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ABSTRACT 

The decay of the 8 + i sorne r i c leve 1 of 86y has been 

investigated. A + 
weak ~ branch of 0.69 .:!: 0.04% wi th a log ft 

of 6.51 to an 8+ level at 2955.5 keV in 86Sr i s observed. 

y-y coincidence measurements indicate four successive cascade 

transitions from the 8+ state to the ground state of 86Sr with 

y-rays at 98.6.:!: 0.1, 627.2 ± 0.2, 1076.6.:!: 0.3, 1153.1.:!: 0.3 

keV. A new decay scheme is proposed. 

The decay of 83my (2.85 min) and 83gy (7.06 min) has 

been investigated. Two transitions are observed associated 

with the decay of 83my and seventeen with the decay of the 

ground state. On the basis of y-y coincidence, internai con

version, and lifetime measurements a decay scheme is proposed. 

The level structure of 83Sr is discussed in the context of the 

she Il mode 1 . 

Attempts to observe y-rays from the decay of 82y 

were unsuccessful. An upper limit of 30 sec. on its half-life 

i s esti mated. 
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CHAPTER 1 

1 NTRODUCT ION 

Models of Spherical Nuclei 

The structure of nuclei in the mass region A ~ 90 

is often described in the shell mode 1 context. The most 

striking evidence of shell structure is the enhanced stabi 1-

ity of nuclei with certain 'magic ' numbers of protons or 

neutrons: e.g. 4He with two neutrons and two protons or tin 

(Z = 50) which has ten stable isotopes, more than any other 

element. In the shell mode 1 1,2,3,4)the characteristics of 

(even-odd) nuclei are attributed to a single unpaired nucleon 

moving in a central potential arising from the inert spherical 

core made up of the remaining nucleons coupled to form pairs 

of zero spin. Calculations based on simple central potentials, 

such as the square weIl or harmonie osci Ilator, do not cor

rectly reproduce the 'magic ' numbers. This discrepancy can 

be remedied by the introduction of a spin-orbit potential pro

portional to L.s which energetically spli ts states of the same 

value Lof orbital angular momentum into two groups with total 

spin j = L± 1/2. This potential accounts in a naturaJ way 

for the observed 'magic ' numbers by predicting large energy 

gaps between certain adjacent shells. It also predicts accu

rately the zero ground state spins of even-even nuclei, and 

the ground state spins of even-odd nuclei except in the regions 

where nuclear deformation occurs. This extreme single particle 

mode 1 has been extended5 )so that calculations of nuclear excited 
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states can be performed taking into account not just one 

unpaired nucleon, but severa 1 nucleons outside a closed shell 

and the interactions between the se nucleons. 

Interest in the mass region A ~ 90 is largely due 

to the fact that these nuclei, being associated with the 

fi Iling of the 2PI/2 and Ig9/ 2 nucleonshells, provide a 

natural testing ground for shell modeJ predictions. A wide 

energy gap between the Ig9/ 2 orbitaJ and the first unoccupied 

she Il above i t, the 2d
5

/ 2 she 1 J, i s respons i b le for a s trong 

shell closure at N or Z = 50; therefore, the structure of 

nuclei with N or Z near fifty can often be understood qui te 

weIl in terms of the shelJ mode!. Further interest in this 

region is generated by the high incidence of nuclear isomerism 

associated with the large spin difference but smal 1 energy 

difference between the neighbouring 2PJ/2 and Ig9 / 2 states. 

The sheJ 1 mode 1 assumption of an inert spherical 

core of nucleons which does not contribute to dynamic nuclear 

properties is an oversimplification. The model can be improved 

by considering the vibrational modes of the nuclear core. The 

properties of low-Iying nuclear excited states may be derived 

by coupling the motions of the particJes outside the core to 

vibrational states of the core which possess zero, one, or two 

phonons of energy. When the nuclear core is not grossly de

formed from sphericity the coupling can be treated by pertur

bation methods and is called the weak coupJing modeJ6~ ln 

more extreme cases of deformity, perturbation methods must be 

abandoned and the strong coupJing or the Ni Isson 7)model employed. 
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The weak coupling mode 1 has been applied to nuclei in the 

mass region A ~ 90, as we Il as the she II mode 1. 

Talmi and Unnaffi carried out the first effective 

interaction shell mode 1 calculation in this region, assuming 

equality of equivalent matrix elements for protons and neu

trons. When experimental data became more abundant a second 

calculation~ was carried out which verified the conservation 

of seniority among Ig9 / 2 protons. Seniority is a quantum 

number labelling the number of unpaired nucleons of a parti

cular kind in a given configuration. Conservation of senior

ity requires that only configurations with the same number of 

unpaired protons or neutrons mix to form an excited state. 

More recently Ki tching et a 1.10) have done an effective inter

action shell mode 1 calculation for the strontium isotopes to 

check on seniority conservation among the Ig9 / 2 neutrons. 

The assumption of equality of equivalent matrix elements for 

neutrons and protons was shown to be invalid; however, seniority 

among Ig9/ 2 neutrons is approximately conserved. 

Subse~l!ently, a weak coupling calculation for several 

isotopes, including sorne strontium isotopes, has been performed 
10 ln general, the results are an improvement over the shel 1 

mode 1 calculations in that they predict a richer structure in 

better agreement with avai lable data. The weak coupling mode 1 

is, however, unable to account for certain low-Iying 7/2+ states 

wh i ch are assumed to be sen i or i ty th ree, 1 she II mode Ils ta tes. 

The present study of severa 1 yttrium isotope decays 
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namely, 86my to 86Sr , 83, 83my to 83Sr , and 82y to 82Sr , was 

undertaken in search of more detai led information concerning 

the excited states of strontium isotopes for comparison with 

shell mode 1 and weak coupling mode 1 predictions. 

Decay Modes of Nuclear States 

~!~S!rQ~~gQ~!Lç_Ir~Q~L!LQQ~ 

i. Gamma Ra dia t i on 

Since the theory of the electromagnetic interaction 

is weIl understood, selection rules governing the electro

magnetic transitions by which excited states of nuclei decay 

can be determined and consequently much can be deduced about 

nuclear structure from the observation of gamma radiation. 

When the wavelength of the emitted gamma ray is 

large compared to the nuclear radius an approximate expres

sion for the transi tion rate between an ini tia 1 state 1 i) , 

labelled by total angular momentum Ji and its third component 

Mi' and a fina 1 state 1 f), simi lar Iy labe lIed by J f and Mf' 
. . b 12) 
IS glven y 

= 8 (,,+1) 

À(2).+I!!)2 

where O~ represents a multipole operator of order À with 
À\Jo 

third component \Jo, andCS-= E,M denotes electric or magnetic 

multipole. Since the orientation of the nucleus is not of 

concern, this expression must be summed over aIl final orien-

, 
.....J 
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tations Mf and averaged over initial orientations Mi of the 

nucleus. It is convenient to define the reduced matrix element 

Then 

= 2J.+ 1 
1 

= 2 (1+1) 

À(2}.,+I!!)2 

From this expression for T(~,À) selection rules 

governing changes in angular momentum and parity can be deduced 

for each type of multipole transition. These rules are shown 

in Table 1. Conservation of angular momentum forbids single 

gamma ray transitions connecting two zero spin states because 

a photon carries an intrinsic spin of one unit. 

When a transition may proceed by emitting gamma rays 

of different multipolarities a question arises concerning which 

wi Il predominate. A rough estimate of relative strengths of 

competing multipole radiations calculated with simple appro

ximations for the matrix elements l2 ) 

<f 1 o~\.l 1 i) ~ ZeRÀ 

<f 1 O~IJ. 1 i) ~ ~~~ RÀ-I 

indicates that in general only the lowest possible order of 

multipole radiation contributes significantly. The most common 
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TABLE 1 

~ 

El E2 E3 E4 

Yes No Yes No 

I~JI:!:: 1 2 3 4 

MI M2 M3 M4 

No Yes No Yes 

ItlJ I:!:: 1 2 3 4 



exception to this rule is the mixing of MI and E2 multipolar-

ities in some transitions. 

Since the stabi lit y of astate against electromagnetic 

decay depends strongly on the multipolarity of the transitions 

which de-excite it, measurement of the half-1ife of an excited 

state gives an indication of the multipolarity of transitions 

from it. Tabulations of approximate lifetimes as a function 

of multipolarity and transition energy, based on single particle 

estimates, are avai lablel3~ 

ii. Internai Conversion 

Internai conversion, a process of nuclear de-exci

tation in which energy is transferred to an orbiting electron 

which subsequently escapes from the atom, competes with the 

emission of gamma rays of ail multipolarities. In the parti

cular case of 0 ~ 0 transitions, for which gamma decay is 

entirely forbidden, internai conversion of atomic electrons 

is the dominant decay mode. (At energies greater than two 

electron masses (I.022MeV) internai pair creation becomes an 

important competing mechanism.) 

The ratio of the rate of emission of conversion 

electrons, Ne' to the rate of emission of gamma rays, N
y

' 

is called the internai conversion coefficient, ~ = Ne/Ny, of 

the transition. Partial conversion coefficients may be defined 

according to the electron shell from which the converted elec

tron was ejected and Œ comprises the sum of these partial 

coefficients. 
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a. = a.K + a. L + a.M + .... 

where K, L, M, etc. refer to the usual atomic electron shells. 

The theory of the internai conversion process is weil 

known l4 )and predictions of coefficients as a function of Z, 

energy, and multipolarity are avai lable. 15) A comparison of 

measured values to theoretical predictions may indicate the 

multipolarity of a transition, thus providing information help

fui in determining level spins and parities. 

~:Y~-~:~~~ 
Three types of fundamental nuclear beta decay pro

cesses have been observed: 

~ - decay: n ~ p + e + ~ 
p,+ 
\~ decay: 

electron 
capture p + e ~ n + ~ 

ln 1934 Fermi 16)put forward a theory of beta decay 

based on the statistical sharing of phase space between the 

two emitted leptons (electron and neutrino). His result for 

the number of electrons, N(W), emitted in an energy interval, 

dW, i s: 

where W is the electron energy; p is the electron momentum; 

Wo is the total energy avai Jable in the decay; and K is the 
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factor containing the nuclear matrix elements. For allowed 

transitions K contains two types of matrix elements ln: 

where 9 is a universal constant characteristic of beta decay, 

Cv and CA are vector and axial vector interaction coupling 

constants, and MF and MGT are Fermi and Gamow-Tel 1er matrix 

elements respectively. These matrix elements are due to the 

two nuclear beta moments which remain significant in the non

relativistic treatment of the interaction. 

cS" is an axial vector operator whose components are the Pauli 

spin matrices. The conditions for the se matrix elements to 

be non-zero are: 

for MF : AJ = 0 

for MGT : 6J = 0, ±I 

67T = no 

A TT = no no 0 - 0 tran
sitions 

These rules can be interpreted in terms of the spin states of 

the emitted leptons. In a Fermi decay the leptons are emitted 
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in a singlet state, whereas in a Gamow-Tel 1er decay the lep

tons are emitted in a triplet state. 

For allowed transitions K does not depend on the 

energy, W, of the electron. Integrating N(W)dW over aIl 

possible energy values one obtains the decay rate 

Wo 
À = S KF(Z,W) pW(W-Wo)2 dW 

= Kf(Z,WO) 

Wo 
where f(Z,WO) = S F(Z,W) 

1 

2 18) pW(W-WO) dW and has been tabulated . 

