

axis deflned by the alpha beam. '!he probablllty that a gamma-ray of order ~ 

1 

am. component V. i5 emltte:i from an oriented state of population \ 
parameters P (ml) lS then: 

where J and m refer, o~ course, to the angular momentum of the nuclear 

levels lnvolved. If we mult1ply the equat1.Qn glven ear11er govermiq-,;~e . _ 
, ,A _____ ----- ~ 

" , , ..... -~-------
an'JUlar dlstrlbutlon of multlpole rachatlon by aÀ\.I then \.ole get the'ânqular 

d1str1.butlOn of gamma-rays gl ven off by our al1gned nuclpl: 

This EqUation can be re-wrl tten sa as ta express W( e) ln terms of the 

Legerrlre polynom1als present In\ Z~\l (e). '!he resu1 t 15: 

W(S) ==[Pk(J1)Fk(Jé.J1lPk(·cos el 
k 

the term Pk lS called the stat1st~al tensor and lS def1.ned ln terts of 

the po~lahon parameters: 

Pk(]) :::: J2] + ID_l)J-m<]mj - mlkO>P(m) 
m 

k::::O, l, "', 2J 

The expresSIon F(Jè']l) takes care of the r~l:~ terms: 

:::: <-,U l+h-JfJLJÀ < 2). + 1)<>"1). - llkO>~I(J ).U.;kJfl 
Il. 

"', 
" 

" 
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where W( J J À'À;kJfl ~s a Racah coeff~c~ent. 
1 l 

Slnce an eiectromagnetic transl tIon between two nuclear levels may pr~eed 

\ ad '1.1 
v~a mIxed mult~pale r 1at10n, th1S po&SW111ty must be taken lnto 

account. If the functlon Fk ;-5 re-deflned as: 

then W (e l becomes: 

W1th 

The quantlty 6 15 called the mlX1l'X1 raho arrl ~ glven by: 

_ where T 15 the transitlon ampllttrle. 

Flnally. aIl our dlSCUSSlOr1S to thlS palOt has assumed complete allgnment 

of nuclel. Ta take care of the more usual case of part1al ahgnment we 

deflne the attenuatlon coeffICIent due to lncomplete allgnment: 

• max 
E1c = Ak ~ the statIst1cal tensor for COIllllete al1gnnent. 

We then get: 

Numenciü tables for Fk arrl ~k have been tal:.ulated by Yamazakl (37) and 

Der Mateoslan and Sunyar (38). 

_· _____ · __________________ --_______________________________ --______________ ..... __________________ ~v~J 
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" D1amorrl et al. (39) found a Gauss~an d1str:lb.lüon of substates 

formed by heavy 10n urluced react1ons. T'tus beU1ÇJ 50, the popu1atlOn 

parameter takes the form: 

] 

P(m} exp(-m 2 /2d)/L exp(-m 2 /2a2) 
m'=-J 

where c glves the characten.st1o w1dth' of the d1stnbut1on. Arrlersson and 

Sawa (40) found. by studY1ng l3,0 cases for SlX Sp1ns from J1 = 5/2 to 15/2 

that C1 • as a funct10n of J-, has an almost constant valup. These resul ts 

were parameter1zed by J. E. K1 tchu1ÇJ (MCGlll) gl VU"q : 

Q.. 1.8 
J J + 0.5 

Wlth the ,above expresslOn for P(m) Der Mateos1an ard Sunyar have tal::u1ated 

the (Jk as a functlOn of J and 0 IJ. 

Expenmentall y. the procedure for obta1nlng the angular 

dl.strlbutlOn lS 51mple. 'The target chamber lS the same as that for the 

slngles expen.ment (flg. 8) but ln thlS case two detectors are utüised. 

One detector. the mon 1 tor, 1S placed at an angle of 125 0 Wlth respect ta 

the beam ans. TIns arqle 1S chosen slnce at 125.26° the Legendre 

p:>lynom1al P2 (Cos e) term lS zero a.rd makes the determ1natlOn of relat~ve 

'1.ntensl t1es stra1ghtforward Slnce one does not have to worry about an;]Ular 

effects. The second detectar SÜS on a movable platfonn whlch allows lt to 

be rotated uruformly about the target. I::xper1ments are conducted Wlth thlS 

detector success1vely placed at SlX dlfferent angles raI1ÇJ1T-q from 90 9 ta 

150 0
• Data 15 accumulated at each angle for mth detectors and 

~ subsequently wn.tten on dec-tape. Because of the f1.nHe Slze of the 

d~tor and target. the result for the arçular d1strl.but1on has to he 

mex:hÜed. to take lnto account the f1.nlte solid arqle subterrled. nus 15 

) 
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done by 1ntrooUC1f19 a soll.d an;:Jle c.~rrectl.On factor <4< LOto our equatl.Ons: 

w( e) = L~~AkmaxPk(Cos e) 

k 

To keep the effect of Qk on the resul ts small, the target was made as 

small 1n dlameter as was practlcal am the detector pulled back as far 

from the target as cOflS1derat1ons for collect10n effl.Clency would allow. 

Ta determne Qk a program wu tten by Krane (41) was used. In thlS 
1 

progr!:un, only detector Slze lS èonsldered, the target belng coosldered a 

/ 
point source. Ta determlne the coefflC1ents Ak a Legendre flttlng routine 

found ln Bevlngton (42) was used. Examples of the fI. tted results w1ll be 

glven 1n the chapter on experlmental results. 

C)Gamma-gamma Mult1pllC1ty 

As stated earller. the results of the excItatIon funct10n 

exper1ments allows one to make a tentative assl.gnment of garruna-rays 

belongwg ta the nucleus of Interest. Ta supplement thl.s findwg and ta 

allow for the placement of gamma-rays ln a level scheme, a further 

experlment lS executed. ThlS 1S the gamma-gamma multlpllC1ty experment. In 

garrvna-gamma multlpllClty, we are able ta record events where two or more, 

three or more etc. gamma-rays are 1n c01ncidence up ta a total of eleven 

or more ln cOlnCl.dence. USlng thlS method, any gamma-ray fouro ln 

cOl.ncldence Wl th a known gamma-ray fram the nucleus of lnterest may be 

poSltlvely ass1gned as belonguXJ ta the same nucleus. KnoWHJ::} whlch 

gatmla-rays are ln colnc1dence, coupled Wl. th a knowledge of thelr relat1ve 

Intensltles, we can construct a level scherne. The ganma-ganma multlpllClty 

also alleVlates the problem of a hlgh backgrourrl ln the ganma-ray spectra. 

Durulg al(:'ha bombardment of the target, a number of ra-::hoactl ve products 

are formed. 'Ihese rachoactl ve nuclel beta decay to sorne daughter nuclel 

T 
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wh~ch 15 formed ln an exci ted state. 'The daughter then de-excltes by alpha 

emlssion. The cascade gamma-rays glven off by the daughter are of low 

,multl.pllClty Slnee the process of beta decay only feeds low ly:mg levels. 

The ln-beam resldual nuclel on the other hand, as dlSCUSsed ln Chapter l, 

de-ex<ute through a long cascade of gamma-rays ta the ground state. 'Ihus, 

ln the cOlncldence set-up, recordlng events where, say, only three or more 

gamma-rays are detected slmultaneously, wlll result ln the ln-beam 

cascades bel.ng detected Wl. th greater probabJ.ll ty over that of the 

radl.oactl ve nuclel.. 

The equlpment requlred for thls expenment is the most elaborate. 

In th1.S case a d1.fferént target chamber from that of the slngles and 

angular distributlon 1.S used. 'Ihe target lS mounted 1.n a cylurlrical 

target chamber of dlameter 2.5 cm. which has a slot eut in 1.t for target 

placement (flgure la). '!he tube 1.S htted with a plex1glass sleeve win.ch / 

when ln place over the target / forms a vacuum sealed um t. 'The clear 

plexiglass sl~eve lS used Slnce this allows for a vldeo camera ta see a 

phosphor target placed 1.n the chamber to allow for beam allgnment. 

Suspended above and below the target chamber are two large lead 

coillmators, each welghu-q 150 lbs. '!he two lead pleces form the two 

halves of a hemisphere arrl each has five hales symmetrlcally dnlled 

lnto it. Into these hales are placed )" X )" NaI (Tl) or In) detectors. In 

the expenments w1th 126Te an::} 128 Te targets. Sl.X NaI(Tl) 's an:.i one BOO 

'- were used. In the case of the 116 Sn target, the number of NaI (Tl) 's was 

increased by one. The hales ln the top pl.ece of lead are p1aced 50 that 

they do not look at holes 1.n the bottom p1.ece. The ma~n purpose of 

the lead 15 to reduce the arnount of Splr10US colncidences caused by 

CoIt'pton scattenng between the detectors. Sarrlwl.ched Wl.th the target 

v 
A'; 

" 
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F1gure 10: 
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chamber between the Iead p~eces are two Ge. detectors. Ta reduce exposure 

to fast neutrons, the detectors are placed at backward angles to the bearn 

d~rectlon. To reduce Compton scatteruq ,between the Ge_. detectors, a 1/4" 

thl.ck pl.ece of lead was bent am f~ tted aroum the beam plpe, shleldulg 

the detectors from each other. The electronlcs for thlS experunent were 

located on an overhead rack stretchlng the length of tpe experlmehtal, 

shed. Flgure (ll) glves a photograph of the complete set-up as well as a 

close-up of the target chamber: F~gure (12) shows a drawHlg 1abelhng the 

mal.n components. 

The electronlc ClrCUl try used for thlS experlment lS shown 

schematlcally ln hgure (13). The output of the sClnhllatlon detectors 

are flrst sent to a twe1ve channel photomultlpher ampllfler (Lecroy 612A) 

\ 

arrl from there to an elght channel fast dlscnminator (Lecroy 620CL). 

