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infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
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ABSTRACT
~Alpha: particle and gamma ray studies were made of the decay
of neutron-deficient isotopes of astatine, 'polonium,l and bismuth.

Astatine iéofopes were produced in Au(iZC, )'cn)v reactions at the

. Berkeléy Heavy Ion Linear Accelerator (HILAC). Polonium and bis-

muth sources were obtained as products of astatine decay.

Three kinds of experiments were performed: 1) alpha ‘paf._
ticle enérg_iés and bfanchihg ratios, 2) high resolution gamma-ray
singles studies, and 3) gamma-gamma coincidence rneas_ureme'nts‘.

In the gamma ray studies measurements were made on a source con-

taining a mixture of isotopes with no previous chemical separation,

primarily due to the éhort half-lives involved. >Computer codes were
developed.to analyze the resulting complex multicomponent gamma
spectra. | |

. Decay s_chemes were vconstructed for even-mass Af_isoto.pes,»
A= 202-206. Confirming evidence was obtained in alpha measure-

ZOZAt.' Partial deéay schemes were
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deduced for 205A1: and 203A.t, characterized by intense direct pop-

ulation of a 9/2- excited level in the Po dau'ghtérs followed by a’

gammé transition to the 5/2- ground states. For ZOZPO-ZOSPO

tentative decay schemes were proposed. The odd-mass polonium
nuclei exhibit substantial decay to positive 'parity states in their Bi

‘ daughters; In addition, an alpha group at 5.37+0.15 MeV was at-

tributed to 203Po. Finally, a systematic series of energy levels

(0+, 4+, 44, and 5-) wére observed in the even-even .Ho‘nuclei pro-

duced in the electron capture.decay of 198Bi-20‘.}Bi.'

<



I, INTRODUCVTION
-Durivn.g thé_ past seyén years thevdevel_opment of high-resolutio‘n
solid state detectors has led to the accumulation of huge quantities of
experimental d#ta in the Vfie'ld of nuclear spectroscopy, providing |
nﬁany advances tb&afd a fuller understanding of nuclear structure.

The shell _rnédel, in parfiéular, has been very.vsuccéss"ful in explain-

'ihg and pfedicting much of the experimenfal information. Its suc-
_cesses lead us to hope to understand the nature of the effective nu-

. clear force inside finite nuclei from a detailed theoretical analysis

of'expérim‘ental spectra. As theoret-ic.alk calculations have become
more fefined, defailed experimental info‘rmation has become more
important as a test of theory.

The greatest successes of the nucv‘.l'eaxv' shell model have been in
explaining low;energ_y properties of nuclei nea’f the doubly closed
shells. ' This group-qf nuclei is an important and suitable subject for
obtaining information on the nature of the effective nuclear force in- |
side nuclei. The low-energy properties of these nuclei ostensibly
involve only a few nucleons outside an inert core which is assumed to

give rise to a central field in which the extra nucleons move. Since

the shell model descriptio.n near closéd shells is in its simplest and

most basic form, detailed experimental information for these nuclei

 is extremely important in providing a check for théory.

208

Due to their proximity to the doubly magic nucleus " ~Pb, bis-

muth, polonium, and astatine ivsotopes with 83, 84, and 85 protons,



respectively, present a particularly interesting and important re-
gion for study. The 'higher-mass 'isotopes situated only one to four

nucleons away from the doubly closed shells have been the subjects

" of much study. (Pry52 Ers62 "Kimé3, Per62, Gle62, Pru67, Tre68)

- In: general good agreement has been obtained between the experlmen-

tal d_ata andtheoretical calculatmns. | |
One of“the most .s_triking exembles of the lnterplay of exper-

‘iment and theory is seen 1n the assignment of spin -va,-luevs to the ob-

210B1 nucleus The ‘nuc_leus has one pro-

2‘08-Pb core. 'The lowest proton orbi-

- served energy levels in the
ton and one neutron beyond the

tal is h, and the lowest neutron orbital g9/2 One thus ‘e'xpects a

9/ 2
low— 1y1ng multlplet of 10 levels with sp1ns from 0 to 9 for 2loBi.
Slmple shell model calculatmns w1th any reasonable attract1ve cen-
-tral force mixture actmg between the two odd nucleons pred1cted that
the 0" level would lie lowest With the exper1menta1 determ1nat1on

(ErséZ) 210

th t Bi ha-s a1 ground _s‘tate and a 0 first excited level,

a difficult problem was posed for shell model theory. Kim(K.im63)
exblained this troubling inver sion by including a tensor fo_r.ce.with a
range of ~2 Fm. |

‘ .However', until juSt recently, i/ery little wes.known about the
nuclear energy level's of the more neutron-deficient isotopes of bis-
vmuth, polonium, and astatine in the mass .regionA = '198-2-05.‘ True,
the results would be harder to interpret theoretically since the nuclei

are further removed from the neutron closed shell, .but:one would

expect their low-lying nuclear levels could be described in terms of
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the mass rangé 193-20

.coupling between the proton(s) outside the Z = 82 closed shell and

the holes in the N = 126 neutron shell.