For a transition of half-life t, it is conventent to define 

the comparative half-life, ft,(usually quoted as 10910ft 

because it is a large number) which is inversely proportional 

to K. Thus, this number contains information concerning the 

nuclear structure effects in a decay and is useful in clas

sifying beta decays into categories (Table 2). For other than 

allowed transitions log l0ft values are ambiguous. 

Even when allowed transitions are not possible between 

two states, beta decay may proceed via higher order interactions 

which are weak compared to the allowed case, but sti Il non

zero'~. The~e are called forbidden decays. The angular momen

tum and parity selection rules for allowed and forbidden decays 

are listed in Table 3. 
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s; 4.0 

s; 5.8 

-11-

TABLE 2 

5.8 s; log ft s; 10.6 

10.6 s; log ft s; 15 

log ft ~ 7.6 

TABLE 3 

Transi tion Ty_pe 

A Ilowed: 
Fermi 
G.T. 

Fi rs t Forbidden: 
non-un i que 
unique 

Second Forbidden 

Third Forbidden 

Possible Transition Types 

Supe ra Il owed 

A Ilowed 

A II owed or Fi r st 
Forbidden 

Allowed, First or Second 
Forbidden 

First Forbidden Unique 

J A1f 

0 no 
0, 1 no 

0, 1 yes 
2 yes 

2, 3 no 

3, 4 yes 
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Nue 1 ea r 1 sorne ri sm 

When the deeay of an exeited state may proeeed only 

by a transition invoJving a large angular momentum transfer, 

a long-lived metastable or isomerie state may resultl9~ 

Isomerie transitions, haveAJ ~ 3, hence are of multipolar

ities E3, M3, M4 and higher orders. Sorne isomerie transitions 

are so highly retarded that beta decay eompetes signifieantly 

with electromagnetie decay. 

Isomers tend to oeeur in nuclei with N or Z just 

below the Imagic numbers l . 1 t is in just these regions, 

according to the shell model, that nuclèon shells with very 

different spins are fi Iling. For example, as N or Z approaehes 

fifty the 2PI/2 and Ig9 / 2 shells are partially fi lIed and 

nuclei with isomeric states of Jn = 1/2- and J~ = 9/2+ are 
20) 

abundant . Other lislands of isomerism l are observed near 

closed shells at N or Z = 82 and N = 126. Isomers with more 

complex structures involving severa 1 partieles (or holes), 

so-called spin gap isomers, also oceur. 



-13-

CHAPTER Il 

A REVI EW 0 F PREVIOUS \\URK 

86, 86my 

Decay schemes have been published previously for 

the two activities associated with the decay of 86, 86my: a 

14.6 hour ground state decay to levels in 86Sr 21,22)(Figure 

1) and a 48 minute isomeric decay to levels in 86y23(Figure 

2). The level structure of 86Sr has also been probed via the 

87Sr (p,d) 86Sr reaction24~ Among the states of 86Sr observed 

in the last experiment was a sequence of even spin, even parity 

leve 1 s (Figure 3), identified as members of a )-2 
( 1 g9/2 " multi-

plet of s ta tes wi th seniority two. 

83, 83my 

Sorne preliminary work concerning the decay of 

83, 83my has been done by Ki tching25) who observed severa 1 

gamma rays from this activity and proposed a ten·tative decay 

scheme (Figure 4) and by Turcotte2@who measured the haff

lifes of 83y (7.06 ± 0.08 minutes) and 83my (2.85 ± 0.02 

minutes) and found an isomeric state in 83Sr (4.95 ± 0.12 

seconds) at 258.8 keV energy. Doron and Blann 27)observed a 

259.1 keV activity with a half-life of 2.6 ± .2 minutes which 

they assigned to 83my and severa 1 other unidentified gamma 

rays possibly associated with the decay of 83, 83my. During 

the course of the present work an additional tentative decay 
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scheme for 83, 83my (Figure 5) was pubJished 28 )based on gamma 

ray singles spectra and the 84Sr(d,t) 83Sr reaction results 

of Bercaw et aJ.29~ Figure 6 compares level schemes for 83Sr 

from weak coupJing caJculations l J~ shell mode 1 calculations lO ) 

and experimental data29~ 

Much confusion surrounds the decay and half-life of 

82y . Severa 1 conflicting half-Jife measurements have been 

reported by experimenters using radiochemical te~hniques based 

on the growth of 82Sr30,3J,32~ Others report being unable to 

observe any 82V activity33,34}and place an upper limit of 1.5 

minutes on the half-Jife of 82v33~ 
Inamura et aJ. 3S }have reported the observation of 

gamma rays in 82Sr via the 74Ge (C I2 ,4n} 82Sr reaction and pro

posed a level scheme (Figure 7) for 82Sr . Turcotte26 )has 

observed gamma rays of energy J43.4, 147.2, 155.0, and 160.8 

keV and half-life 22.80 ± 0.34 minutes, tentativelyassigning 

them to the decay of 82V. 

ln Figure 8 is shown the 82Sr level scheme from the 

effective interaction sheJJ modeJ calculation of Kitching et 

al. 10~ 
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FIGURE 1 

A Partial Decay Scheme of 86gy 21) 
Showing Levels up to 3 MeV 
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FIGURE 2 

The Decay Scheme of 86my Proposed by Kim et al. 23) 
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FIGURE 3 

( -2 
The 199/2)" Multiplet of States 

in 86Sr 24) 
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FIGURE 4 

The Decay Scheme of 83, 83my Proposed by Kitching Il) 
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FIGURE 5 

The Decay Scheme of 83, 83my Proposed 
by Abdyrazakov et al. 28) 
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FIGURE 6 

The Leve 1 Structure of 83 Sr ) 
(a) weak coupling mode 1 prediction Il 

(b) effective interaction shell mode 1 prediction 10) 

Experimental results shown are those 
of Bercaw et al. 29) 
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FIGURE 7 

The Leve 1 Structure of 82Sr from 
74Ge(CI2,4n)82Sr Reaction Studies 35) 
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FIGURE 8 

The Leve) Structure of 82Sr from the 
Effective Interaction Shel) Model)Calculations 

of Kitching et al. 10 
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CHAPTER III 

EXPERIMENTAL TECHNIQUES 

Source Preparation 

Targets of enriched strontium isotopes (Table 4) 

were prepared by enclosing a few mi 1 ligrams of powder in thin

walled aluminum tubing and firmly crimping the ends. The 

target was then clamped in an aluminum holder, attached to a 

water-cooled probe, and inserted into the McGi Il Synchrocyclo

tron for proton bombardment at appropriate energies to produce 

the reactions 87Sr (p,2n) 86, 86my, 84Sr (p,2n) 83, 83my, and 

84Sr (p,3n) 82y . Q-values for these reactions are shown in 

Table 5 and were extracted from published Q-value tables36 ) 

and ma s s ta b 1 e s 3 7 ) . 

!b~_~~Ç9~~~LçQ_çf_~~~~ 
The reaction 87Sr (p,2n) 86, 86my was induced to 

populate the 8+ isomeric level of 86y 50 that the possibi lit y 

of a direct ~+ decay from this level to levels in 86Sr could 

be investi gated. 

At lowenergies the (p,2n) reaction proceeds via 

the mechanism of the compound nucleus which generally favours 

the population of the low-Iying, low spin member of an isomer 

pair381 but this effect can be somewhat mitigated by using high 

bombarding energies and high spin targets to shift the spin 

distribution of the compound nucleus toward higher values. In 
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TABLE 4 

~ % 88Sr % 87Sr % 86Sr % 84Sr Enriche 
Isotope 

87 Sr( NO 3) 2 5.99 93.29 0.72 0.05 

84Sr( NO ) 
3 2 12.49 1.56 3.71 82.24 
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TABLE 5 

Be~a Decay 37) 
and (p xn) Reaction Q yalues 

Be ta Decay Q Va 1 ue 

82y .... 82Sr -8.4 MeV 
83y .... 83 Sr -5.1 MeV 
86y .... 86Sr -5.2 MeV 

Reacti on Q Va 1 ue 

84Sr( p, 2n) 83y 17.3 MeV 

84Sr(p,3n) 82y 30.7 MeV 

84Sr( p, 4n) 81y 41.5 MeV 

84Sr( p, Sn) 80y 55.2 MeV 
84Sr( p, 6n) 79y 67.8 MeV 

84Sr( p, p5n) 79 Sr 57.2 MeV 
84Sr( p, a. 2n ) 79 Rb 21 .5 MeV 

87Sr(p,2n) 86y 14.5 MeV 

87 Sr(p,3n) 85 y 24. a MeV 
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the present work targets of 87Sr (ground state spin 9/2+), 

bombarded at 25 MeV weIl above the (p,2n) reaction threshold, 

were empJoyed with satisfactory resuJts. 

The possibi Jity of using 86Sr and the 86Sr (p,n)86,86my 

reaction to produce 86my was discarded because of the Jow ground 

state spin (0+) of 86Sr . 

!b~_erçQ~~!Lç~_Çf_~~:_~~~y_~~g_~~y 
The isotope 83, 83my was produced via the 84Sr (p,2n) 