Slnce for two targets there were nlne detectors, the slgnal from the nlnth 

detector was sent to a quad. discrlminator. From thlS pennt the sl.gnals 

for each detector are delayed as necessary to bnng them all lnto 

cOlnndence. The coincldence œtween the detectors was establ1shed by 

USl.ng a 60co source arrl comparu1g one detector W1. th another hll aU were 

1.n mutual cOlncl.dence. This ,belng done, the sl.gnais are fed to a slxteen 

fo1d reglster(Lecroy 234lA). TIns reglster glves out plIes, the amph.tudes 

of whlch vary dlrectly, ln dlscrete steps, W1.th the number of lnputs 

fl.red. Thus we are able to tell for each event the multlpI1Clty of the 

event. A further lOput to the 16 fold regl.ster cornes frO'l' one of the Ge. 

detectors so that ln the event that none of the NaI 's fl.re there WIll 

stl.ll he an output from the reglster. The" reglSter only accepts pulses at 

l.ts Hlputs whlle lt sees a gatln;} p..11se. Th1.5 gatl.ng ~se 18 derlved from 

'a Ge. detector the slgI1a1 of wtllch 1.5 stretched to -70 ns by a fast gate 
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Figure 11 (in t';WO parts): 

A) Photograph of Expenmental set-up 

B) Close-up of Target Cl1amber 
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FigUre 12: 

Labelled Drawing of Coincidence Equipnent 
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CLrCU1t ~lagram for tne gamma-multlpllclty expèrlment 

Explanatl0n of syMbols: 
';, 
, ..... ",... 

ARC: Ampll tooe arrl RlSetlme ècmpensated Dl.SCnmlnator, 

canberra 1427 

AHP: Spectroscopy Amphf 1er, Ortec 572 

TAC: Tl..me td Ampl1 ttrle Converter, Ortec 467 

SCA: Slfx;le Olannel Analyser. O[tec 455 

Fast GS: Fast Gate Stretcher{b.ult by author) , 

SIA: SUm-Invert Arnpllfler, Ortec 433 

GOG: Gate an:i Delay Generator, Ortec 4l6A 

LGS: Ll.near Gate Stretdler, Ortec 442 
. 

œI: Dual SlITII1er am Inverter, Tennelec 'lC-212 

16 FOLD REG:16-Fold RegLSter, Lecroy 234LA 

8 QiAN FAST DISC: 8-<llannel Fast D1ScrJ.J1lUlator. 

Lecroy 62oa.. 

12 QiAN PH AMP: 12-<:hannel PhotomulUpller TUbe 

GE: Germaruum Detector 

SCIN: NaI (Tl) or EO) detector 

lIfi: Urupolar output 

INH: Pile-up output 

._~--------------------------------------------------------------------------------------
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stretcher. '!he fast gate stretcher ongl.nally used was bull t by another 

researcher prev10usiy at thlS lab (Dr. B. J. Varley). However, due to 

erratlc arJj unrel1able behav10UI as weIl as poor pulse shape of the gate 

stretcher. a ne"-' model 1011 th overall bet ter performance was bI.ll.l t by the 

author. After each gate, the reg1ster 1S cleared by a sl.gnal also taken 

frcm one of the Ge. detectors. The output of the req1ster lS LOverted to 

-
make lf p:>slt1ve, sent throu;h to a ll.near gate stretcher and then ta an 

. AOC on the PDP-IS. The slgnals fran the Ge. are of two types, a posl.t1ve 

- signal from the pre-ampllfler used for energy and a fast negatlve sl.gnal 

taken fran the anode an:l used for tl.mJ.I1g. The energy slgnais are ampllfled 

us~ Ortec 572 ampllf1ers. These ampllflers were chosen for,thelr 

excellent Stabl.llty over long perlods of tlme. The ampl1fled energy 

slgnals are sent ta two more AQC's on the PDP-l5. The tlmlng outputs. are 

used as start and stop pulses for a tlme to amplltude converter (ürtec 

467) the output of whlCh will eventually be used ta gate aIl three AOC's. 

The output wldth of the TAC slgnal was set at 25ns. The ampllflers for the 

energy slgnals have an lnh1blt output which glves a pulse whenever plle-up 

occurs on the lnput. Thls 1nhib1t pulse lS used ln anti-colnCldence Wlth 

the TAC pulse ta prevent plle-up events being recoDded. 

Data is recorded event by event on magnetlc tape. Typlcally, a run 

is 'consldered complete when at least 8 magtapes worth of information have 

been accumulated. Depending on count rate thls takes from twelve ta 

slxteen hours. The expen.mental equipment and aIl the relatect power 

suppl les generate a lot of heat which has ta he dissipated. Th1s lS 

accompllshed by COOllng the experimental hut with an air condltioner. 

D)Neutron Multlplicity: 

The three experiments Just described represent the usual method by 

Il , 
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f wh ....l-. l B da ed u.-.~ f 128........ bec of 1 ...... ' .. 'l. ta 15 acI1U.1r . ,.......".ver, or one lsOtOpe. t.". ause 

the ava1labll1ty of SlX llqu.1d SClntl11a~ors (NE 213) on 10an from the 

Unlverslty of ~ter, a neutron mu1t1p11c1ty eKperlment was also 

carrled out. The equlpment 15 ~hown ln flgure 14. Br1ef1y. four of Uhese 

detectors, mounted sa as t::> form a clrcle were placed ln the forward 

duectlOn of the beam ln front of the target. TIïe beam p1pe passed thro\.Çh 

an Open1ng at the centre of thlS detector deflned clrcle. By thls 

placement. neutrons, wtuch are expected ta be eml t ted ln the fOno/ard 

duectlOn pr 1<»: to the compowxi nucleus reachll'lg equl Llbnum (Clap. II ) , 

wlll be detected. The other two detectors are placed aOOve arrl belaw the 

target at 90 to the beam. The Isotrop1c neutron dlstr1butlon glven off by 

the compound nucleus after reachlng equlllbrlum would be malnly what these 

detectors reglster. One Ge. detector was then placed at a back angle Wl th 

respect to the beam. 

The schemat1c of the e1ectromcs assoc1ated W1 th th1S set-up lS 

shown ln flgure 15. Pulses from the neutron detectors are sent to pulse 

shape dlsccr1ffilnators (PSD's) made by Llnk systems #5010. The llquld 

SClntlllator used in the neutron detector lS able to detect both neutrons 

and gamma-rays. The response of the sClntlllator to these two radIations 

result ln different decay tlmes for the output pulses; 500ns for neutrons, 

10 ns for gammas. The dlscrlmlnators work on thlS difference in fall time 

to œIl between gamma-rays and neutrons. The outputs trom the PSD 1 S were 

then delayed using Quad discrimlnators (Lecroy 821) so that all pulses 

would arrlve slmultaneously at an elght channel fast discrlml~ator (Lecroy 

620a..). Ta get pulses from the detectors ln, order to set them ln 

( coinCldence, a radlum-berylllum neutron source was used. From the 

discrlmlnator the Slgnals were sent to the same 16 fold reg1ster used 1n 
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Fl.gure 14: 

Labe11ed Drawl.ng of ~tron Multlp11Cl.ty Squl.pment 
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Fl.gure 15 

ClICUl.t dl.agram for the neutron-mult1p11clty expenment.. 

Explanatl.on of symbols 

LS: NE2l3 ll.qul.d sClntlllator 

~SD: Pulse Shnpe Dlscrlmlnator, Llnks 5010 

Quad D1SC: Quad Dlscrlmlnator, Lecroy 821 

8 CHAN fAST orsc: 8-Channel fast D1SCrl.ml.nator, 

Lecroy 620CL 

16 FaLO REG: 16-fold Reglster, Lecroy 234lA 

TFA: Tlmlng Fllter Ampll.fler, Ortec 454 

CFD: Constant Fractlon Ol.SCrlmlnator, Ortec 463 

GOG: Gate and Delay Generator, Ortec 416A 

SC: Slow Col.ncldence, Ortec 409 

AMP: Spectroscopy Ampl1fler, Ortec 572 

LGS: Ll.near Gate Stretcher, Ortec 442 

DS1: LX1al Summer arrl Inverter-, Tennelec 'fC-l12 

SCA: Sl.l'XJle O1annel Analyser, Ortec 455 

Neutron channel output 

GE: Germanl.um detector 

INH: Pl.le-up output 
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the gëlfllT1a-qarnma nul tl.pll.Cl ty expenment. 'I11e gate am clear pulses were, 

âs before, taken ~rom the tlnurq outp.1t'll of the Ge. detector. The p:.1lses 

from the reglster were then lnverted, stretched and sent to one of the 

AOC's on the POP-lS. The energy s~gnal from the Ge. was amphfled USl.rq an 

ortec 5 72 ~llfler an:i sent to a secorx:l AOC. 80th AOC' S were gated USl.ng 

a pulse den.ved from a slow cOlnc.ldence urut (Ortec 409). The l.nhWl. t 

pulse from the Ortec 572 fed the anh-COUlCl.dence input a:rl a pulse teed 

off from the dual surrrner and lnverter module used ta lnvert the 

sClntl.llator sl~nal, fed the col.ncl.dence l.nput. 

The usefulness of dOlng a neutron multlpllClty e~per~nt results 

from the tact that l t becomes p:>Ssl.ble to dl.SCnmlnate between dlfferent 

reactlon channels, whether they be (a,30), (a, 4n) etc. Its greatest use 
, ù 

would thus he as an a~d for plaCl.I'XI gamna-rays 1.n nucle1. for wtuch rD 

level scheme eXl.sts. In the present case. the weal th of lnformahon 

already eXlstlng on the l28xe nucleus nulllfles th1.S use of the ~pment. 

For asS1.gru.rq gamma-rays for wtnch the orchnary ganma-qamna COlncldence 

results are amblguoUS the results from neutron multlpllClty may prove 
-) 

useful. 

} 
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Olapter IV: Resul ts 
1 • 

A )'llle 126 I.e ~sotope 

PreVlous Work: 

The flrst publl.shed I«)rk on the level structure of 126xe appeared 

ln 1949. ~ltche11 et al.(43l produced radloactl~ 126 r by bombardlng 

metal1~c antlmony wlth 23 MeV alpha partlc1es. The 126 1 so formed 

subsequently decayed by beta emlSSlOn to 126 Xe . A 395 keV converS1On 

e1ectron was measured arrl lnterpreted as eVldence for a flrst exclted 

state ln l26 Xe at 395 keV. Perlman arrl Frledlander(44l ln 1951, aiso 

sttrlyuXJ the decay of 126 r , substantlated thlS" fUrllng. In 1954 Kalksteln 

arrl Hollander(45) presented thelr results on the ~nvestlgatlon of the 

decay of l26es produced by ffi trogen lOn bombardment of mdlllIll. Here l t was 

~ shawn that a 385 keV garrma-ray followed positron decay {n 126es from ",tuch 

II was lnferred that thlS gamma-ray came fram the ilrst exclted state of 

1,26 Xe . From log ft measur~nts th~ grourd and flrst eXCl ted state were 

ass~gned spw ard par l ty of 0+ and z+ respectlvely. Aoother stu:iy of the 

decay of 126 l l.n 1955 by Koerts et al. ( 46) venf led the z+ - 0+ trans~ uon 

ln 126 Xe and added a second 2+ leve1 at 860 keV. No further lnvestlgatlons 

lnto the level structure of 126Xe was forthcomlng untll 1965 when Morlnaga 

and Lark(47) publlShed the flrst 1.B.Y. lnvestlgatlons of thls lsOtOpe. By 

bornbardlng separated metalllc tellurlUIll targets wlth alpha partlc1esl26 Xe 

was produced Vla the reactlon 124Te (a,2nl l26 xe. Levels ln 126Xe up to a+ 

and a posslble 10+ state were reported. Also pub11shed ln 1965 were the 

results of lnternal converSlon e1ectron measurements from the 

127I(p,2nl126xe reactlon by Sakal, Yamazakl and EJlrl(48). These 

researchers establlshed agd1n the enstence of three levels at 385, 872 

1 
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and 929 keV ln 126 xe • These levels were ass~ spln and parltles of Z+, 

4" and ~ respectlvely. It:l".L966 Bet~gen am Mo~lnaga(49) ~hshed the 
. , 

fl.rst sttrly of the level structure of 126 Xe ln wtnch a Ge( Ll') détector was 

used. The l26 Xe lSOtOpe was produced by the 126Te(3He,3ny)126xe reactlon. 

No new levels for 126 xe wer:e reported lr that work, tut better energy 

measurements of the 1eve1s up to 6+ were made. EJlI"l et al.. (50) w 1966 

publlShed work done USl.ng the anqular ~stI"l.butlon of converSlon e1ectrons 

comuç fram the 127 r (p,2n)126 Xe reactwn~ A new level at 829 keV was 

tentatlvely reported, the eVldence belng a gamma-ray of transltl.On energy 

439 keV gOlng from,an asslgned ai state to th~ flrst z+ state at 390 keV. 

The next work on l26 Xe ta appear came out ln 1969 and was pub1ished by 

Bergstrom, Herrlander ard Kerek (51). They performed an 1. B. 'Y. study on 

I26 Xe through the 124Te (a,2n)126xe reactlon. In that work levels up to 10+ 

were deflm tely establl.shed as weIl as a tentatlve 5-. level at 2003 keV. 

The energy of the levels, Vla preclse t..~urements, were aiso 

more accurately determl.ned. In 1970 Sl~h and TaYIO~52) publlShed thel.r 

lnvestl.gatlons on the decay of 126 r . No new levels were proposed bUt 

better energy level determl.nat~on of the z+ and zr level~ were made, 

these belng 388.6 ± 0.2 and 879.8 ± 0.4 respectlvely. In 1974 Kusakarl et 

al. (53) publlShed thel.r thelr study of the 127r (p,2n )126 Xe reactlon. Fl.ve 
" 

new low lylng 1evels were reported, one of whlCh, at 2561.7 kev, was not 

seen ln thlS present work. A second '61 leve1 was tentatlvel.y asslgn~\ at 

2214.3 keVand a second 4t 1evel at 1488.2 keV. A level at 1317.3 k~~as 

ass~gned spln and parlty 3+ wh~lst two 1evels at 1903.1 am 2561. 7 keV 

were tentatlve1y asSlgned values of 5+ arrl -,+. A rrore ln~epth study of 

the decay of 126cs was publlshed ln 1976 by Pathak, Lessard, Nlkkinen arrl 

Preiss(S4). Seven new 10w 1yuç leve1s for 126Xe were reported, none of 

" ;, 
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whl.d'l are produced irl LB:T. work. Droste et al. (55) l.n 1978 publl.shed 

thel.r flnchngs on the level structure of 126 Xe stuhed by means of. the 

~ay of l26cs . No new levels we~e reported ln that INOrk. F~nally. ln 197~· 

Su~ et' :\. (56) rep::lrted an ass~gnment 0+ ta a level at 1313 keV fourd 

from the àecay of 126CS • 

l.B.Y. Spectroscopy: 

The target used l.n thls th~s experiment was Tellunum 126 of 98.7% 

l,~topl.C purlty. An excitatl.oo function was measured Wl.th the 28% Ge(HP) 

...... 
detector at lab banbarch~ energl.es of 42. 49. 54. 59. 64. 69 am ,78 MeV. 

, ., 
Fl.gure 16 shows the excl.tatl.on functlOOS for six of the stronger'peaks in 

126Xe . As may be seen from the fl.gure, the eXCl.tatl.on function peaks at 48 

MeV and aIl experl.ments were subsequently carrl.ed out at thlS energy. Most 

of the peaks asSl.gned to 126 Xe exhlbit an excltatl.On functlon slmllar to 

that ln flgure 16. Exceptl.ons occurred when the peaks were tCXJ weak ta 

have thel.r l.ntensltl.eS properly determl.ned or when the peaks were doublets 

assocl.ated Wl.th peaks from other l.sotopes. Fl.gure 17 shows the Sl.ngles l 
~pectrum obtal.ned l.n the 126 Te ( ~,xn~26xe reactl.on at 48 MeV. The 

l.dentl.fl.ed as belongulg ta 126 Xe are labelled. Energy call.bratl.on • 
carned out by placmg standa.rd sources of 152 Eu , 133 Ba and 60 Co t the 

target slte. In order to correct for ra~oactl.vl.ty from the beta ecayof 

product nuclel., a sl.ngles spèctrum was taken l.mmedl.ately after urning off 

the alpha beam. 'Ille l.ntensl. tles of gamma-rays detennl.ned ta be COlnJ.ng trom 

126 Xe, of wtnch there were 25 l.n all, were determl.ned from th sl.ngles 

spectrum. Table 3 ll.sts aIl the gamma-rays and thel.r relatl.v mtensltiles,. 

The multl.pll.city fllter experlment was conducted as escrl.bed ln 

chapter III. The data was written event by event on magnet c'tape on the , , 

PDP-l5 computer and subsequently analysed bn the PDP-ll c puter. A total 

'. 

, ' 
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Figure 16 

Excitation Function for 126Xe 
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Figure 17 

Sl.l'~les Spect:r"ylT1 for 126Xe 
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( 
/ Table 3 

\\ 
Energ~es ard relat~ye ~ntens~ t~es of garmla rays ass~gned to transl tl.Ons ln 

Xenon 126. 'The "numbers ~n parentheses urllcate the uOCertalnues ln the 

last d~glt(s J • 

: 
Energy (ke\. 1 Rel. Intenslt;( Energy ikev) Rel. Intensl i;t 

166.8 (l, 131 (3) 800.7 (1) 362 ( 7) 

306.1 (1) 27 (1) 879.7 [2 ) 137 (4 ) 

3,88.62 (2) 1000 .(12) 924.,1 (1) 95 (3) 

413.6 (2) 37 (6 ) 956.4 (1) 189 (4) 
\ 

437.8 ('1) 31 ( 2) 1042.9 (2) 87 (3 ) 

472.9 (2 ) 41 ( 3) 

491.1 (1) 110 (4) 

525.1 (1) 43 ( 3) 

541':'1 (1) 1 25 * 

553.3 (1) 789 (16) 

570.5 (1) 57 ( 5) 

l' 
585.7 (1) 40 (4) 

608.5 (2 ) 54 (5) 

669.4 (1) 36 (5 ) 

680.7 (1) 40 ( 4) 

692.9 (1 ) 707 (19) 

719.0 (1 ) 64 ( 7) 

"726.0 (1) 59 ( 7) 

734.8 (1) 82 (10) 

C· 
* = upper IlJ1ll. t 

-
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of 94 gates wer.e set, 52 of wtuch were on peaks. the rest be~ng gates set 

on the spectrum backgrourrl. F1.fty two spectra W1. th backgrourrl subtracted 

were then obta1.ned. For peaks close ln energy., the same background was 

used. F~gure 18 shows examples of background subtracted spectra Wl th el.ght 
.-'-

dlfferent gates. Table 4 shows the cC1.nCldence resul ts for all the 

garrma-rays establl.shed as belonglng t'C) 126 Xe . "\ost gates were set ..... lth the 

COndl tlon that 'Ll-Jat only events where ' three or rrore garrrna-rays were ln 

c01.ncldence were lo be pro]ecled. For ..... eak gammas tne condltion was 

,changed ta two or more gamma-rays ln cOlnc1.dence. The results of the 

COIncldence experlment allowed the determ1.natlon of gamma-rays belOnglng 

to 126Xe . All the gammas Indlcated by the excltatl~n functlon as 
, 

belongulg to 126 Xe were verIf~ed by the co~nc~dence results. The 

~ntens~ t~es found from the slngles spectrum were used to set up a level 

scheme, gamma-rays wlth less lntenslty belng c0n51dered to precede more 

~ntense gammas Wlth whlCh they are ln COlnCldence. 

Angular Dlstnbutlon Results --. 

The spw and parlty of the levels asSlgned to 126xe were d~ 
princlpally from the data of garruna-ray""angular distrlbutlon. The 

intenslties of the peaks ln the angular distrIbutIon spectra were analysed 

and then normallsed to the intensitles of the main transltl0ns ln 126 Xe as 

measured by a stationary detector set at 125 degrees. The normal1sed 

intensities were fitted ta fourth arder Legendre polynomlals as a functl0n 

of detector angle. The A2 and A4 coefflcients so obtained were then 

corrected for the :ünl te solid angle subtended by the detector. 'lbe 

correction terms were calculated ta be Q2 = .94 and Q4 = .81'- The plotted 

Legerrlre functions for the gamma rays 1n 126 xe are ~hown ln fl.gure 

19. Table 5 lists the S011d angle corrected A2 anj A4 coeffl.C1ents, the 

------------------------"'------ -------- -~ -
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F1gure 18 (ln two parts) 

Examples of Çlamma Mul üpl1Cl. ty Spectra 
, 
! 