83, 83my reaction at3J MeV proton bombarding energy. Bombard

ments of 84Sr targets at 40 and 45 MeV were performed to produce 

84Sr(p,3n)82y reactions. In both instances 84Sr was chosen as 

the target because it is the stable strontium isotope of lowest 

mass and in generaJ cross sections for (p,xn) reactions are 

higher for Jower x. 

~~~~~_~~Y_~e~~!rQ~~QeY_~Q~r~~~ 

Gamma ray counting was usuaJJy performed without 

removing the sampJes from their aluminum casings. No trouble

some activities were observed arising from proton reactions on 

the aluminum tubing or on the oxygen and nitrogen in the stron-
20) 

tium nitrate [Sr(N0 3 )2] targets . 

ln sorne experiments it was necessary to separate the 

yttrium which was the object of study from interfering stron

tium and rubidium activities. This was accompJished by standard 

chemical techniques 39 ? 
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After bombardment the target material was dissolved in water 

. . 11 f y+++ . contalnlng a sma amount 0 carrier. Addition of con-

centrated ammonium hydroxide (NH40H) precipitated the yttrium 

as yttrium hydroxide (Y(OH)3) but le ft the strontium and rubi

dium in solution. The solution containing the gelatinous 

Y(OH)3 precipitate was passed through a glass fibre fi lter 

paper and the residue washed severa 1 times with di lute NH 40H 

to remove trapped strontium and rubidium. No known strontium 

or rubidium activities were observed in the initial spectra of 

sources treated in this way, indicating a clean separation. 

~!~~~[QQ_~e~~~rQ~~Qe~_~Q~[~~~ 

Because electrons lose energy rapidly in passing 

through any material, samples for electron counting were 

removed from the aluminum cases in which they were bombarded 

and deposited in a thin layer on a foi 1 holder. The manufacture 

of thin sources was accomplished by two different methods: 

electrodeposition and evaporation of an aqueous solution. 

Figure 9 is a sketch of the system used for electro

deposition of thin sources. It is a much simplified version 
1,('\ ) 

of the system designed by Carter~v'to make thin sources of 

krypton. After bombardment the fi nely divided radioactive 

powder was placed on an aluminum foi 1 on the cathode in the 

central area defined by a teflon insulating cap and the elec

trode was inserted into the system. After evacuation of the 

chamber a voltage of approximately 1500 volts was applied across 
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the terminaIs. The pressure in the chamber was controlled by 

means of a stopcock to maintain a glow discharge in the tube. 

The duration of electron bombardment was chosen in keeping 

with the half-life of the activi ty under study. At the end 

of the deposi tion process excess powder was shaken off the 

foi 1 and the source was introduced into the the spectrometer 

system. This technique made possible the fabrication of 

samples of activity that were very thin but relatively weak 

due to inefficient deposition. 

The second method of sample preparation resulted in 

stronger sources of activity since no material was lost. The 

radioactive target material was dissolved in a drop of water 

on a holder and the water evaporated in a hot oyen. The holder 

was designed to fit a plexiglass mount in the detector chamber. 

This method of e)ectron source production resulted in the 

saving of time and target material at the price of slight 

deterioration of energy resolution because of increased source 

thickness. 

§~~~~_~~y_Q~!~S!Qr~ 

The gamma ray detectors employed in this study were 

of the high resolution, coeled, lithium drifted germanium type, 

generally referred te as Ge(Li) detectors. Table 6 lis~s the 

various counters used and sorne of their significant parameters. 
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TABLE 6 

Gamma Ray Detectors Used in This Work 

Mode 1 & SeriaI No. Eff. re 1. Resolution Peak /Compton 
to 3" x 3" FWHM 

~~V C0 60 ratio for 60 
Na 1 (T 1) a t J. 33 1.33 MeV Co 
25 cm. 1 i ne line 

LGTC - L622 4.85% 2.5 keV 25/1 

L364 - LGC 4.0% 3.45 keV -

LGTC - L831 10.9% 2.0 keV 36/1 

LGTC - L8 13 8.0% 2.0 keV 35/1 

ln addition an Ortec X-ray spectrometer ( GX -R 1 7 -8 1 1 3 -

10500) was used wi th re so 1 ut ion: 

400 ev at 6.4 keV 
550 ev at 59.5 keV 
850 ev at 208 keV 
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The Electron Detector ---------------------
A Simtec diffuse junction detector 500~ thick with 

100 mm2 area was used to detect conversion electrons. The 

efficiency of a charged particle detector is 100% - that is, 

every particle fal Jing on the detector wi Il deposit sorne 

energy. If, however, the device is to be used as an energy 

spectrometer, a detector thick enough to stop the electrons 

in the energy range of interest, causing them to lose aIl of 

their energy in the detector and thus contribute to a Ifull 

energyl peak, is required. In this study the most energetic 

electrons measured were the conversion electrons from the 

388 keV transition in 87mSr . From range-energy graphs for 

electrons in si licon 41 )it can be seen that a 500~ thick detec

tor can stop electrons of energies up to approximately 425 keV. 

To reduce noise levels the detector was cooled to liquid nitro

gen temperature during operation and leads to the preamplifier 

were made as short as was feasible. To prevent deterioration 

of energy resolution due to electrons· losing energy in inter

vening atmosphere and condensation on the face of the detector 

both the source of activity and the detector were mounted in 

an evacuated chamber for counting. Source-detector geometry 

is i Ilustrated in the schematic drawing of the counting chamber 

(F i gu re 14). 

Experimental Configurations and Procedures 

goerg~-aog-~alf:1Lf~_~~a§yr~~~Qt§ 

The initial step in the investigation of the decay 

scheme of an isotope is the identification by energy and half-
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life of the gamma rays belonging to that decay. These measure

ments were performed with the experimental set-up represented 

schematically in Figure la. 

Targets were bombarded for appropriate times depending 

on the reaction cross-sections for production and the half-life 

of the desired activity. Successive spectra were collected 

for equal time intervals to trace the growth and decay of gamma 

rays from the target. To obtain accurate half-life values 

deadtime corrections were necessary. 

The major source of deadtime in this system was the 

multichannel analyzer (ADC). From the time this unit was 

triggered by a pulse at the input to the time that pulse had 

been digitized and recorded in the memory the ADC input was 

disabled. This processing time consisted of two parts - a 

fixed period of approximately 15 ~sec due to the time required 

for the incoming pulse to reach its full height and the time 

required to store the datum in the memory, and a variable digi

tization time depenàing on the pulse height and on the digitizing 

rate of the analyzer. For example, the time necessary for a 

100 Mhz ADC to analyze a pulse and record it in channel 4000 

would be the fixed 15 usec period plus 40 ~sec for digitization. 

The higher the countrate, the larger was the percentage of the 

events counted by the detector which was lost due to system 

deadtime. To monitor these losses the output from a standard 

pulser was fed into the preamplifier and analyzing system and 

scaled as weIl. The ratio of pulser pulses counted by the 
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scaler to pulser pulses recorded by the analyzer was the 

deadtime correction factor. Care was taken in choosing 

counting intervals to ensure that the count rate did not change 

by more than a factor of two in any interval, and the error in 

the deadtime correction factor due to varying countrate was 

therefore negl i gi b le. Sorne ha 1 f-I i Te measurements were per

formed with the rapid extractor and automated counting system 

described by Turcotte 26 ? A different deadtime correction method 

was required for this system since a pi le-up rejection unit, not 

the AOC, was the principal source of deadtime. 

Calibration of the energy scale in each experiment 

was based on a comparison with gamma ray peaks of well-known 

energies from the spectra of standard sources (Appendix 1) which 

were recorded just prior to or immediately after a counting 

experiment under simi lar conditions or recorded simultaneously 

with the spectra to be analyzed. Simultaneous counting of 

standard and unknown ensured that no discrepancies were intro

duced by gain shifts due to counting rate differences, but it 

also presented the problem of standard peaks masking portions 

of the spectrum. A least squares fit to a quadratic polynomial, 

calculated by means of the PDP-8 computer, was used to fit the 

calibration peaks in sorne experime~ts. In other experiments a 

calibration was made using a linear fit to severa 1 close-Iying 

states to determine the energy of an unknown peak. These tech

niques produced consistent energy measurements. 
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For each Ge(Li) detector in the laboratorya rela

tive efficiency versus gamma ray energy curve has been esta

blished based on standard sources. These efficiency curves 

were utilized in making the relative intensity corrections 

necessitated by the variation of detector efficiency with 

energy. The efficiency curves of sorne detectors were rede

termined after a period of time to check for deterioration 

of efficiency. No changes were found. 

Gamma Ray Coincidence Measurements ----------------------------------
Gamma ray coincidence experiments are a useful tool 

in the investigation of nuclear decay schemes since they may 

identify members of gamma ray cascades. The relative inten

sities of cascade members, corrected for internaI conversion, 

when this process is significant, can suggest the ordering of 

the levels. The probable decay schemes constructed from this 

information can be compared with evidence from measurements of 

gamma ray multipolarities, beta decay measurements, and direct 

reaction experiments concerning level spins and parities. 

A difficulty encountered in investigating nuclei 

possessing metastable levels is that any gamma rays from states 

whose lifetimes are long compared to the resolving time of the 

coincidence unit wi 11 not appear as members of a cascade; there

fore, coincidence experiments alone cannot determine whether a 

cascade feeds the g,round state of a nucleus or a long-lived 

exc i ted s ta te . 
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ln an experiment measuring coincidence between two 

cascading gamma rays with a disintegration rate of N per second 

the singles and true coincidence count rates are: 

where e, w are efficiency and solid angle factors for the two 

detectors. Since the counters also detect radiations other 

than the two coincident gamma rays, chance coincidence events 

are also registered. The chance coincidence rate is given by 

where t is the resolving time of the coincidence unit and 
1 1 

NI' N2 are the total singles count rates at the coincidence 

unit inputs. It is essential to design coincidence experi

ments with reasonable true-to-chance coincidence ratios. 

The Coincidence Circuit Electronics -----------------------------------
The fast-slow coincidence circuit i Ilustrated in 

a block diagram (Figure 11) allowed the simultaneous collection 

of up to four coincidence spectra. The two Ge(Li) counters 

were positioned at right angles to each other as shown in 

Figure 12 to eliminate annihi lation radiation (51IkeV) coin

cidence events and shielded with a lead slab to prevent gamma 

rays scattered in one counter from entering the other. 
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Energy pulses from Ge(Li) #1 were processed by a 

cooled, charge sensitive preamplifier and fed into a Tennelec 

(TC203BLR) linear amplifier for shaping and amplification. 

Output from this amplifier was directed to an Ortec 455 timing 

single channel analyzer (TSCA) to generate a timing pulse for 

the coincidence circuitry and through a delay amplifier to the 

input of one analogue to digital converter (AOC), hereafter 

referred to as the X AOC. 

The TSCA generated a logic pulse,or time marker, for 

each input pulse in an energy range defined by adjustable bias 

levels. In this case the discriminator levels were set to 

accept ail pulses above the noise level. Of the time mark 

generation modes offer€d by the Ortec 455 unit, constant 

fraction of pulse height timing (CFPHT) with small fractions 

proved to be the best choice in most instances. For aIl methods 

of timing used the timing 'walk' could be reduced to 10 to 15 

nsec over a dynamic range of ten by use of the bui lt-in walk 

adjustment faci lity. There was a delay, continuously variable 

from O.9~ sec to 1 l~ sec between the input and output pulses. 

The output of the TSCA was fed into an Ortec 414a fast coinci

dence un i t. 

Energy pulses from Ge(Li) #2 were used to drive the 

gating circuitry in the coincidence system. Output from this 

detector was processed by a preamplifier and linear amplifier 

simi lar to those connected with Ge(Li) #1. Pulses from the 

amplifier were fed to an Ortec 455 TSCA and to the energy 

signal inputs of four Ortec 413 strobed single channel analyzers. 
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The TSCA discriminators could be set to include only the por-

tion of the spectrum on which lenergy windows 1 were to be set, 

thus eliminating many unwanted coincidences. The output of 

this TSCA was fed to an input of the fast coincidence unit 

with its resolving time set so that if pulses arrived at both 

inputs within 120 nsec of each other a standard logic pulse 

was generated at its input. Pulser pulses fed into the test 

inputs of both Ge(Li)s' preamplifiers were used to set TSCA 

adjustable delays to ensure that real coincidence events would 

be registered as such by the coincidence unit, and to measure 

its resolving time. Tests for good coincidence adjustment were 

made using known gamma ray cascades, e.g. the 60Co lines at 

1.13 Mev and 1. 17 Mev20~ The coincidence output signaIs were 

sent to an Ortec 416 gate and delay generator to be suitably 

lengthened for use as gating signaIs at the X and Y ADC' S . 

Pulses from the TSCA were also employed to trigger 

the four SSCA' S • The energy pulses from the amplifier were 

fed into the signal inputs of these SSCA' S and the discrimi

nator levels of each unit set to accept a narrow band of pulse 

heights, thus defining four energy windows. An SSCA would 

produce an output pulse only when simultaneously it was strobed 

by the TSCA output and received an energy pulse in the desi

gnated range. 

SignaIs from the SSCA' S were fed into a routing 

box (circuit diagram in Figure 13). This module generated a 

square output pulse whose amplitude depended on which input 
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was stimulated. This set of pulses, their origin identifiable 

by their height, was stretched and sent to the Y AOC. The 

amplitude of the routing pulses could be adjusted 50 that when 

a coincidence event occurred and the output of the fast coin

cidence unit opened the AOC gates, the event was recorded in 

a two-dimensional array labelled by energy according to the 

pulse height of the input to the X AOC and by coincidence group 

according to the routing pulse height - that is, events coinci

dent with each of the four windows were sorted into four spectra 

stored in different quadrants of the system memory. 

Data was stored in a Nuclear Data "2200 System Analyzer 

with a 4096 channel memory and later transferred to magnetic 

tape for processing on the PDP8 computer. 

!D!~rDêl_ÇQDY~rêlQD_ÇQ~fflçl~D!_~~êê~r~~~O!ê 

To determine the K-electron internai conversion 

coefficient, aK' of a transition it was necessary to measure 

the ratio of l ,the K-conversion electron intensity, to l , eK y 

the corresponding gamma ray intensity. This entai led consi-

deration of the effects of detector efficiencies and solid 

angle factors on the areas of the peaks from both counters. 

Consider a source of activity with at least one 

transition for which aK is known and one or more transitions 

for whi ch aK i s to be measured. For the known transition 

Je Ne / wee:e N e: 
~ K e -::t. aK = -J - = 

/ W e: = N N e:e we y y y y y 
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where N is the number of counts in the peak recorded by the 

detector; e the efficiency of the detector; w the solid angle 

correction; and subscripts e and y denote the electron and 

gamma ray data respectively. Simi larly for the transition 
• of which the coefficient aK is to be determined 

1 • eK N 
aK = -.- = ~ 

1 N • 
Y Y 

If the electron detector is thick enough to stop the electrons 

• from both transitions then ee = ee for full energy peaks. 

Since the two transitions were observed simultaneously from 

the same source the solid angle factor wy/We is the same for 

both. Then 

• The ratio of efficiencies ey to ey can be found from the 

relative efficiency curve for the gamma ray detector. Then 
• aK can be calculated from knowledge of aK and experimental 

data. 

With reliably reproducible source geometry it was 

possible to use standard sources counted separately from the 

unknown to calibrate the system. 
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Ib~_ÇQ~o~iog_Çbgwg~r 

The vacuum chamber sketched in Figure 14 was used 

in the measurement of internai conversion coefficients. A 

di ffuse junction electron detector was mounted on a movable 

sleeve which contained a reservoir of liquid nitrogen to cool 

the detector. When it was necessary to open the main chamber 

to change samples the detector could be retracted, isolated 

by a vacuum gate, and maintained under vacuum to prevent 

condensation on the detector face. It was prudent to shield 

the detector from light when it was biased to prevent damage 

to the field effect transistor (FET) in the preamplifier. 

Samples of radioactivity were mounted in a plexi

glass holder which was rigidly attached to the transparent 

inner lid of the counting chamber. This arrangement faci li

tated the alignment of the sample with both detectors and made 

the position of the sample reproducible for consecutive samples. 

A light-tight aluminum cap was placed over the plexiglass mount. 

Opposite the electron detector sleeve was a concave 

sleeve into which could be inserted a Ge(Li) detector for gamma 

ray counting. 

!b~ _~ !~ç ~~QIJ Lç§ 

The electronic circuitry i Ilustrated schematicalJy 

in Figure 15 served to linearly amplify the signaIs from the 

electron and gamma ray counters. The Nuclear Data ND2200 

System Analyzer in Dual Singles experiment mode was used to 

collect and store the gamma ray and electron spectra simultaneously. 



-40-

FI GURE 9 

Apparatus for Electrodeposition 
of Thin Electron Sources 
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FIGURE la 

Counting System for Energy 
and Half-life Measurements 
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FIGURE II 

Fast-slow Coincidence Circuit 
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FIGURE 12 

Detector Configuration for Coincidence Experiments 

1. 
2. 
3. 
4. 
5. 
6. 

Source pos i ti on 
Lead shielding 
Ge(LI) detector #1 
Preamplifier for Ge(Li) 
Ge(Li) detector #2 
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FIGURE 13 

Circuit Diagram of Routing Box Used in 
Coincidence Experiments. 

(AlI inputs have lK resistor to ground across them) 
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FI GURE 14 

Vacuum Chamber for InternaI Conversion Measurements 

1. Ge(Li) detector 
2. Sample 
3. Electron detector 
4. Liquid nitrogen reservoir 
5. Preamplifier for electron detector 
6. Vacuum gate 
7. Co Id trap 
8. Vacuum gauge 
9. Movable sleeve 



e e 
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FIGURE J 5 

Counting System for InternaI Conversion Measurements 
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CHAPTER 1 V 

THE DECAY OF 86my 

The Background 

Two activities associated with the decay of 86my 

have previously been reported: a 14.6 hour ground state 

decay21,22){Figure 1) and a 48 minute isomeric activity23~ 

For the latter activity Kim et al. 23 )identified two electro

magnetic transitions of 10.2 keV and 208.0 keV to other levels 

in 86y but no beta decay branch from 86my to 86Sr . The decay 

scheme they proposed is shown in Figure 2. In the course of 

conversion electron studies of 86my the K and L conversion 

lines of a 98.5 keV transition with roughly the same half-life 

as the isomeric state, but converted in strontium, were observed. 

The relation of this transition to the level structure of 86Sr 

was not established. 

An 87Sr (p,d) 86Sr reaction studylO)resulted in the 

observation of a series of even spin, even parity levels at 

2955 keV (8+), 2855 keV (6+), 2232 keV (4+), 1077 keV (2+) and 

o keV (0+) and the tentative identification of these levels 

as members of the (199/2)~2 multiplet of 'shell model ' states. 

The existence of an 8+ state of this character in 86Sr strongly 

suggested the possibi lit y of a direct beta decay branch feeding 

it from the 8+ isomeric level of 86y , especial1y if this 8+ 

isomeric level were due predominantly to the (199/2)~ (199/2)~3 
configuration as proposed by Kim et al. 23). 
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The present work was undertaken to clarify the 

situation. Whi le this work was in progress the results of a 

study42)of the electromagnetic transition properties of the 

suggested (199/2)~2 multiplet in 86Sr revealed that the 8+ 

state at 2955 keV decays with a half-life of (0.46 ~ 0.03)~ sec 
+ to the 6 level and then 4+ + 0+ to , 2 , and leve Is in succes-

sion via pure E2 transitions. 

Experimental Results 

By means of a half-life analysis of the gamma rays 

in the recorded spectra the two previously reported activities 

from the decay of 86y and 86my , and contaminants arising from 

reactions other than 87Sr(p,2n) 86y were identified. In addi-
21 ) 

tion to the gamma rays observed by Ramayya et al. and Kim 

et al .23) a weak gamma ray at 98.6 ~ 0.1 keV was observed which 

decayed with the same half-life as the 208.2 ~ 0.2 keV gamma 

ray assigned to the decay of 86my . The relative intensity of 

the 98.6 keV gamma ray to the 208.2 keV gamma ray was (0.35 

~ 0.02)%. In Figure 16 the portion of the spectrum showing 

these two transitions and an insert comparing their half-life 

plots are displayed. Close scrutiny of the half-life curves 

of ail the gamma rays in the spectrum revealed that three 

gamma rays of 627.7 ~ 0.2 keV, 1153. 1 ~ 0.3 keV, and 1076.6 

~ 0.2 keV energy associated with the 14.6 hour decay had weak 

shorter lived conlponents, compatible with a 48 minute decay, 

in their half-lives (Figure 17). 
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Coincidence measurements were performed using the 

system (Figure II) described earlier, with three windows set 

as indicated in Figure 16: one on the 98.6 keV peak, and one 

above and one below to monitor coincidences with 'background' 