/ 

( 



1 ! 

i' 

i 

('11 

:z 
('11 
:;0 

Cl 
0< 

;:1'1; 
(1) 

c:: 

Cl 

.". 
Cl 
Cl 

1 
CD l' 0\ 
0\ 

1. 

1"""'.. 

o "'" 0\ 
o 

570.6 
d 

680.7 

734.8 

879. 

924.1 

553,3 

(, , 

692.9 

Cl . ~ 
'"'3 
('11 

CD 
o 
o 

-...l 

"" f'D 
<: 

RE~ATIVE INTENSITY 

-...l 
o 
o 

166.9 

306.? 

t--' 
o 
o 
o 

166.9 

306.2 

..A 

...-J 
o 
a 

! 

~-75.1 
i 166.9 .1 232.9 

i 
306.2 

.. 

472.8 

-525.0 

1-376.2 388.6 L 

t: :- 405. ·413.6 {-472. 8 491.1 
~ 

~-'525.0 541.1 

s::::- 5 7Q..!_~ 5 8 5 . 8 
__ <:~541.1 

570.6 553.3 

-719 . 0 734. 8 

~4·800.7 

879 • 
924.1 
956.4 

525.0 

570.6 

-669.4 f 719 692.9 
.: 7 8 4 ~ O. 73 4 . 8 

800.7 

Cl 
~ ç 879 

I:':l f 924:1 
0'\ -956.4 

~ -1042.9 

f'D 
<: 

553.3 

f~~--=-608 .5 

~ - ._ 6 69 . 4 692 . 9 

i~701. 719.0 
C~726.0 734.8 

-784. 800.7 

Cl F--:9. 
... :3 J 924.1 

I:':l 956.4 

: [-1042.9 

'" (1) 

<: 

Cl 
;po 
t-3 
('11 

w 
O:l -
O:l 

0'\ 

'" (1) 

<: 

, 



(: 
.("'"') G A TE : l 042 . 9 k e V 

. '" 
M 

co lI'l 
co lI'l 
M 0'\ 

~ . Il . N 
~ 0'\ 

64 ' ..,. '" \: lJl 

\ 

~ I~ ~~ .... ,~,~fJJ~/~f,~ ~r~~~1 lM~' ~r\ ~;~J.~WiMJt~~~(I&w~~.t~.1I 
'" M 0'\ GATE: 956.4 keV 

0'\ . . CI) M N 
I.D CI) lJl en 
I.D N M li") '" ~ . 

I.D 
0 

120 M 
r-- 0 1 

_ ~rW~'!4wJJ.(~I~~'~ 
0'\ 
~ 
r--

>< 

1,~lk;J~i/~.~.itn . .r.\'i\~.Wt/4\bfbV~ E-< 
H 
CI) 

Z 
J:z.l GATE: 924.1keV E-< M 

Z ID 
H . ïT) 0'1 

CI) . 
J:z.l co 0 N 

> M . 0'1 r--
H lI'l ,ID 

~ E-< N 

< 100 
lfl 

...J co 
J:z.l 
~ J \ .. 

~J~» 1M1PiJJp'~J~UN~~ 
'" GATE; 491.1keV ~. \\ ... . 
m 'lf'I 
m . . . 

~ ~~J M co 
0 
\0 

100 ~I 0 

co \0 
lf'I N 

~> 1 r: 
J 
~I' 

( a " 
, , ... ,.,.~; 

a 400 ,; 800 r"!, 
, { :t . 

ENERGY ( KeV) " 

. c ...... 



-60-

1 
TABLE 4 
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Mul hphcl ty Fll ter Resul ts . 
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(: 1 , 

Gate (keV) ColnCldent Garruna Ra;r:s (keV) (cont'd) 

570.5, 719.0, 734.8, 784.0*, 800.7, 879.0, 924.1, 

956.4 

726.0 75.0* , 306.1, 388.6, 491.1, 608.5, 738.0* 

734.8 388.6, 525.1, 553.3, 570.5, 680.7, 692.9, 726.0, 

800.7, 879.0 

800'.7 388.6, 392,.0* , 525.1, 553.3, 570.5, 680.7, 692.9, 

.,.. - 734.8, 784.0*, 879.0, 924.1 

924.1 388.6, 525.1, 553.3, 692.9, 800.7, 961.0* , 

(734.8 ) 

956.4 
'\t 

166.8, 306.1, 388.6, 472.9, 553.3, 692.9, 719.0 

1042.9 388:<6, 541.1, 553.3, 692.9 . 
( 

, 
\ 

(, 1 

~ 

,. 

" 
1 

" i 
i ,~. 

* = not placed in leve1 scheme 

1 

d 1 
( ) = possible co incidence 

, 

fi ... 

.~ 
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t)rqular Dl.strÙlltl.ons for 126 Xe 
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.1 , 
Table 5 

'" !.~ ... '-., 1 ~ 
Table of ~lar Distn.bution Resul ts . 

\ 
, 
" 

~ l 
Einergy (keV) A2 A4 Assigrvnen t, l 

j 166.8 -.304 ± .06, .ln9 ± .07 1 8+- 7- 0 . ~~. 

, 
! 

306.1 -1.07 :t .13 0 9-- 8+ .. 
~I' 

./ 
3e8.6~ .19 ± .05 .15 ± .07 .27 2+- 0+ 

413.6 ? - 8+ 

431.8 *3+- 2+ 

472.9 .17 :t .2 .22 :t .2 .4 ; 9-... 7-

491.1 l.Sotropl.C 2;-- 2+ 

525.1 .314 ± .08 .2 ± .~ .78 12+ - 10+ 
2 

( 541.1 .142 ± .1 .2 ± .1 (7,9)±- (S, 7)± 

553.3 .212 ± .06 -.18 ± .06 .42 4+- 2+ 

570.5 .233 ± .07 -.27 ± .08 .58 12+ - 10+ .~.,. 

585.7 .28 :t .14 -.1 ± .1 .58 5+- 3+ 

608.5 .306 ± .14 -.11 ± .16 .6 + 42 ... 2: 

669.4 .324 ± .2 -.11 ± .17 .75 8:- 6+ 

680.7 .226 ± .08 -.166 ± .09 .58 16+ ... 14+ 

692.9 .25 ± .1 -.15 ± .13 .55 6+- 4+ 

719.0 .343 ± .16 -.11 ± .11 .84 11-- 9-
~v 

6:- 4:'-726.0 .211 ± .2 -.2 ± .2 .47 .., 
734.8 .02 ± .2 -.23 ± .2 14+- 12+ 

800.7 .23 ± .09 -.17 ± .1 .53 8+- 6+ 

924.1 .304 t .08 -.21 t .1 .74 10i- 8+ 

C 956.4 .2 ± .1 0 .67 7-- 6+ 

.. ... 
(5,7)±- 6+ ·1042.9 ,-.29 ± • 11 0 f 

l-

l 
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li deduced spin, pari ty and the attenuat1.on coefficiefl'ts. '!he attenuation 

, , 

coefficients llQ are calcu1ated as ~e raho of experimental am 

theoretl.cal A2 coefhcients assurni~ the assignments llsted ln the table. 

'Ihe theoretica1 values for A2 an::i A4 are taken from tpe tables by Yamazakl. 

( 37) and Der Mateosl.an and Sunyar (38). In determwl.ng tl1€ spin and pan. ty , 

of the levels the foUowux;J assumptl.Ons were made: 1) AU quadrupole 

transltions have a positive A2 coefflC1.ent and a small negative A4 

coéfhclent. Since magnetlc quadrupole ~trans1.tions have a small transitl.on 

ampl1tuie, their occurence normally results in an isomenc state. Since 

none of the 126 Xe 1eve1s fouro in this work have any apprecl.able 

lifetimes, aU\ quadru(X)le transitions are assumed electnc't Further aU E2 
, 

transitions ~-M to ~ of the stretched variety (l.e. L = 1 Ji - Jf 1 ). 
( ·t 

2) Tr~~ns l.gher than quadrupole are assumed not to occur. 3 ) 

Pure dipole ,.J!ans:rtJ.ons have a negative A2 coefflcient. arrl zero A4 

coeffiCl;bt. Ol.Polê transtitions are also assuned to be mostly of the 
\ "--../ 

stretched ~àFiety,. Determ1.natiorlJ of the pan ty of 'the di(X)le tr~l. tl0ns 
\ ','-. , 

are 0 determu~\,.-' 1.f at aIl, by otri,er evidence, such as systematics, ~en 

possl;ble. ~?ls wluch are not easily classified by the above scheme are 

el.ther left urdetemne.d or an attempt is' made te determine them 

self-CXlllSl.Stently by means of mixed rachaUve transltl.Ons. 

'!he series of nnst intense ganma rays, up to the level at 3315.2 

keV. were previously identified by Droste et al. (55), as beiJ'l9 a cascade 

of E2 P1otons. 'lbe levels were thus asSl.gned even spin an:i even pari ty 

values erW.rw;J with the 3315.2 keV -lev1 havirç a value of 1~. 'lhe arw;JUlar 
distributions in thl.S work agrees definitely with these assi.gnnents. 

Furtller, fue levels at 3359.6, 3884.7, 4620.5 arrl 5301.2 keV all display 

unambiguous E2 distributions am are assigned values of lot • 12+, 14+, 
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am 16+ respectively. It must he pointed out, however, that for the 14+ 

. level at 4720.5 keV~ the experimentally determined arx;JU~ar d1.stn.bution of 

the 734.8 kev gamma-ray leaving that level is very J?C?Or. '!he A2 

coeffic~ent although pos1.t1.ve, 1.S very small (.02) and. has a large error. 