events. Figure 18 presents for comparison relevant portions 

of a gamma ray singles spectrum of the 14.6 hour 86y decay, 

and coincidence spectra gated by the 98.6 keV gamma ray, by 

the window above this gamma ray, and by the 98.6 keV window 

after the 48 minute activity had been allowed to decay. Strong 

coincidences between the 98.6 keV transition and the 627.7 keV, 

1153.1 keV, and 1076.6 keV transitions are evident. The 98.6 

keV coincidence spectrum was approximately corrected for back-

ground and chance coincidence contributions by comparing the 

number of count~ in this spectrum and in the spectra gated by 

the background monitoring windows, in the 208.2 keV peak, a 

known metastable level which could not be in trœ coincidence 

with any gamma ray. After further corrections for detector 

efficiency the three coincident peaks were found to have equal 

intensities to within an experimental error of 10%. 

ln the 86y decay scheme proposed by Ramayya et al. 21 ) 

the 627.7 keV line is associated with a transition between a 

3-leve 1 at 2481.9 keV and a 2+ leve 1 at 1854.2 keV, but the 

1153.1 keVand 1076.6 keV gamma rays spring from the decay of 

the 4+ level at 2229.7 keV to the 2+ level at 1076.6 keV and 

subsequently to the 0+ ground state. Since the 777.37 keV 

transition connecting the two 2+ states does not appear in 



-50-

coincidence with the 98.6 keV transition the results of the 

coincidence study suggest that the 627.7 keV line is a doublet, 

which was indeed found to be the case when high resolution 

examination of this gamma ray was undertaken. A small 627.2 

keV shoulder, decaying with a half-life consistent with the 

86my activity was observed. It is, therefore, concluded that 

the 627.2 keV, 1153.1 keVand 1076.6 keV gamma rays are in 
+ coincidence with the 98.6 keV gamma ray. 

Discussion and Conclusions 
+ A re-investigation of the decay of the 8 218.4 keV 

isomeric level in 86y resulted in the observation of two new 

gamma rays of energies 98.6 keV and 627.2 keV in addition to 

the 10.2 keV and 208.2 keV transitions previously reported, 

aIl decaying with the same half-life. In coincidence spectra 

gated by the 98.6 keV transition the three gamma rays at 627.2 

keV, 1153.1 keV, and 1076.6 keV a Il appea red wi th the same 

intensity. The 1076.6 keV and 1153.1 keV lines are known 21 ) 

to originate in 86Sr . 

On the basis of internaI conversion measurements 
_ .. 

and the growth and decay character of the gamma rays from 

86gy decay the 10.2 keV and 208.2 keV transition were assigned 

+ The coincidence spectrum for the 1153.1 keV window as 
reported by Ramayya et al. clearly reveals a coincident 627 
keV photon which was not explained by these workers. 
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to decays from 86my to other levels in 86y23). Such an assign

ment for the 98.6 keV and 627.2 keV transitions could not be 

made since these gamma rays occur in coincidence with the 

1076.6 keV and 1153.1 keV gamma rays from transitions in 86Sr . 

This argument is consistent with the observation by Kim et al. 

23) of a 98.5 keV transition converted in strontium. 

Further evidence is provided by the results of the 

87Sr (p,d) reaction 24 ) which imply that the 2955 keV 8+ leveJ 

of 86Sr should decay via a cascade of predominantly E2 transi

tions through the 6+, 4+, 2+ levels of the (199/2)~2 multiplet 
+ to the a ground state, emitting in the process gamma rays of 

energies 100 keV, 626 keV, 1153 keV, and 1077 keV. Recent 

results 42 ) have confirmed this supposition, and it seems 

reasonable to identify the gamma rays of energies 98.6 keV, 

627.2 keV, 1153.1 keV, and 1076.6 keV observed in the present 

work with the E2 cascade transitions originating from the 8+ 

level of 86Sr at 2955 keV. Such an identification necessitates 

the postulation of a direct ~+ decay branch from the 8+ 218.4 

keV Jevel of 86my to this 8+ level of 86Sr . A summary of the 

proposed decay scheme of 86my is presented in Figure 19. 

The relative (3+ and gamma ray decay intensi ties 

shown in the figure are obtained from the relative gamma ray 

intensi ties of the 98.6 keV and 208.2 keV lines. Kim et al. 

23) have reported the value of the internaI conversion coef

ficients for the 208.2 keV transition as aK = 0.04 and aK:aL:aM 

as 100:83: 1.7. Assuming the 98.6 keV transition to be pure 
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E242 ) the branching ratio for the ~+ decay of 86my is 

+ (0.69 ± 0.04)%. The ~ decay 10910ft value is deduced to be 

6.51, a value somewhat high for allowed transitions but con

sistent with results for other such transitions in this region 

20) as demonstrated in Table 7. 

Such anomalously large 10910ft values are not compa

tible with a single particle shell mode 1 description of the 

states involved which predicts large ~ decay matrix elements 

(hence small loglo ft values) between initial and final states 

differing only in that a proton has beta decayed to a neutron 

in the same shel 1 (or vice versa). This discrepancy suggests 

that the states involved are more complex than supposed in the 

simple shell mode 1 and that configuration mixing or weak 

coupling effects must be taken into account. 
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TABLE 7 

Transi tion ft J1I" I0910ft J. • t' 1 1 ni la fi na 1 
85 85 9/2+ 9/2+ 9.4 36Kr 49 -+ 37Rb48 

-------------------- --------------- ------------ ----------
85 85 9/2+ 9/2+ 6. 1 38Sr 47 -+ 37Rb 48 

-------------------- --------------- ------------ ----------
85 85 9/2+ 9/2+ 6.3 39Y46 -+ 38Sr 47 

9/2+ 7/2+ 6.6 
-------------------- --------------- ------------ ----------

85my 85m 1/2- 1/2 - 6.3 39 46 -+ 38 Sr47 
-------------------- --------------- ------------ ----------
87 87m 1/2 - 1/2 - 6.7 39Y48 -+ 38 Sr 49 

------------------- --------------- ------------ ----------
87m 87 9/2+ 9/2+ 7.5 39 Y 48 -+ 38Sr 49 

-------------------- --------------- ------------ ----------
. 86my 

-+ 
86Sr 8+ 8+ 6.51 



-54-

FIGURE 16 

A Partial Gamma Ray Spectrum of 86my Obtained 
with the X-ray Detector. The vertical dashed 
bars indicate the energy window setting used 

for coincidence measurements. The insert shows 
the decay of the 98.6 and 208.2 keV gamma rays 

and their intensity ratio. The half-life 
obtained for these two gamma rays is 48 + 2 minutes. 
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FI GURE 17 

Half-life Curves of8~amma Rays 
from the 14.6 hr Y Decay 

Showing Traces of a Shorter HaJf-Jife 

1 . 1076.6 keV 
2. 627.7 ke V 
3 . 1 1 5 3. 1 ke V 
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FIGURE 18 

Comparison of the Relevant Portion of 
the Gamma Ray Spectra From the Decay of 

86my and 86y (ground state). From Top to Bottom: 

(a) gamma rays from the decay of 14.6 hr. 86y ground 
state (spectrum accumulated four hours after 
bombardment). 

(b) coincidence spectrum gated by the window set on 
the 98.6 keV line. 

(c) coincidence spectrum gated by the window set just 
above the 98.6 keV line. 

(d) same as (b) except that the 48 minute activity had 
been allowed to decay for a period of four half
lives before counting. 

The Energy Window Settings are Indicated in Figure 16. 
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FI GURE 19 

Proposed Decay Scheme for the 48 min. 86my 
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CHAPTER V 

THE DECAY OF 83y AND 83my 

Background 

The A=odd N=45 nucleus 83Sr is expected to possess a 

structure of sorne interest. Calculations of the excited leve'Js 

of 83Sr have been done in the shell model context 'O ) and in the 

weak coupling mode 1 context
' 
1). The former treatment included 

onJy the 2p,/2 and Ig9 / 2 neutron orbits in deriving the low

Iying excited states of this nucleus; the latter cddculation 

took into accùunt the 2P'/2' Ig9 / 2, 2d5/ 2, 3s , / 2, 2d3/ 2, If5 / 2, 

and 2P3/2 orbits and sorne collective effects as weIl. Senior-

ity conservation appears to become less valid as N departs from 

the closed shell value 50, as shown in recent studies35 ) of 

(lg
9

/ 2)5,"=2, J1T = 0+, 2+, 4+ states in light strontium isotopes. 

However, a systematic feature of N = 45 isotones is a 7/2+ 

( )5 .". + ground state spin attributed to a Ig9 / 2 ,}'=3, J = 7/2 neutron 

configuration (Appendix 2). Workers studying the beta decay of 

83Sr to 83Rb 43) assigned the spin 7/2+ to the 83Sr ground 

state. The level structure of 83 Sr has been expJored experi

mentalJy via the 84Sr (d, t)83 Sr reaction 29 ). A comparison of 

this result with the caluculated schemes referred to above 

appears in Figure 6. 

Severa 1 conflicting values of the half-life of 83 y 

have been reported: 3.5 hours 30 ), 35 minutes 31 ), 8 minutes 32 ), 

7.5 minutes 33 ), and 7.4 minutes 34). Recent measurements per-
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formed in this laboratory26) assigned a 7.06 ± 0.08 minute 

half-life te the ground state decay and a 2.85 ± 0.02 minute 

ha 1 f -1 i fe to the i sorne r i c decay of 83y . 1 n add i t i on the ha 1 f-

1 . f f h 259 3 k V ... 83 S d . d b 1 e 0 te. e tranSI tlon ln r was etermlne to e 

4.96 ± 0.12 seconds. 

Gamma rays From the decay of 83, 83my have been 

observed by various workers 25 ,26,27,28) and two decay sc~emes 

proposed 25 ,28) (Figures 4 and 5) based on gamma ray singles 

spectra and the results of the 84Sr (d,t) 83 Sr reaction work 

of Bercaw and Warner 29 ) . 

ln the present werk a search for additional gamma 

rays, coincidence studies, and internai conversion coefficient 

measurements were undertaken to establish a decay scheme for 

83, 83my. 

Experimental Results 

SQ~~g~_~QQ_~~!f:!Lf~_~~~~~~~~~Q!ê 

By means of energy and half-life measurements per-

formed with high resolution Ge(Li) detectors several gamma rays 

were identified as 0riginating From the decay of 83, 83mYand 

the decay of contaminants produced in reactions other than 

84Sr (p,2n) 83y (Figure 20). Photons associated with the decay 

of yttrium isotopes were sorted From the rest by using fast, 

simple chemJëal techniques to separate the yttrium in the 

samples From the main contaminants, strontium and rubidium 

isotopes. Figures 21 and 22 show a spectrum of the separated 
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yttrium fraction counted for ten minutes immediately after 

separation and a spectrum of the contaminant fraction counted 

for sixt Y minutes beginning eighty minutes after separation. 

The energies and relative gamma ray intensities of transi'tions 

ascribed to the decay of 83, 83my and their absolute intensi

ties (corrected for internaI conversion) in units of transitions 

per one hundred decays of the yttrium parent are listed in 

Table 8. A search for gamma rays in the energy range 1.5 

MeV to 3.0 MeV revealed none that could be assigned to 83, 83my . 

Half-life plots of sorne of the prominent peaks in the 

decay are shown in Figure 23. The 259.3 keV photon was found 

to possess a weak 7 minute component. The 421.0 keV photon 

was not only found to contain a mixture of the two half-lives,but 

its energy also shifted towards a lower value as a function 

of time. Analysis of this photon suggested a doublet consisting 

of a large 421.0 keV radiation component (2.85 min.) and a 

weaker 420.4 keV photon (7.06 min.). 

To obtain the intensity of the 511 keV annihi lation 

radiation relative tQ other yttrium gamma rays (in order to 

determine beta branching r.atios to various levels in the decay 

scheme) chemically separated sources of 83, 83my activity were 

enclosed in an aluminum cylinder thick enough to stop the beta 

particles from the decay of any yttrium isotope produced in 