The A4 coefficient 1.S negatlve. 'The ass1.gnmen~ of an E2 transüion was 

thus not totally conclus1.ve., However, the assignment of 14+to the 4720.5 

kev level 1.S very reasonable sinee the eoincidence results 1.ooicate that 

the level is part of the ground band cascade. For the 10+ level at 3315.2 

keV the 879. 7 keV gamma-ray de{X>pulatJn;J this level LS a doublet which 

could not be resolved by means of a non-linear.: least squares fit. No 

arqular mstrirution for this qamma-ray was obtained arrl the 10+ asignment 

ta the 3315.2 ke..Vlevel was made on the basis of the al"XJUlar chstn.buHon 

of the qan1Tlél-ray feedinq th1.S level, the spin of the level above bei~ 

known. rüso, as 1n the case of the 14+ level, the, col.ncldence resul ts 

irxhcate that the 33l5 l 2 keV lev6f is part of the qrourxi band cascade. 

'!he 956.4 keV qanma-ray comirg from the level at 2591.2 keV am 

feed.in;J the 6+ level at 1634.8 keV, has a negative A2 coefficient a.OO zero 

A4 coefficient. 'lhis irdicates a dipole ttansitl.on. 'llle 956.4 keV 

ganma-ray is also the next most intense ganma-ray after the 800.7 keV 

! 

garrma-ray in the 8+-~ transi tian. Goettig et al _ (57) report intense' ' } 
\ 1 V 

electric dipole transitions from Î to ~ in the l2BXe am l30Xe nucleL 
/ 

Taking these facts into account the 2591 ~2 keV level 15 assl.gned the spin 

and parity of T. 'ftle level which decays ta the 2591.2 kev level also has 

a negative A2 coefficient am is /assigned spin am parity 8+ • 'lbe leve1 

at 3064.1 keV decays either by the 306.1 keV gamna-ray ta the leve1 at 

2758.1 keV or by the 472.9 keV gamna-ray to the level at 2591.2 keV. 'lhe 

306.1 keV garma-ray is identified as a dipo1e transition whereas the 472.9 
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a characteristic E2 distr~tion~ the 3064.1 keV 

value of 9-. '!he 719.0 keV gamma-ray feeding the 

3064.1 keV leve1 comes fram a lellel at 3783.1 keV arrl shows a stretched E2 

pattern. Hence the 3183.1 keV leI/el is aSsJ..gned the value lr. 

For the levels at 879.7,1317.5,1488.1, 1903.2 and 2214.2 keV, 

KuskarJ.. et al. (53) J..n 1975 J..denaf J..ed them as havlll;l spJ..n and pan ties of 

z:- , J+, 4t , 5+ am 61" respectively. For the casé of the 2t to 2+ 

transtion fram the level at 879.7 keV, the transJ..tl.ll;l 491.1 keV garrma-ray 
ho 

has an isotropie ~lar distribltion supportirç the assignment. '1lle other 
• "';y 

levels are also slmJ..larly verified by the argular dlstrù:lution. One 

exception
Y 

to th1.S 1.S the 3+ assig~nt for the 1317.5., keV leI/el. In thJ..s 

case the angular d1.striOOtion obtained prove:l toc> amblguOUS arrl" had tao 

large an err:or assoc1.ated WJ.. th it to make an assJ..gnment. Hence the 

asslgnment of 3+ made by Kuskari 15 accepted as beuX] correct WJ.. thout 

VjE!!"lfl.ca tian. 

The 2717.8 keV leI/el decays ta a 2304.2 keV leI/el by a 41.3.6 keV 

gamna-ray, the measured dl.stribltlon of which has large errors am appeais 

almost J..stropic. As a result no assignnent could be mëde" ta the 2717.8 keV 

level. The 2304.2 keV level decays,o in turn, ta "the 6+ level at '1634.9 ke\!.. 

via a 669.2 keV ganma-ray. 'Ihe arqular distribJtion of tins lattèr , 

ganma-ray ShCMS an E2 pattern am 50 the 2304.2 keV level is assigned a 

spln aria parity value 8+ • 'Ihe 6+ leve1 at 1634.8 keV 15 also fed by a 
", 

1042.9 keV ganma-ray, originatirx;J in a level Qat 2671.7 keV. 'lbe 1042.9 keV 
> , 

gélllllla-ray has a negative A2 coefficient ~ch suggesq; an assiqnment of 

(5,7):1: for the 2677.7 keV level. Finally. the level at 3218.8 keV is 
, / 

assigned the value (7,9) t sinee i t decays ID the 2677.7 keV leve1 via a 
- -

541.1 keV ganma-ray which 'ha$ an E2 distribution. 

1 , 

. c, 

, 
~ 

1 
1 

1 
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Figure 20 shows the level scheme of l26xe dE'duced ln this work. 

Most of the previouSly reported levels have been observed arrl a number of 

new levels are reported. F9r example 1 the 16+ 1evEÙ a"t 5301. 2 keV is the 

highest spln yet reported for thlS lsotOpe. The negat1ve parlty levels at 

3064.1 and 3783.1 keVare also new. After the analysis of thlS isotope was 

completed a paper by Kusakarl et al. (58 - Nuc1ear PhYS1CS June 1983) was 

publlShed. 'lhat paper confl.rms the maln features of the 1evel scheme 

presented here rut goes only ta a' spin of 14+. Also the 9- aOO Ir 1eve1s 
"'" 

are not reported ln that paper al thO\.çh the 7- level is. 

In chapter V the level scheme Wlll he dlSCUSSed arti the subJect of 

back-ben:hrg wl.ll be dea~t Wl th there. 
/ 

.' 

~,~y------~----~~--~----------~----------------------------~-------------

, , ... 

\ 
" 

'1 

1 
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Figure 20 

Level scheme for 126xe 

(Energ~es are J.n keV) 
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Prevl.OUS work 

Monnaga ard Lark( 47} presented, in 1965, a level scheme for 128Xe 

deduced trom l .B. Y. stOOies. The target used wa.s separated metalllc 

Tellurl.um an::! {'the 128 Xe lSotOpe ,was produCed Vl.a 128 Te (a, 4n1 ~28 Xe ard 

128Te (Cl, 2n'Y r1 28 xe reactlOns. The l.ncident energy of the alpha parUcles 

was 48 MeV. Grouoo band leve 15 up ta let were reported ln tha t work. In 

1967 Bet.tgen ... ~ MonMga(49) publlshed the fl.rst study of the level 

stru~ture of l28 xe USll"q a Ge(Ll) detector. The l28 xe l.sotope was produced 

trom the 128 Te (3 He 1 3m )128 Xe react~on Wl. th a maxl.mum pro]ectJ.le energy of 

19.3 MeV. Because of tins JpN pro )ectlle energy 1 as compared to the 

pro]ectlle energy used ln Ref. 47 above, the grouOO barrl levels were seen 

only up to a spll'~ of 6. 8ergstrom et al. ( 51), ln 1969, were the next to 

128 126 
Pl!hllsh data on the level scheme of Xe. By b:JmbardH~ Te wlth 28 MeV , 
al(t\<!1 partlcles, they were able to prcrluce 128 Xe an:i observe levels up ta 

10+ .. They were a1so the fl.rst to carry out an angular dl.stnbutlOn 

expenment on thls ~sotope. A negatl.ve par1ty level of spln 5 at 2003 keV 

was tentatlve1y reported. In 1971, Relerson et ~l. (59) used a bent-crysta1 

spectrometer to obt~n t'llgh precl.Sl.on ganma-ray energl,es arrl relatlve 

~ntensl. ty values for the 128 Xe lsotope. '!he 128 Xe lSotOpe was produced na 

the decay of 128 1. 'IW leve ls were reported ln that work. the z+ - 0+ 442.9 

keV level apd the li - zt 968.5 kçV level., Gordon et al. (60), ln 1975, 

pop.11ated t4e first 2+ level fn 128 Xe by COUlomb excltation. No further 
\ 

;' 

informatl-Ûn regardll'lg the lev'l scherne was rep:>rted ln that work. Helmer 

et al. ( 61) pub1ished. ln 197"1, the resul ts of thel.r lnvestiqaUon of the 

decay of )28es . The 128es was prcduced by 800 MeV proton irrluced 

spallatl.on ln praseodymium metal foils. 'lbe subsequent decay of 128es to 

.~ 
'.~ 
':l 

.. . 
,; 
~ 
.' i 
h , . 
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~ . -~ 
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.128Xe allowed the assigninc;;J of 57 gamina-rays to the 128Xe nucleus. High 

spin ~tates were IlOt p:>pulat~. In 1979 Shneider et al (62) presented their 

results on the decays of 128es ànd 128 r to states in 128Xe . As .ln Ret-. 61" 

1evels of sp~n h.lgher than 4+ were rot populated. Also presented ln 1979 
• 

were the resul ts of the decay of l28es as done ~ Suqh et al. (63). '!he 

main thrust of that work "was the- assigning of an 0+ excit~ state in 

128Xe • Finally, ln 1980, Goettlg et al. (57) p.1blished an in-depth LB. "\' . 

stooy of 128xe produced through the 128Te ( a ,2nY) 128Xe and l28'nt( 3H ,3n"\') l28xe 

react~ons. Many new levels not ln the ground band were rep:>rted. 'Ihe 

highest spm asSlgned to a grourrl barrl level was 10+ an::i a number of 

negat.l.ve par.l.ty states were reported. 

1.8. 'Y. Spectroscopy 

The target used in th.l.S experl.ment was Tellurium 128 of 99.19% 

lsotop.LC pur~ ty. AS in the case of the 126Xe isotope an excltation 

functl.on was .obtauled by bombarch~ the 128Te target at energles of 42. 

49, 54, 59, 64, 69 arrl 78 MeV arxi ana1ys.Lng the spectrum bbtal.ned at each 

energy. Flgure 21 shows the excltat.LOn functlOns for Sl.X of the stronger 

peaks .Ln l28xë. Except for the case of the 612.4 keV gamna-ray, aH the 

peaks have their maxJ.mUm lntensl ty at 42 MeV. When the beam is degraded to 

42 MeV l.t becomes very diff.l.cu1t to focus (Olapter II). Because of this 

latter dJ..ff1cul ty arrl slnce we are interested in obtainin;J as high a spln 

as possl.ble .Ln the resldual l28 xe nucleus, ~e experiment was run at 49 

MeV. Ttus was made feasible by the fact tha~n the intensity difference '" 

between ganma-rays êmi tted from the 128xe nucleus at 41 MeV is net that 

nruch greater fh~ those eln1.tted at' 49 ~V. Figure 22 shows ~e ~les 

spectnlm obtained in the 128Te (a,4n)l28xe reaction at 49 MeV. Tfle peaks 

identified as belonging to 128xe are 1abe.l1ed. Energy calibration was 
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Exéitation Function for 128Xe 
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performed by collecting spe.ctra of 133:aa and 152Eu isotopes placed at the 

target site. Radiatio~tra were collected after each experiment. In 

aH, 25 garrma-;rays have been assigned to the 128xe nucleus in this work. 

Table 6 llSts aIl the gamma-rays assigned and their relatlve intensities. 

For the multiplicity filter experiment, the procedure descr~ in 

Chapter III was followed. A total of 68 gates were set, 35 of which were 

on peaks, the rest bewg set on the spectrurn backgrourrl. Figure 23 glves 

eight examples of background subtracted spectra with eight dlfferent 

gates. Table 7 shows the coincidence resul ts for a11 the gamma-rays 

establlshed as belonging to l28xe . From the coincldence results most of ,..<,. , 

the gatmla-rays previously asSlgned to the 128xe nucleus through LB.T . 
.,., " 

spectroscopy were confirmed. In additl.On three new levels at hlgh-sPlns 

have been fourrl 1n thl.S work. 

The neutron multipllClty experl.ment was performed as descrLbed in 
• t 

Chapter III. If the neutron detectlon system was 100% efflclent, then each 

spectrum accumulated would contain only those gamma-rays belonglng to 

nuclel fo~ after one neutron emiss1on, two neutron em1SS10n etc. For 

the case of the experl.IDen~ actually performed, the overall efflclency of 

the neutron detec'tion system was low, beug certainly not greater than 

àbout 25%. As a result, the ganvna-rays corresponding to xn reactlons were 
l , 

seen ln all spectra where the neutron multipllclty was <: x. Aiso, the 
, " 

lntensl tles of the gamna-rays detected all decreased Wl th lncreasll19 

neutron RUltlpl1Clty. Ta dlffererttlate be~r:l the different reactlOn 

channels, the lntensities of gamma-rays found in spectra of mult1pllCities 

. of t'wo ~ three ne~trons were divided by the intensities of the same 

ganrna-rays as fourd in the one neutron mul tlpll.ci t,Y spectrum. 'Ibese 

-, 

. . 

-
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Table 6 

Energies and relative intensities of gamma rays assigned to transit~ons in 

Xenon 128. The numbers ~n parentheses iooicate the uncertainties in the 

last dig1t(s) . 

Energy (keV) Rel. Intensity Energy (kev ) Rel. Intensl.ty 

204.1 (1) 32 (4) 808.4 (l) 77 (5) 

271.8 (1) 75 (6) 846.0 (l) 156 (12) 

2~6.4 (1) 50 (2 ) 852.1 (1) 79 (20) 

353.8 (2) 30 ( 2) 887.1 (2) 34 (4) 

429.1 (1) 34 (2) 953 (1) 15 * , t 

442.89 (5) 1000 (20) 1196.2 ('1) 132 (2) 

460.6 (4) D 41 (4) 

- " 
491.1 (1) 12 (2 ) 

""" 526.6 (1) 41 (3 ) 

531.9 (1) 53 (4) 

550.0 (1) 68 ( 3) 

570.6 (1) 40 (2) 

590.2 (1) 893 (62) 
~ 

612.4 (1) 110 (9) ~ " 
~ 11 

625.0 (1) 75 (3 ) 

656.8 (2 ) 34 (2) 

Ç683.9 (1) 266 (8) 

704.2 (1) 669 (13) 

( 
775.6 (1) 441 (13) 

." .. uwer limi t 

D = doublet 
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~7 
Mu1tlpliclty F11ter Resu1ts. 

Gate (keV) (keV) 

204.1 297*, 442. , 590.2, 704.2 

271.8 286.4, 442.9, 590.2, 
", 

704.2, 1196.2 
• 

286.4 271.8, 442.9, 5~.2, llQ6.2 1 

353.8 (204.1), '442.9 

429.1 271.8, 442.9, 590.2, 775.6 

442.9 204.1, 271.8, 286.4, 353.8, 526.6, 529*, 550.0, 

590.2, 612.4, 625.0, 656.8, 683.9,- 704.2, 775.6, 

808.4, 846.0, 852.1, 1196.2 
\ 

460.6 442.9, 590.2, 704.2, 7'75.6 

491.1 442.9, 590.2 

526.6 442.9, 460.6 

531.9 442.9~ 590.2, 704.2, 766* 1 846.0 
i 

550.0 271. 7, 442.9, 590.2, (656.8) 

570.6 442.9, 590.2 

590.2 204.1, 271.8, 286.4, 353.8, 429.1, 442.9, 

(460.6) , (526.6) , (550.0) , 612.4, 625.0, 656.8, ;, ~ 

" 
683.9, 704.2, 736*, 775.6, 808.4, 846.0, 852.1, 

, 
, "' 

.. 1196.2 

612.4 442.9, 590.2, 683.9, 704.2, 775.6, 808.4, 953 

Ct 625.0 201*, 271.8, (353.8), 442.9, 590.2, 704.2 

656.8 271.8, 353.8, 442.9, 550.0, 590.2, (704), 737*, 

\ 
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( 
~ 

.. 
Gate (keV) Co~nc~dent Gamma Raïs (keV) (cont 'd) 

• 
1196.2 

683.9 442.9, 590.2, 612.4, 704.2, 775.6, 808.4, 953 

704.2 204.1, 442.9, 460.6, 590.2, 612.4, 625.0, 683.9, 

775.6, 808.4, 846.0, 852.1 

775.6 271.8, 277* , 429.1, 442.9, 460.6, 590.2, 612.4, . 
, 

683.9, 704.2, 80~.4, 852.1 

Cl 808.4 442.9, 590.2, 612.4, 704.2, 775.6 
11 
i 

846.0 204.1, 442.9, 531. 9, 590.2, 625.0, 704.2 1 

852.1 442.9, 590.2, 704.2, 775.6, 887.1 

887.1 442.9, 704.2 

953 442.9 

1196.2 271.8, 286.4, 353.8, 442.9, 550.0( 590.2 

.t . 

f 
'. 

'p. 
'\,' 

- , " .~ 

i 
'" ~ 
~ 

1 
* • net placed in level scheme '1 

". ) ... possible coincidence :j 

1 

c: 
~ \~ 

~ 
*1 

: ' 

t C J 
! 
F , 
~ 
; 

J , 
,. .44$ 
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~ 
reaction channel. Ha.rever, because of the low efficiency of, the system, a 

peak COIUn:] from one reachon channel may be contaminated by a peak of 

sirnllar energy comll'ç from another react~on channel an] the resul tlng 

1.ntensi ty ratid would not be useful. In addl. tl.on, because of, poor 

statl.shcs, l t was found that the 111tensity r:ahos could net he accurately 

de1:lertnl.ned 1 "lf at aH, for weak peaks. 'Ihe peaks for wtuch the lntens1ty 

ratios could be accurately determ1ned are llsted ln table 8" In the case 

of the 442.9 keV ganma-ray the 1ntens1 ty ratl.O is ailomalbùsly large. 

Exam1natl.On of the rad~ation spectrum of the 12~e target after 

~ent reveals a radlatlon peak at 442 keV. The large value of the 

intensity raho of the 442.9 keV gaJl111a-ray lS thus attributed to .---

contamlnat~on by the latter rachatwn peak. 'Ille isotope eml.tting the 

~adlatlon was not determined. In general, the neutron mult~pllClty results 
\ . , 

tonfum the ass~gnrnents of gamma-rays to the 128xe nucleus as determined 
r 

from the gamma multlpl~C1ty data. 

Angular D~stribution Results 

The,spln and'paritles of the levels assigned to 12SXe were deduced 

ma~nly from the gamma-ray angul~ distrib..i~on "data. As for the 126xe 

isotope, the intensihes of the peaks in the angular distribuhon spectra 

were analysed and then normalised to the lntensities of the main 

transitions in \128xe as measured by a stationary detector placed at 125 

degrees. These normalised lnten.9l. tles were fi tted to fourth order Legerrlre 

polynomials as a function of detector ~le. '!he/ A2 arrl 11.4 coefficients 50 

obtained were then corrected for S~lid arqle éffects, the correction terms 

bei.n;J calculated as Q2 -= .94 am .J == .81. 'Ihe plotted t.egeOOre function 

for the gamma-rays in 128Xe are shown in figure 24. Table 9 lists the 

- solid arçle cottected 11.2 am 11.4 coefficients, the deduced spin, parity ~ 

1 
1 

~ , 
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/,- the attetruation coefflcients. In determim.ng the spln a.OO parity of the 

1eve1s, the assumptions detailed in section A of thlS chapter are errçloyed. 