the experiment and spectra accumulated for three minute inter

vals over several decay periods. 



Energy (keV) 

35.6 .. 0.1 
259.3 ; o. I(b) 

391.2 + 0.1 
420.4:; 0.3(c) 
421.0; 0.3(c) 

454.3 ± 0.1 
489.9 ± 0.1 
494.3 + 0.1 
545.6:±: 0.2(d,f) 

618.3 :!:. 0.2 
717.7 ± 0.2 
721.2 + 0.2 
743.4:; 0.1(f) 

858.8 ± 0.1 
882.1 + 0.1 
927.2:±: O.I(f) 

951. 7 :!:. 0.2 
336.5 ± 0.2 
372.0 ± 0.2 
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TABLE 8 

Gamma Ray Energies and Intensities 
ln the Decay of 83. 83my 

86gy f!5 06min ) 83
my ~~585mln) 

Relative Transitions Relative Transi tions 
1 ntensi ty per 100 Intensi ty per 100 

di sintegrations disintegrations 

100 ~~h) 51.8 (e) 
10Q (116) 100 

7.6 1.43 
6.7 1.26 

30 23.5 . 

12.7 2.39 
38.8 7.30 
8.8 1.66 
3.4 0.64 

3.3 0.62 
6.0 1. 13 
5.5 1.04 
6.3 1. 19 

16.3 3.07 
33.7 6.35 

4.7 0.88 
9.8 1.8r; 

17.2 3.24 
4.6 0.87 

(a) 

(b) 

(c) 

(d) 

(e) 
( f) 

Intensitles are believed accurate to ±5% except for the 420.4 and 
421.0 keV photons for which a 20% figure is appropriate. 
Possesses a weak 7.06 min. cemponent whose intensity depends on the 
Isemer ratio. 
Unresolved doublet with 2.85 min and 7.06 min c:omponents. 
Reported as having 3.5 ± O. min half-Iife in ref. 27. 
Corrected for internai conversion. 
Not placed in the decay scheme. 
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Coincidence measurements were performed with the 

standard fast-slow coincidence system i Ilustrated in Figure 

II with a resolving time of about 100 nsec. Since many samples 

were required for each run to accumulate reasonable statistics 

and enriched 84Sr is expensive, no chemical techniques were 

applied and 'cooled ' targets were recycled. 

A large window placed just above the 511 keVanni

hi lation radiation and ext,ending to about 1.5 MeV revealed 

strong coincidences with gamma rays at 489.9, 454.3, and 421 

keV and a weaker coincidence with a photon at 391.2 keV. No 

coincidences with the 259.3 keV transition from the metastable 

level of 83Sr were seen (Figure 24). Coincidence experiments 

with narrow windows on the 489.9 and 454.3 keV gamma rays 

revealed coincidences with the 882.1 keV transition (Figures 

25 and 26) and the result was confirmed by the reverse experi

ment (Figure 27). A coincidence spectrum accumulated with a 

window set on the 420.4 - 421.0 keV doublet showed a coinci

dence peak at 951.7 keV (Figure 28). This finding was corro-

borated by the reverse experiment. Gates set on weaker gamma 

rays - the 717.7 - 721.2 keV doublet, the 743.4, and 1336.5 

keV lines - produced inconclusive results. No coïncidences 

were observed involving the 35.6, 259.3 or 858.8 keV transitions. 

The experiment was repeated for the 35.6 keV photon window with 

a null result. 
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!Q!~~Q~!_ç~Q~~~~L~Q_Ç~~ffLsL~Q~_~~~~~[~~~Q~~ 

The chamber and counting~>system for internai con-

version experiments (Figures 14 and 15) were used to measure 

the low energy conversion electron spectrum of 83, 83my . 

Because the electron detector is sensitive to lowenergy 

gamma radiation as weil as charged particles, the 35.6 keV 

K-electron conversion line was masked by strong yttrium and 

strontium X-rays, and the Land higher shell conversion lines 

were masked by the 35.6 keV gamma ray itself even at the best 

resolution (4 keV FWHM) attained with the apparatus. A weak 

K-electron conversion line was observed belonging to the 259.3 

keV transition (Figure 29). The ŒK for this transition was 

determined to be 0.16 ± 0.02 by the method outlined under the 

discussion of experimental technique using the 388 keV transi

tion of 87my as the standard of comparison39 ). 

Discussion 

Two photons of energies 259.3 keV and 421.0 keV 

were assigned to the decay of the 2.85 minute isomeric state 

of 83y . Seventeeri others were attributed to the 7.06 minute 

ground state decay. 

No data was obtained in this experiment pertaining 

to the energy difference between the isomeric and ground states 

of 83y . On the basis of the systematics of odd A yttrium iso

topes (Appendix 2) the most probable ground state of 83y is 

9/2+ with a 1/2- isomeric state. Since the 9/2~ 35.6 keV 

state is fed by the 7 minute activity and the 1/2-,259.3 keV 
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state by the shorter lived 2.85 minute activity it is reason

able to assume that the 7 minute decay of 83y proceeds from a 

high spin (9/2+) level and the 2.85 minute decay from a low 

spin (1/2-) level. In this region generally (but certainly 

not always) the metastable state is the shorter lived of the 

isomeric pair of states; therefore it seems logical to refer 

to the 7 minute and 2.85 minute activities as the ground state 

and isomeric decays respectively. The absence of any observed 

transition between 83my and 83y suggests that the energy 

separation between these levels is small since transition 

probabi lit y is proportional to E2À+1 where À in this instance 
y 

. 320 } 
1 s . 

!b~_Q~~~~_Qf_~~~Y 
Of the two photons associated with the decay of 83my 

the more intense is the 259.3 keV transition. This transition 

is characterized by a half-life of 4.96 ± 0.12 seconds 26} and 

an aK = 0.16 ± 0.02, properties consistent with a gamma ray 

transition of multipolarity E3. 

Bercaw and Warner 29 } observed states of spin and 

parity 1/2- or 3/2- at 250 keV and 680 keV above a 9/2+ state, 

which on the basis of Q value considerations they placed about 

24 keV above a 7/2+ ground state in 83Sr . The assignment of 

. d . t 7 / 2+ h d f 83 S . . k . Spi n an pari y to t e groun state 0 ris 1 n eepl ng 

with the systematics of N=45 odd A nuclides (Appendix 2) and 

has been confirmed experimentally by the beta decay work of 
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Etherton et al. 43 ). In the present work an intense 35.6 keV 

transition, observed in the 7 minute ground state decay, is 

assumed to connect the low-Iying 9/2+ state and the 7/2+ ground 

state. The lack of coincidences with this gamma ray suggests 

that it is of a retarded MI nature. 

The systematics of neutron deficient odd A strontium 

isotopes (Appendix 2) indicate that in these nuclei the 2PI/2 

excitation lies below the 2P3/2 excitation. The character of 

the 259.3 keV transition leads to the conclusion that it con-
- + nects a 1/2 state at 259.3 keV to the 7/2 ground state. The 

421.0 keV radiation, then,is associated with a transition from 

a 3/2 level at 680.3 keV to the 259.3 keV state. This decay 

scheme is included in Figure 30. 

The log ft values of the beta transitions leading to 

these levels (calculated assuming a beta decay Q value of 4.5 

MeV44» are classified in the allowed category and are consis

tent with the spins and parities deduced for these levels. 

The Decav of 83gy ________ L _______ _ 

~Q~rgï_~~Y~!ê 

The decay of 839y appears to proceed by beta decay 

to four levels primari Iy of 83Sr : the 1372.0 keV, 858.8 keV, 

35.6 keV and ground states. The intermediate levels are popu

lated for the most part by electromagnetic transitions from the 

1372.0 keV level. 

The existence of a' level at 35.6 keV is postulated 
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on the presence of a very intense gamma ray of this energy in 

the spectrum of 839y and is in agreement with the findings of 

84Sr (d,t) 83Sr reaction studies 29 ). 

Evidence for the existence of an excLted state at 

1372.0 keV is strong. Coincidences between the 882.1 keV 

gamma ray and gamma rays of 489.9 and 454.3 keV, and coinci

dence between the 420.4 keV gamma ray and the ~51.7 keV gamma 

ray firmly establish such a level. The presence in the decay 

of photons with energies 1372.0 and 1336.5 keV reinforce thJs 

assignment. Together these results establish excited levels 

of 83Sr at 35.6, 489.9, 951.7 and 1372.0 keV with reasonable 

security. Reaction data 29 ) indicates levels at 490 keV and 

960 keV which correspond quite weil to levels at 489.9 and 

951.7 keV proposed in the present work. 

The fact that the intense 858.8 keV gamma ray did 

not appear in coincidence with any gamma ray and could not 

be positioned in the dec~y scheme by energy sum relations with 

other gamma rays led to the postulation of an 858.8 keV excited 

state decaying directly to the ground state. 

Other levels are suggested by energy sums in stop

over transitions from the 1372.0 keV level. A level at 753.5 

keV is proposed, fed by a 618.3 keV transition from the 1372.0 

keV level and decaying via a 717.7 keV transition to the 35.6 

keV level and via a 494.3 keV transl:tion to the metastable 

259.3 keV level. Simi larly it is hypothesized that a 651.0 

keV state is fed by a 721.2 keV transition from the 1372.0 keV 

level and de-excited by a 391.2 keV transition to the 259.3 
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keV state. The latter supposition is consistent with the 

appearance of the 391.2 keV photon in the coincidence spectrum 

gated by aIl gamma rays of energy greater than 511 keV. Both 

assignments are consistent wi th the weak seven minute component 

observed in the 259.3 keV transition. (Energy sum relations are 

shown in Table 9) 

Beta decay branching ratios for aIl levels were derived 

from the relative intensity of the 511 keV annihi lation radiation 

(measured with sample encased in a 1.2 cm. thick aluminum beta 

stopper) to the other gamma ~~ in the decay. A 32% branch to 

the ground state was found. The corresponding log ft values 

were calculated assuming a Q value.of 4.5 MeV for the beta 

decay of 839y to 83 Sr 44). 

~ei~_~~9_~~~i~~_~~êigQ~~Q!ê 

The ground state of 83Sr and states at 35.6 keV and 

259.3 keV have securely established spins and parities 7/2+, 

+ - j 9/2 and 1/2 respectively. An n = 1 transition to the 680.3 

keV leveI 29 ), an allowed log ft value (5.1), and i ts gamma decay 

character indicate an assignment of (3/2, 1/2)- with the choice 

of 3/2- favoured by systematics (Appendix 2). Thel = 3 trans-n 

ition to the 489.9 keV state 29 ) and the gamma decay properties 

of the state (it feeds the 7/2+ ground state and 9/2+ first 

excited state) are consistent with 5/2- and 7/2- spin and parity 

assignments. Since the If5 / 2 excitation is known to lie close 

in energy to the 2PI/2 and 2P3/2 excitations a spin assignment 

of 5/2 is chosen for 489.9 keV level. 
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TABLE 9 

Summing Relations of Gamma Ray Energies 

Gamma Ray Energy Sum (keV) Si ng le Gamma Ray Ener~) 
or Associated Sum (KeV 

1336.5 + 35.6 = 1372.1 1372.0 
882.1 + 489.9 = 1372.0 1372.0 
882.1 + 454. 3 + 35. 6 = 1372.0 1372.0 

951 .7 + 420.4 = 1372.1 1372.0 
618.3 + 717.7 + 35.6 = 1371.6 1372.0 
721.2 + 391 .2 + 259 . 3 = 1 37 1 . 7 1372.0 
618.3 + 494.3 + 259.3 = 1371.9 
454.3 + 35.6 = 489.9 489.9 
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The log ft value for beta tr~nsitions from the 9/2+ 

ground state of 83y to the 1372.0 keV level is ln the range 

of allowed transition values, implying a spin and parity of 

(7/2+, 9/2+, 11/2+) for this level. The intense 882.1 keV 

photon connecting this level to the 489.9 keV 5/2- state rules 

out the choice of 11/2+ and favours a 7/2+ spin for this level. 

The level at 95J.7 keV is populated mainly by gamma ray decays 

from the 1372.0 keV state and depopulated by a direct decay to 

the ground state which suggests a spin assignment of (5/2, 7/2, 

9/2) for thts level. The 651.0 keV level is fed chiefly by 

electromagnetic decays from the 1372.0 keV level and decays to 

the 259.3 keV level. A low spin value, possibly (3/2, 5/2), 