Most of the leve1s fourrl in thl.S work confirm the results published"" 0 

bY Goethg et al. ( 57). '!he grourrl bard levels aH show thê-typ1cal 

str1tctlOns. '!he level at 4617.6 keV'is new for this 

isotope asSl.gned a sp1n anÇ parlty of 14+ on the ,basl,s of its 

other new level repÔrted, at 5570.6 KeY, is 

the 16+ 1evel but the 1ntenS1ty of the 953 keV gamma-ray 

pulating th1s level was tao smalÏ for its an:JUlar d1stributl.on to be 
" . 

and parHy of 12+ 

new 1evel, at 4252 keV 1S tentatlvely asslgned a spln 

The level at 3365,keV, prev10usly assigned a value g+, 

10+ by Goett1g et al., 1S tentatlvely ass1gned a sp1n and parity of 10+ 

here. Although the A2 coeff1cient is posit1ve and the A4 coefflc1ent is 

negatlve for the 852 keV gamma-ray de~PUlatlng th1s level, the 

coeffic1e.nts have large errors asSign~ to them, making a defimte 

asslgnment :unpossible. A number of levels have not ~n assigried any spin 
l[r-

1 am. parHy becauseof the amb1guity 1n the1r angular dlstribut.ù?ns. '!he . \. 
c , 

negahve parity states reported bX Goettig et al. at c 2229.3, 2501'.,1, 

2583.3 and 2720 keV are confirmed. For the level at 1430'.1 ~eV ~ttlg et 
, 1 
\! . 

al. have the spin, and pari ty of th1S level as being ~ • From' th~ angular 
; 
\ 

fi> 

distribution of the 460.6 keV gamma-ray depopulating th1S level tound in 

this work, the A2 coeff1cient is .21 and the A4 coefficient 15 -.14 

irrlicatin;} an E2 transition. Although this gamna.-ray 1S a doublet Wlth a 

461.6 keV gamna-ray depopulating the 2974.5 \<eV level, the larger part of 

the intenSity is due to the 460.6 keV gamma-ray depopu1ating the 1430.1 

1evel. Hence, the 1430.1 keV level lS tentat1vely asS1gned a value of 4+ • 

contra:hctuq the 3+ value previously reported. 

-
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! • / Table 8 

'" . 

\-\r 
Neùtron Multiplicity'~esÛlts 'ol~\ ~ 

,t 

Energy (keV) 120 / 10 % I30 / 10 % 

f" 271.8 25 (2) 2.0 (2) 

353.8 24 (4) 1.8 ('8 ). 

429.1 27 (2) 2.i (2) 

442.9 43 (2) 3.8(2) 

460.6 22 (4) 2.7- (6) 

550.0 24 (2) 5.4 (5) 

570.6 27 (3) 1.5 (5 ) 
... 

24 (1) 2.1 (1 ) <. 590.6 

612.4 24 (2) 2.6 (2 ) 

625.0 21 (2) 2.6 (2 ), . ' 
683.9 23 (1) ~.s (1) 

704.2 24 (1) 2.1 (1) 

775.6 24 ( 1) 2.2 (1 ) 

808.4 25 (2) 2.0, (3) 

846.0 25 (1) 2.3 (2) 

852.1 29 (2) 2.4,« 4) 

887.1' 33 (4) 2.9 (7) 

"953 24 (4) 3 (1) 

" , 

/-
.. _.L. __ _ ., ___ ~_ 
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Table 9 

Table of Angular DIS tn.rution Resul ts . 

Energy (k.eV) A2 A4 a2 AsSlgnmerlt 

204.1 -.13 ± .18 0 ? - 14+ , 

271.8 -.62 ± .2 0 (4- ,0) - S--

286.4 l.sotropie ? - (4- ,6-) 

353.8 .62 ± .1 -.27 ± .12 ? ~ 
JP 

429.1 isotropie ? - a+ 

442.9 .22 ± .08 -.004 ± .06 0.3 r-- 0+ 

460.6 .21 ± .08 -.14 ± .1 ( () - z+-
, 

491.1 -.8 ± .3 0 5""- t;+ 

526.6 isotropie ~- z+-

531.9 .35 ± .09 -.03 ± .1 (T,a-,11-) -5""" ,6-, T 

550.0 .11 :t .06 " .04 ± .07 ? - 4- ,6-

570.6 .18 :t .1 .09 t .1 ? - 4+ 
-------

590.2 .23 ± .07 
.. >' '\ 
-.02 ± .16 .45 4+-:Z+-

612.4 .29 ± .07 -.05 ± .08 -. .72 12+ - 10+ ", 

625.0 .2 ± .09 .08 ± .1 ? - 5- ,6-,7-

656.8 .22 ± .1 -.14 ± .1 

10+ - a+ '" 683.9 .21 ± .08 -.04 ± .08 .52 -cj 

", 

-, 

6+ - 4+ 704.2 .25 ± .06'" -.03 ± .06 .55 ,~ , 

775.6 .28 ± .06 -.04 ± .oa .65 8+ - 6+ 

808.4 .17 ± .16 -.12 ± .17 .43 14+ - 12+ 

846.0' -.29 ± .2 .9 ± .2 ç 6- - + 

( 
, ,7 - 6 

t 
~ 

852.1 .25 t .23 -.02 ± .2 0.6 10! - 8+ i 
! 
" 
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Table of An;Jular DistrIbution Resu1ts (cont'd) 

Eneigy ( keV) A2 A4 a2 Assi~nt 

,~ 
887.1 .26 ± .16 -.1Gf'± .17 (12:-> - 10+ 

2 

953 ? - 14+ 

1196.2 - .32 ± .04 0 .97 5- - 4+ 

( 

l 4 1 • -
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Level Scheme , 

The level SCfleme deduced ~n th~s work :LB shawn in figure 25. '!he 

spin of 14+ asSlgned ta the 4617.6 keV level 1.S the highest yet reported' 

for th1S isotOpe. After' the analys1s of th1S lsotOpe was completed, a 

paper" by ,~KUSakafl et al. (58, Nuclear PhyS1CS June 1983) was publ1shed. 

'!'tris paper ver~hes the ma~n features of the level scheme presented here 

but goes only ta a spln of 12+. 

f 

The level scheme wlll be further d1SCUSsed ln Chapter V where the 
) 

tapie of baek-berrlug will be ~ated. 
/-~~-"'- ;"J~ J / l ~-,~,r 

l "..., . .-.-._-" 

\ 

\ 
1 

, 
j 
1 

j , 
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Fi<JUr! 25 

Level scheme for 128Xe 

(Energies ~e in keV) 
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at 607 keV with 

C )'nle 116Te l.sotope 

Previous Work 

In ~967 Bet~geri an:! Morl-naga(49) proposed a level 
o 

a spin am pari ty of 2+ .for the 116.re isotope.' '!he 116Te lsotOpe was 

produced Vl.a the 116Sn ( 3He , 3n)116Te reactJ.on, carned out at energ1.es of. 

19.3, 17.5 am 15.0 MeV. 'lhen, ~n 1969, Lukko et al. (64) ~llShed ~el.r 

stu:iy of the 116Te nucleus as produced Vla the 114sn(a,2n)116Te reactlon 

at 33.5 MeV. 'Ihey assl.gned four gamna ra:ys to 116Te • The 607 keV gamna-ray 

reported by Betlgerl and Monnaga was not seen in that work. The four 

gaJmla-rays asSlgned by Lukko et al. were estabhshed as comu~ from the 

2+ - 0+ ,4+ - 2+, 6+ - 4+and 8+ - 6+transit1ons Wlth energles 678.8, 680.6, 

643.0 and 770.8 keV respect1vely. Warner am Draper(65) ~1970 stuc:hed 

the excited states of 116Te through (a,2n) and (a,4n) react1ons, fuxhng 
J 

the same levels as rep:>rted by Lukko et al. and confull\ipg the absence of 

a 607 keV gamma-ray às reported in Ref. 49. In 1973, l.n-beam e1ectron 

116 ' converSlOn measurements were made by Wyèkoff am Draper (66) on Te 

produced ln the reactlOn 114 Sn (a. , 2n )1l6Te . nus work 'confirmed the 

spln-parity asslgnments previously mérle for thl.S nucleus. Gc::I'wdyet al.(67) 

in 1976 reported the fust sttrly of the decay of 116 J to 116Te . The 679 

kev doublet ln 116Te was seen aloD;J with, a new 540 keV ganvna-ray 
< 

depop.1latug a 1evel at 1. 2191 MeV. '!h1.S latter leve1 was glven the 

tentatl ve asslgnmen t of (0-:-, zt). Guon et al. (68) p.ID~ished in 1981 the 

results of their study of 116Te produced through the 106Cd + 12e reaction. 

Two new levels were reported, one at 3575 keV an:i one at 4412 keV. '!he 

3575 keV leve1 was assigned spin an:1 parity of 10+ ard the 1evel at 4412 

keV was given the tentative value of (12+). Finally, ~n 1982, 01CM:iury et 

al. (69) p..Iblished their fuxhrgs on the exci ted states of 116Te • '!he . . 

I-----------------------------------------------------------------~---

1 
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reactions used were 114Sn ( u,2n)l16.re and l06Pd ( 12c,2n) ll6.re. In the (u,2n) 

re~ction the level at 3575 keV rep:>rted in Ref. 68 was confirmed rut net 

th~ level at at 4412 keV. AOOve the 3575 keV level are two levels at 4346 
" 

keV am 5109 keV asslgned tentative spins am parities of (12+) and (14+) 

respectively. A 1025 kev garrma-ray depopul~ting a level at 3028 keV wâS 
1 

also fouOO to feed the 6+ level at 2003 keV. 'Ihe 3028 keV level was 
ô 

tentatively asSlgned spin and parity (7-) . '!he 3028 keV level is in turn 

fed by a gan-ma-ray coming fram a, level at 3175 keV fbr whieh no spin 

. assignment was made. 

I. B • ..,. Spec troscopy 
1 

For tlus expenment the target used was ll6Sn in the form of tin 

oxide of 95.6% isotopie purl.,ty. As in the case of the previous two 

isotopes, an excitat10n function was measured with spectra being taken at 

lab energies of 42. 49, 54, 59. 64, 69 and 78 MeV. Figure 26 shows the 

excitatl.on function for the six strongest peaks 1n 116Te • The graphs aIl 

have their peak at 59 .MeV. so al! subsequent experiments were performed at 

thlS energy. Figure 27 shows the singles spectrurn obtained from the 

116Sn (a,4n)ll6Te reaction at 59 MeV. The peaks identif1ed as belonging to 

116.re are labelled. Energy calibration was made by collecting spectra from 

152Eu , 133Ba am 56co placed at the target si te. The energies and 

intensi ties of al! garrma-rays identified as belongin:] to 116Te are listed 

in table 10. 

'nle mu1 tlplici ty experiment was corxlucted as described earlier in 

Chapter III. A total of 96 gates were set, 51 of which were on peaks, the 

remairrler bein;J gates set on the spectrwn backgrourrl. Fiftyone spectra 

with background subtraeted were then obtained. Figure 28 shows examples of 
. 

background subtracted spectra with four different gates. Table 11 gives 

---.. _ ... ;;or. ... -
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Figure 26 
't 

ExcÙ;ation Funcdon· for 116Te 
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c 
Table 10 

Energies ard relat~ve intensities of gamna rays assigned to transitions in 

Tellurium 116. 'Ille numbers in parentheses urll.cate the uncertal.nties in 

the last digit(s). 

EneE9Y (keV) Rel. Interisity 
, 

. 147.19 (5) 88 (8 ) 

493.1 (,3) * 25 (5) 

~* 1.lI'X1etermined 

642.6 (1) 760\ (36) 

678.5 (1) 1000 (30) 

680.2 (1) 920 (55 ) 

( 
763.9 (1) 121 (8) 

770.2 (1) 574 (25 ) 

801.1 (1) 223 (12) 

1024.5 (2) 162 (15) 

* = tentatl.ve asSl.gnment 

\ 

( 
(' 



• 

( 

91-

the cOlncidence results for all gamma-ra ys determined to belong to 116Te . 

The analysls of thlS lS0tOpe proved very difflCUlt Slnce the 

ganma-rays of lnterest are aH very weakly produced. In an attempt to 

squeeze as much lnformat1on as possll>le out of the colncldence data, each 

gate was analysed several tlmes by prO]ectlng out spectra for winch the 

number of gamna-rays ln COlnCldence varied from two or more to four or 

more. 'Itus was done ln the hope of detecting other posslble gamma-rays 

that may have been present ln a cascade of hlgh multlpllClty. 

The level scheme was established on the baslS of relatlve 

intensltles. For the 678.5 and 680.2 keV doublet, the hlgh resolutl0n of 

the Ge. detector used made lt poss1ble to fit the peak wlth a non-ll.near 

least squares flttlng routlne and unamblguously determlne the relatlve 

lntensltyof each component garrma-ray. WltP this lnformatlOn, the correct 

order of the peaks could be accurately determined. For the 770 keV 

doublet, the peak could not be resol ved lnto 1 ts components. However, the 
~ 

relatlve intensity of 574 for the 770 keV peak compared to the relat1ve 

lntensl ty of 223 for the 801.1 keV ganvna-ray urllcates that one member of 

the doublet lS below the 801.1 keV gamna-ray and the othet above the 801.1 

keV gamma-ray. The only amblgulty canes from the relatlve placement of the 

upper 770 keV peak arx:l the 763 keV gamna-ray. '!he placement f1nally made 

was chosen(on'-i>b~ baslS of prevlous work. 

Aryular Dlstn.wt;wn Results and Level Scheme 

The spin and pan ty of the levels assigned to 116 Te were deduced 

fram the argular mstrü~ltlon of the ganwna-ray data. '!he lntensitles of 

the peaks in the angular dlstrlbutlon spectra were analysed arrl then 

normallsed to the intensi t1es of the maln transl tions ln 116 Te as measured 
1 

by a statlonary detector set at 125- • '!he normal1Sed intens1tles were then 
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Figure 28 

Examples of Gamma Multipllcity Spectra 
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TABLE Il 

Multipl1c1ty Filter Results. 

Coinc~dent Gamma Rays (keV) 

678 . 5, 680. 2 
1 

147.2,246.5*,678.5,680.2, (763.9),770.2, 

801.1 

147.2, 252.5*, 335*, 511, 642.6, 679 D, 763.9 

770.2, 801.1, 1024.5 

291.0* , 597* , 642.6, 674.4*, 678.5, 680.2, 80l.1 

642.6, 678.5, 680.2, 703* , 760*, 763.9, 

801.1, 833* 

511, 642.6, 678.5, 680.2, 770.2, 828* 

147.2, (493.1>, 642.6, 678.5, 680.2 

770.2 

* = net p1aced in 1evel scheme 

( ) = possible coinc~dence 
\ 

D = doublet 

.. -j 



t 

( 

1 

1 
1 

( 

-94-

fl.tted to fourth order Legerrlre p:>lynomials arrl the A2 <ll'Yj A4 coefficIents 

50 obtawed corrected for solid an;]le. 'The calcuiated correction tenns are 

Q2 = 0.94 am Q4 = 0.81. The Legerrlre funCtlOns for the gamma-rays in 

U6Te are shown ln ügure 29. Table 12 Ilsts the' A2 arrl A4 coeffl.clents, 

corrected for sol1d an;]le, the deduced spin arrl parl ty and the attenuatlOn 

coefflclents. In determlnlng the Splns and parl tles./ of the levels, the 

assumptlOns presented in section A of thls chapter were app11ed. Flgure 30 

shows the level scheme deduced ln thlS work. Except for the tentatlve 

levels at 5617.7 keV am 3666.1 keV, no new levels were fourd for this 

isotope. AlI the preVlously reported levels have been ldentlfled arrl 

placed ln the level scheme in a manner conslstent Wl th the prevlOus warks. 

AU previous Splns and parlties have aiso been conflnned. The level at 

3173.0 keV is tentatively assigned here a value of 8± . '!he 147.2 keV 

gamma-ray'dep:>pu1atlng thlS level exhïbits a dlp:>le transition wIth 

negatlve A2 coefflcient am zero A4 coefflcient. For the 5U keV arrl 493.1 

keV gamma-rays depopu1atlng the tentatlve levéls at at 5617.2 keVand 

3666.2 keV, no ëID;JUlar dlstnbutlons were obtalned because of the 

------

contaminatlon of the 511 keV garrma-ray arrl the low intensity of the 493.1keV 

ganma-ray. 'Ille garrma-rays in the grourrl band cascade aH show c1ear E2 

an;rular distributions. <À1e exceptlon is the 763.9 keV gamma-ray 

depop.1lating the 5106.7 keV 1evel. '!he A2 coefflcient for this gamna-ray 

i5 very small (.08) and has a large error, mal<1ng the 12+ assignment 

tentative. Without exception, the data point at 130 0 was fourrl to be 

anomalously low for aIl the an;JUl.ar distributions of aIl the gan111a-rays. 

This effect wa~ fourd to be iooepeooent of the rx>rmalisation used. Hence 

it was assumed that sane error in measurernent must have been made at the 

time the experiment was executed. Tryirg to' fit the data Wlth the 130· 



( 

-95-

data point incltrled was fourrl ta introduce large errors arrl poor f1ts. 

Hence, ~at data IXn.nt was removed for all gamna-rays arrl the Legendre . 
polynotn1al f1tted ta the remaim.ng bve po1nts. 

• 

-. 
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Figure 29(in 2 parts) 

. Angular D~stnbutions for 116Te 
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Table 12 

Tab1è of Angu1ar Distribution Resul ts • 

·A2 M a2 

. -.27 ± .06 0 !IIi 

.14 ± .05 -.2 ± .1 0,.3 

.11 ± .06 -.2 ± .1 0.2 

.12 ± .06 -.2 ± .1 . .23 

.oè ± .1 " " "-.2 ± . 2 

.13 ± ,.05 -.2 ± .1 8+ ... 

.2 ± .06 -.4 ± .1 0.5 
\ 

.2 ± .1 0 0.7 
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Figure' 30 

Level scheme for ~~6Te 

(Energies are ln keV), 
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V: D~io~ am Conclusion 

/ 
/ 

For many even-even nuclei. the energy levels in" the groUn1 ban:! are 
J 

fourd to follow very close1y the s.ùnple fornula: .. 

. 2 2 
Er = AI(I + 1) + BI (I + 1) \ 

where 1 l.S the spin of the level and thë coefficients A am B are 

determ~ned fram the flrst two excited states. For the 10wer values of r. 

the fust term 1Il the arove equatl.on for Er may he enough by l.tself to 

giye fairly accurate values for the energy of the levels. In analogy to IJ 

! 
ngid rotor 1 the coefflcl.ent A is expressed in tenns of an effect1ve 

,r 

moment of l.nert1a deflned by: 

As a means of stu:iywg the behaviow1 of the effective riloment of inert;i.a as 

a functlon of increasing spin, one may make a plot of 291 / 1'1 2 , versus the 

square of the rotatl.onal frequency (hw) 2. This is done for the 128xe am 

126 Xe l.sotopes arrl the graphs obtained ~e shoWn ln figure 31. '!he number5 

written bes~de each data pol.nt represents the spw of the level for wtuch 

the moment of ~nertl.a 15 evaluated. '!he graphs exhib~t the backberrlil'X1 

behaviour dl.Scussed in O1apter 1. '!he secom backberrl seen for 126Xe l.S 

beirg rep:>rted here for the first time. '!he increase in the moment of 

~nertl.a wi tf1 1 may be explaJ.ned as beirg due to the COr~olis antl-pairuX] 

effect( 70), rut the backbeooitVl pheromenon itself SèemS to be a result of 

li tII;:SS At ~ 

., 

. -.,. 
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ban:i crossll'g( 58) • 

In the 116Te IsotOpe i t lS foUl"rl that the energy difference between 

successlve levels 15 very SlmI1ar ln magnltude. ThIS cao he understood 

fram the standpc>.1nt of vibratI0nal motlon. If the nucleus lS consldered 1.n 

analogy ta a 1Iqu1d drop, then ItS v1bratI0n may he represented by 

harmon1e v.lbratI0ns about an equllJ.brium shape. Since the vwrations are 

those of a harmom1C osc1llator, the energy levels will he equally spaced 

WI th separatlOn t.E = hw. The lowest quantum for this type of v.lbratI0n, 
~ 

ca11ed a phonon, 15 the quadrupole type of deformatl.on arrl carnes an 

angular momentum of two uni ts arrl paSl. t1 ve pari ty. One thus expects a 

J = 2+ first excited state for an even-even nucleus falli~ in this 

category. 

( In conclusIon, tne nuclei 128xe , l26xe and 1l6Te have been studied 

USlng the technIques of I.B.Y. spectroscopy. For the Xenon nuciel. new 

levels at h1gh spl.n are reported and backberrling is observed. For the 

Tellur1um nucleus, the result5 of previous works have heen verified and 

two tentative new levels are proposed. 
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