is likely. Simi Jar arguments may be produced for the spin 

assignment of the 753.5 keV level. However, i t decays to the 

9/2+ first excited state as weil. A choice of 5/2 seems appro-

priate in this instance. 

No useful conclusions may be ascertained concerning 

a spin and parity assignment for the 858.8 keV state. 

Conclusions 

The decay scheme of Figure 30 is proposed for the 

decay of 83my and 83gy on the basis of energy and hélf-life 

measurements, coincidence studies, internai conversion measure

ments, and reaction data 29 ). The locations of the 199/2 (35.6 

keV), 2PI/2 (259.3 keV), If5 / 2 (489.9 keV) and 2P3/2 (680.3 keV) 

excitations above the 7/2+ ground state are observed. 
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The metastable character of the 259.3 keV level is 

corroborated by its absence from aIl coincidence spectra. 1 t 

is hypothesized that the 35.6 keV level is of retarded Ml nature 

because of its fai lure to be coincident with any gamma ray. 
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FIGURE 20 

A Gamma Ray Spectrum of 838~3my 
Activity From a Target of Enriched Sr Bombarded 

at 31 MeV. No chemical separation has been 
performed. Other activities identified in the spectrum are 

84y45) 86y21) 86my 87,87my20) 81S 27) 83S 43) 
, , 85m ' 20) 8 1 ' 46) r , r 

Sr and Rb . 
Peaks marked (a) are unidentèfied peaks from activities other 

than 3y. 
(The peak labelled 421(d) is a doublet 

consisting of lines at 420.4 keV and 421.0 keV). 
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FIGURE 21 

A Gamma Ray Spectrum of 83,83my From the Yttrium 
Fraction Separated From an Enriched 

84Sr Target Bombarded at 40 MeV. 
AlI the activities present were identified in Figure 20. 
Peaks marked (a) are unidentè·fied peaks from activities other 

than 3y. 
(The peak labelled 421(d) is a doublet consisting of lines at 

420.4 keV and 421.0 keV.) 
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FIGURE 22 

A Gamma Ray §aectrum From the Contaminant Fraction of 
an Enriched Sr Target Bombarded at 40 MeV, Recorded 

Eighty Minutes After Separation. 
Activities Which Appear in this Spectrum 

but not in Figure 20 or 21 are 
79 Rb47), 82mRb48) and 83 Rb49). 
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FIGURE 23 

Half-life Plots of Sorne Pr6minent Gamma Rays 
in the Decay of 83, 83my 
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FIGURE 24 

Coincidence Spectrum Gated by aIl Gamma Rays Above 
511 keV and Below 1.5 MeV. 

(The Peak label led 421(d) is a Doublet Consisting of 
lines at 420.4 keV and 421.0 keV.) 
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FI GURE 25 

Coincidence Spectrum Gated by the 489.9 keV Transition 
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FIGURE 26 

Coincidence Spectrum Gated by the 454.3 keV Transi tion. 
(The Peak Labelled 421(d) is a Doublet Consisting of 

Lines at 420.4 and 421.0 keV) 
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FIGURE 27 

Coincidence Spectrum Gated by the 882.1 keV Transition. 
(The Peak Labelled 421(d) is a Doublet Consisting of 

Lines at 420.4 and 421.0 keV) 
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FIGURE 28 

Coincidence Spectrum Gated by the 421(d) Transitions. 
(A Doublet Consisting of Lines at 420.4 keV and 421.0 keV) 
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FI GURE 29 

The K-electron InternaI Conversion Line From the 
259.3 keV Transi tion 
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FIGURE 30 

Proposed Decay Scheme of 83, 83my 
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CHAPTER VI 

THE SEARCH FO R 82y DECAY 

Background 

The history of the decay of 82y is a confused one. 

Half-lives of 82y measured using radiochemical Imi Iking l tech

niques have varied from 70 minutes to less than 1.5 minutes 

30,31,32,33) Turcotte 26 ) reported four gamma rays at energies 

of 143.4 keV, 147.2 keV, 155.0 keV, and 160.8 keV decaying with 

a half-life of 22.80 ~.34 minutes and attributed them to the 

decay of 82y • A spectrum made up entirely of such lowenergy 

gamma rays in a decay to an even-even nucleus in this mass 

region is highly suspect, in sharp disagreement with the pre

dictions of shell mode 1 calculations of 82Sr levels lO ) (Figure 8) 

and with decay schemes for simi lar nuclei, for instance 84y 

decay45). Recent results from a 74Ge(CI2,4n)82Sr reaction 

study35) indicate the level structure for 82Sr shown in Figure 

7. It is not in agreement with the effective interaction shell 

mode 1 calculation results lO ) and this non-agreement is thought 

to be due to deterioration of the stabi li ty of the Z = 38 pro

ton shell when N is several units less than 5035 ). 

Experimental Results 

Targets of enriched 84Sr were bombarded at energies 

from 40 to 45 MeV (simi lar to the bombarding energies of Ref. 

26) weIl above the (p,3n) reaction Q value. The gamma rays 

assigned to the decay of 82y by Turcotte26 ) were observed, 

along with several others of the same half-life. When the 
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yttrium activities were chemically separated from the strontium 

and rubidium activities, these gamma rays were found to emanate 

not from the yttrium fraction but from the contaminant fraction. 

(See Figures 21 and 22). The photons of 22.8 minutes half-life 

observed by Turcotte 26 ) and in the present work have recently 

been identified as originating from the decay of 79 Rb47). 

These workers induced the observed activity by 3He bombardments 

on 79 Br targets. The production of yttrium activity by thls 

process is impossible. Table 10 shows the energies and rela

tive intensities of strong lines from the decay of 79 Rb seen 

in this work. 

None of the gamma rays reported in the 74Ge(CI2,4n)82sr 

reaction work35 ) were observed in samples counted within five 

minutes of bombardment. Subsequently, an experiment was carried 

out using the rapid extractor system which enabled counting to 

begin one minute and fifteen seconds after bombardment. No 

trace of the expected gamma rays was recorded. 

Speculations on Reasons for the Fai lure to Observe 82y Activity 

Fai lure to produce 82y activity: There are two 

possible reasons for not producing 82y in observable amounts 

wrong bombarding energy or very low reaction cross-section. 

The bombarding energies used were 10 - 15 MeV above the calcu

lated (p,3n) reaction threshoJd and even at the highest bombarding 

energy the (p,n) and (p,2n) reaction yieJds were significant. It 

seems unlikely that the bombarding energies used couJd have been 

entireJy inappropriate. A very low cross-section is a possibi-

Jity that cannot be ruJed out. 
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TABLE 10 

Gamma Rays From 79 Rb Observed in This Work 

Energy (keV) Relative Intensi ty 

130.01 ± 0.02 41.5 ± 2.1 

* 1 43 . 49 ± O. 03 46.6 ± 2.2 

* 147.23 ± 0.03 32.2 ± 1.7 

* 154.84 ± 0.02 24.6 ± 1.2 

* 160.68 ± 0.02 28.9 ± 1. 1 
182.82 ± 0.10 67.2 ± 3.3 
350.66 ±. 0.06 28.1 ± 1.4 
397.65 ± 0.01 22.3 ± 1.5 
505.30 ± 0.04 53.6 ± 2.7 
688. 1 2 ± O. 04 100 

* Gamma ray energies prec~g~d by * match those 
misassigned by Turcotte ) to the decay of ~2y. 
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A very short half-life for the 82y decay: the 82y 

activity was counted within 1.25 minutes of bombardment and 

no trace of the gamma rays reported by Inamura et al. 35 ) from 

reaction studies was seen. This suggests an appropriate upper 

limit of 30 seconds on the half-life of 82y if it decays to 

excited states of 82Sr which subsequently emit gamma radiation. 

A rough estimate of the half-life of an allowed beta transition 

from 82y to 82Sr is of the order of ten to twenty seconds54). 

82y may decay entirely by + decay to the 0+ ground 

state of 82Sr : Several different ground state spins are 

possible for 82y . If the odd (39 th ) proton is in the 2p,/2 

orbit and the odd neutron (43 rd ) in the 199/2 orbit Nordheim's 

strong coupling rule indicates a ground state spin of 4-. This 

is consistent with the systematics of low mass even A yttrium 

isotopes (Appendix 2). On the other hand if the odd proton is 

in the 2p,/2 shell and the odd neutron is in the 2p,/2 shell 

h d . f 82y . d . d b t b b 1 t e groun state spIn 0 IS pre Icte to e mos pro a y 

1+. Systematics of N=43 isotones (Appendix 2) indicate that 

the 43 rd neutron tends to be in the 2p,/2 orbit. The two 
- + other possibi lities 5 and 0 are not entirely excluded by 

these rules. Of these four possible spins only the 0+ is com

patible with the hypothesis of an al lowed or superal lowed beta 

decay from the ground state of 82y directly to the 0+ ground 

state of 82Sr , with no other branches. Of the four possible 

ground state spins for 82y 0+ is not the most probable. 
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1 f such ë;t 0+ ..... 0+ al lowed or supera 1 lowed transi tion 

does occur in 82y the half-life of this activity would be 

expected to be of the order of a few seconds, undetectable in 

the present experiment. 
82 y decay may proceed by delayed proton emission: 

the Q vaiue for beta decay from 82y to 82Sr is -8.4 MeV based 

on mass table predictions 37 ). The binding energy of a proton 

in 82Sr is only 6.8 MeV. If in 82Sr there is an analogue state 

above 6.8 MeV then 82y may decay via delayed proton emission. 

This is an unlikely decay mode. 

Conclusions 

To date attempts to observe beta decay from 82y to 

82Sr have been entirely unsuccessful. An upper limit of 30 

seconds is determined for is half-life. Further experiments 

are required to clarify the situation. 
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APPENDIX 

GAMMA RAY ENERGY STANDARDS 



.. $ource Energy (keV) Re lati ve 1 ntens i ty 

1 33 Ba 49, 50 ) 53.40 .06 2.17 . 10 

79.70 5 2.0 2 

80.94 5 30. 1 1 
160.64 7 0.55 02 
223. 14 7 0.44 03 
276.54 5 6.10 15 
302.84 5 15.4 4 

356.24 5 51.7 
383.78 5 7.39 16 

bO Co 20) 1173.226 40 100 

1332.483 46 100 

154Eu 51) 123.10 3 1 13. 10 3.31 
247.92 3 IS.75 52 
444.34 7 J. 44 10 

591.71 4 14.03 33 
692.42 6 4.85 17 
723.27 4 57.13 141 
756.82 5 12.54 30 
873.21 5 33.35 90 
996.30 5 29.42 60 

1004.78 5 50.33 130· 

, 
. ~ 



Source Energy ( keV) Relative Intensity 

\ 1.5 4E u 1274.42 5 100 
(continued) 1494.08 7 1.84 10 

1596.45 7 4.77 15 

182Ta52) 31 .375 .001 
42.714 2 0.70 .04 
65.720 2 8. 13 40 
67.748 2 119. 6. 
84.679 2 7.64 37 

100. 102 2 407 1.5 
113.672 2 5.53 30 
116.414 2 1. 28 08 
152.428 2 21.0 8 
156.386 2 8.10 40 
179.392 2 9.44 40 
198.351 3 4.37 25 
222.106 2 22.7 9 
229.317 8 1 1. 1 5 
264.071 3 10.7 4 
891.982 15 0.15 02 
927.995 15 1.79 09 
957.730 15 1. 02 06 

1001.694 15 5.98 30 
1044.409 15 0.69 08 
1 1 13.398 52 1.13 10 



J 

Source Energy (keV) Relative Intensity 

182Ta 
(con ti nued) 

1 121 .298 . 013 100 

1157.311 13 1.84 .35 
1 158. 080 15 0.99 28 

1 189. 046 13 47.4 7 
1221 .399 13 79.3 1.2 

1231. 01 a 13 33.4 5 
1257.412 13 4.33 07 

1273.725 13 1.90 04 

1289.147 13 4.05 07 

1342.714 5 1 0.75 02 

1373.825 13 0.66 02 

1387.396 13 0.217 010 

1410.100 100 0.117 008 

1453. 115 13 0.123 010 
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• 

A. N=45, A=odd isotones 

B. 'Odd A yttri um isotopes 

c. Odd A stronti um isotopes 

D. Even A yttrium isotopes 

E. N=43, A=even i sotones 



-
; : 

A. N =45 A= ODD ISOTONES ( 20) 

1/2- 0·190 
1/2- 0·159 

1/2- 0·096 

B. ODD A YTTRIUM ISOTOPES (20) 
9/2+ 0·91 

9/2+ 0·381 

1/2- 0·04 9/2- 0 1/2~ 0 
9/2+ 85 0 87 89 

. 39 Y46 39
Y
48 39

Y
50 

c. ODD A STRONTIUM ISOTOPES (10) 

5/2- 1·259 
5/2+ 1.231 

5/2-
0·767 3/2- 0·876 

5/2+ 
3/2- 0740 1/2- 0·387 
1/2- 0·237 
7/2+' 0·231 9/2+ 0 
9/2+ 

85
S 

0 87. 
38 ~7 38

Sr
49 



,. 
1 : 

D. EVEN A YTTRIUM ISOTOPES (20) 

B+ 0-218 

.2:1 \0·20B 

o 
86 
39 Y47 

88 
39

Y
49 

o 

E. N= 43 A EVEN ISOTONES (20) 

2± 0·032 

o o o 
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Abstract: The decay of the 8+, 218.4 keV isomeric state of 86y has been re-investigated. It was 
observed that this state decays with a weak fJ+ branch to astate at 2955.5 keV in 86Sr as weil 
as y.decaying to states in 86y. The relative fJ+ decay strength was measured to be (0.69 ±0.04) %, 
corresponding to a log ft value of 6.51. Gamma-gamma coincidence measurements indicated 
that the 2955.5 keV state undergoes four successive cascade transitions to the ground state of 
86Sr with the emission ofy-rays at 98.6±0.1, 627.2±0.2, 1076.6±0.3 and 1153.1 ±0.3 keV. 
A new decay scheme is proposed. 

E RADIOACTIVITY 86mY[from 87Sr (p,2n)86my); measured Ti-' E'l' l'l' yy.coinc.; 
deduced logft. 86Sr deduced levels J,H. Enriched targets, X-ray and Ge(Li) detectors. 

1. Introduction 

Two activities are associated with the decay of 86y: a 14.6 h ground state decay 
and 48 min isomeric state decay 1). The decay of the 86y ground state to leveIs in 
86Sr has been a subject of much study 2). The shorter-lived activity was investigated 
by Kim et al. 3) who attributed it to the decay of an isomeric state at 218.2 keV in 
86y with a spin and parity of 8+. They observed that this state decays to the 5-, 
208.0 keV state, thence to the 4- ground state of 86y, but found no evidence of a 
direct p+ decay branch to levels in 86Sr. However, in the course of their studies of 
internai conversion electrons, they observed a 98.5 keV transition which they 
assigned to 86Sr on the basis of its K and L conversion lines energy separation, but 
its reIationship in the level structure of 86Sr was not established. 

In a 87Sr (p, d)86Sr reaction study, Kitching et al. 4) observed a series of leveJs 
in 86Sr with even spin and positive parity. They suggested that the levels at 2995 keV 
(8+), 2855 keV (6+), 2232 keV (4+), 1077 keV (2+) and 0 keV (0+) are members 
of the (gi 2) multiplet. The identification of an 8+ state at 2955 keV in 86Sr suggested 
the possibiIity that a direct p+ decay branch connecting this state to the 8 + , 218.2 ke V 
isomeric state in 86y may exist, particularly if the dominant shell-model configura
tion of the latter is (gt)n (gi3)V (n and v denote proton and neutrons, respectively). 
The present work was thus undertaken to clarify this situation. During the course of 
this work, the eIectromagnetic transition characteristics of the suggested multiplet 
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in 86Sr were studied by Ishihara et al. 5) and they concluded that the 8+ state decays 
with a half-life of 0.46 ± 0.03 JlS to the 6 +, 4+, 2 + and 0 + states successively via pure 

E2 transitions. 

2. Experimentai details 

The 48 min 86my sources were produced by means of the 87Sr(p, 2n)86y reaction 
in the McGill synchrocyclotron at 24 MeV bombarding energy. The targets were 
enriched (93.3 %) 87Sr(N03)z. The relatively high spin value (~+) of the ground 
state of 87Sr is conducive to the production of the 8+ isomeric state in 86y, and the 
chosen bombarding energy corresponds to the maximum isomer to ground state 
yield ratio. 

Two detectors were used in this work: an X-ray spectrometer with energy resolu
tion of 0.85 keV at 200 keV and a 35 cm3 Ge(Li) detector with an energy resolution 
of 2.4 keV at 1.33 MeV. Singles y-ray spectra were coUected in a 4096-channel Nu
clear Data analyser, which was interfaced to a PDP-8 computer for data analysis. 
Gamma-gamma coincidence measurements were recorded by operating the analyser 
in a 4 x 1024-channel two-dimensional mode. Four coincidence spectra each of 1024 
channels were collected simuItaneously. The lifetime of the activities was measured 
by means of an on-line computer program control with a selectable counting interval. e 

3. ResuIts 

A half-life analysis of the y-rays appearing in the recorded spectra was used to 
identify the two activities from the decay of 86y ground state and 86my, together 
with contaminants arising from reactions other than 87Sr(p,2n)86y. Apart from 
ail the y-rays observed by Ramayya et al. 2) and Kim et al. 3), a weak y-ray at 98.6± 
0.1 keV was observed. This y-ray decays with the same half-life as those at 1O.2±0.1 
keV and 208.2±0.2 keV as observed by Kim et al. (1O.15±0.1 and 208.0±0.3 keV) 
in their study of the decay of 86my. The intensity of the 98.6 keV line relative to that 
of the 208.2 keV line has been measured to be (0.35 ± 0.02 %). Fig. 1 presents that 
part of the spectrum which includes both the 98.6 and 208.2 keV y-rays with their 
half-lives being shown in the insert. A careful half-life analysis of the other y-rays 
in thespectrarevealed thatphotons ofenergy 627.7±0.2, 1076.6±0.3 and 1153.1 ±0.3 
keV, which are known to be associated with the decay of the 14.6 h 86y ground 
state 2), contained a small shorter-lived component whose half-life is similar to that 
of the 86my decay. 

A y-y coincidence measurement with the X-ray and 35 cm3 Ge(Li) detectors was 
performed to investigate the relationship of the 98.6 keV y-ray and the 627.7, 1076.6 
and 1153.1 keV y-rays. The output of the Ge (Li) detector was routed into different 
quadrants of the analyser by the energy selection window set on the output of the 
X-ray detector. Three windows were used: one set on the 98.6 keV line and the other 

i ___ . _____________ .-c.-,-.---=-c-~" ,.--.~--_,_-.---. 



"A 'V 

Cl 

C) 

86my DECAY 173 

two sets on the backgroundjust above and below this y-ray, respectively, as indicated 
in fig. 1. This arrangement permitted simultaneous recording of the 98.6 keV !ine 
and background coincidence spectra. Fig. 2 presents for comparison the relevant 
portion of a y-riiï singles spectrum of the 14.6 h 86y decay, and coincidence spectra 

10' 

216 hVa-Rb 

.. ".4 .. '. -\ .. -
1o'L---------~4~OO~--------~----------~60~O~CH-A-N-N-.L--NUM--.~.A-----------8~O~O--------~ 

Fig. 1. A partial y-ray spcctrum obtained with the X-ray detector. The vertical dashed bars indicatc 
the energy window setting uscd for coincidence measurements. The insert shows the decay of the 
98.6 and 208.2 keV y-rays and their intensity ratio. The half-life obtained for these twoy-rays is 

48±2 min. 

gated by the 98.6 keV y-ray, by the window above this y-ray, and by the 98.6 keV 
window after the 48 min activity had been allowed to decay. An analysis of the data 
reveals that there are strong coincidences between the 98.6 KeV transition and the 
627.7, 1076.6 and Il53.1 keV transitions and that these y-rays have equal intensities 
in the coincidence spectrum (within an experimental error of ± 10 %). No other y-ray 
was observed in coincidence with the 98.6 keV line. This result indicates that the four 
y-rays originate from transitions in 86Sr. 

The decay scheme of 14.6 h 86y as proposed by Ramayya et al. 2) associates the 
627.7 keV y-ray with a transition between the 2481.9 keV (r) and 1854.2 keV (2+) 
levels while the 1153.1 keVand 1076.6 keV y-rays arise from the decay ofthe 2229.7 
keV (4+) level to the 1076.6 keV (2+) level which subsequently decays to the ground 
state. No transition between the two 2+ levels was observed and, consequently, the 
present coincidence experiment in which the 98.6 keV transition is observed to be 
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in coincidence with the above three y-rays suggests that the 627.7 keV y-ray is in fact 
a doublet. A high-resolution study of the three y-rays rcvealed a low-energy shoulder 
on the 627.7 keV photopeak which decays with a half-life consistent with the 86

my 
decay. A line shape analysis revealed a weak transition at 627.2±O.2 keV. It is there
fore concluded that the 627.2, 1076.6 and 1153.1 keV y-rays are in coincidence \Vith 
the 98.6 keV line. 

10 ;- " 

V1 ~ 
f
Z 
::> 
o 
u 

.:"." . 

.", 

:~~]t~t .i:. 

300 "'00 CHANNEL 500 600 

Fig. 2. Comparison of the relevant portion of the y-ray spectra from the decay of B6my and 86y 

(ground state). From top to bottom: (a) y-rays from the decay of 14.6 h BOy ground state (spectrum 
accumulated four hours after bombardmentl, (b) coincidence spectrum gated by the window se' on 
the 98.6 keV line, (c) coincidence spectrum gated by the window just above the 98.6 keV line, (d) 
sume as (b) except that the 48 min activity had been allowed to decay for a period of four half-Iives 

before counting. The energy window settings are indicated in fig. 1. 



86my DECAY 175 

4. Discussion and conclusions 

The decay of the 8 +, 218.4 ke V isomeric state of 86y has been re-investigated. 
Besides the transitions at 10.2 and 208.2 keV attributed to the decay of this isomer 
by Kim et al. 3) 'l'-rays at 98.6 and 627.2 keV were observed to decay with the same 
half-life. The 627.2, 1076.6 and 1153.1 keV 'l'-rays appeared in the coincidence spec
trum gated by the 98.6 keV line with equal intensity. The 1153.1 and 1076.6 keV 
'l'-rays are known 2) to originate in 86Sr. 

Based on the internaI conversion measurements and the growth-decay character 
of the 'l'-rays from the decay of 14.6 hr. 86y, Kim et al. assigned the 10.2 and 208.2 
keV transitions to the decay of 86my to levels in 86y. The 98.6 and 627.2 keV 'l'-rays 
observed here cannot be assigned to transitions in 86y because these 'l'-rays are in 
coincidence with the 1076.6 and 1153.1 keV 'l'-rays, which are known to come from 
transitions in 86Sr . It appears that both the 98.6 and 627.2 keV transitions are also 
in 86Sr. This observation is consistent with the results of Kim et al., who noted a 
98.5 keV transition in their conversion electron spectrum and tentatively assigned 
it to 86Sr. 

The results of Kitching et al. 4) imply that the 8+ state at 2955 keV should decay 
predominantly by E2 transitions through 6 + , 4 +, 2 + and 0+ states in succession with 
the emission of'l'-rays ofenergy 100,626,1153 and 1077 keV, respectively. This sup-

8+------~----~~ 
6+----... ----

4+----+-----

M .... 
2'·-----+---- 1076.6 

0+---.... --- o k.·{ 

~~Sr48 

8. B6my 
5 _ 48 min :218.4 

....:..---"""----208.2 

99.31% 

log ft 6.51 

Fig. 3. Proposed decay scheme for the 48 min 86my. 
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position has recently been confirmed by Ishihara et aL 5) in an on-line y-ray study 
experiment. It is reasonable therefore, to propose that the 7-rays with energies 98.6, 
627.2, 1153.1 and 1076.6 keV observed in the present work are the results of cascade 
E2 transitions originating from the 8 + state in 86Sr_ This proposition necessitates a 
direct p+ decay frorn 86y to the 2955.5 keV lever in 86Sr_ A summary of the proposed 
decay scheme of 86my is presented in fig. 3_ 

The relative p+ and y-decay intensities shown in the figure are obtained from the 
relative y-ray intensities of the 98.6 and 208_2 keV lines_ Kim el al. have reported 
the value of the internaI conversion coefficient for the 2082 keV transition as CXK = 
0.04 and CXK : CX L : CXM = 100: 83: 1.7. Assuming the 98_6 keV transition is pure E2 
[ref. 5)] the branching ratio for the p-decay of 86my is (0_69±0_04) %. The p+ decay 
logft value is therefore deduced to be 6.51; a value somewhat high for an allowed 
transition but nevertheless consistent with such transitions in this mass region 1). 

This work is supported by a grant from the Atomic Energy Control Board of 
Canada. The authors wish to thank Mr. R_ E Turcotte for assistance in sorne of the 
half life measurements. Thanks are also due to Messrs_ C. Flaum and M. Ballantyne 
for their help in the y-ray measurem,.;.nts. 
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