This study was undertaken to add information about the decay

schemes of some of these low-mass nuclei. Previous information

about most of thesé isotopes had resulted from aL'lpha decay studies.

(Hof63) (For61)

Hoff et al. systematlcally deter-

and Forsling et al.

mined the half-lives and alpha decay e_nerg.i'es of the astatine iso-

: top'es in the rhass range 200-207 produced by heavy ion reactions.

ThlS study was extended in '1966 down to mass number 196 by
(Tre66)

Tretyl and co-workers and isomerism was found in the odd-

. neutron isotopes below 118 neutrons.

Several investigations of the nuclear properties of neutron-

deficient polonium isotopes--especially their alpha decays--have

been carried out since 1947. (Tem47,Aft59a) However, the data

published up until 1964 show mar-ly_ inconsistencies in the mass as-

signments of alpha lines. ' Recently, three indepéndent systematic
studies of the alpha decay properties of these polonium nuclides in
8(T1e67' Sii67, Le367)’ carried on simultan-

eously with this work, have resulted in definite mass asmgmnents

The earlier discrepanciés can be. exp1a1ned by,the occurrence of
202

“alpha-active isomers in odd-mass polonium isotopes below Po

(118 neutrons).

Some early gamma studies had been 'ca..r.riedv’ out. The elec-

i_tron capture of bismuth isotopes in the mass {re'gi'ovn 202-205 was

studied to give information about the nuclear levels of the



(Nov58 Sto58 St060a, McD57) s
Early

207

corre spondlng lead daughter 8.

gamma measurements ex1st also for the decay 'o'f OSPo and

(Lin57, Har62)

short 11ved 1somer1c states and for the exclted levels

06B1 from the decay of 206‘ '(Arb57, Wah57) ' »
In Just the past two years, dur1ng the course of the present in-
vestigation, there has been an added wealth of information. - The
electron capture decay of odd-mass polonium 1sot0pes to levels 1t1

203Bi, 20.5Bi, and 207Bi has been studied in some deta11 (Hop69

Alp69, A8t70) and _theoreti_cal expianations of the observed states

have been advanced. (Alp69, Ber69, Bra70) Yamasaki(Yémm) has
made a systematic study of isomeric states of polonium isotopes in
the nanosecond range populated by Pb (e, xn) reactions. . Resﬁlts of

these recent investigations will be discussed more fully and com-

pared with the decay information gained in this study.’



198m

hr 196

II. ALPHA MEASUREMENTS
Although the scope of this study is broad we began initially with

a very specific problem--the investigation of the alpha decay of

198_..
-83B1.
198

The mass assignment of Bi is uncertain; it is labeled class

D in the Table of Isotopes. (Led67) Evidence for its existence was

(Neu50) who

first pres'énted in 1950 by H. Neﬁmann and I. Perlman
found a 5.81-MeV alpha activity that decayed with a half-life of about

7 min in their bombardment of lead targets with protons. They as-

. signed its mass number on the basis of excitation functions and

pa‘rent—dkaughter relationships. The thallium fraction was milked
from the bismuth at intervals and found to contain a small amount of

activity with a half-life shorter than 7 hr and consistent with 1.8-hr

197

T1 (although not completely ruling out 2.84-hr T1 and 1.84-

T1).
During the course of this ihvestigation, Siivola et al. (Sii64) re-

ported a 5.81-MeV activity with a half-life of 8.0 £0.5 min in their"
99B

work with alpha-active isomers of 201Bi and 1 i. They definitely

confirmed the element assignment of this 8-min activity to bismuth

but could not definitely determine its mass number. However, they

did find an isomeric state of 2.OolBi that decays with a half-life of

52 %2 min by emitting a 5.27-MeV alpha particle, and also found ev-

idence for a similar alpha-decaying isomer of 199131 with a half-life -

of 24.4+0.5 min. Thus these results suggest that the 8-min alpha

activity could belong to an excited state in 197g;.
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198 202

Bi is the alpha decay daughter of At. The alpha decay

of 202At has been studied b.y several investigators. Forsling etal.

(Foré4) used mass separation to show that the two alpha peaks at

6.23 MeV (36%) and 6.13 MeV (64%) belong to 2-OZAt. Latimer etal.

(Lat60) m'easured the alpha branching ratio to be.0.12 for ZOZAt;'

(Hof63)

Hoff and'c';o-workers studied these peaks by aléha-gamma

coincidence techniques. The failure to observe any gamma rays in

coincidence with the 6."13-MeV.élpha group suggested thatv the transi-
198 |

‘tion(s) de-exciting the Bi state populated by this alpha are highly ‘

converted or delayed. The subsequent observation of the coincidence
between L x rays and the 6.17.3—MeV alpha grdup indicated .fhat less
than 25% of thé; 6.13-MeV group is followed by a prompt converted
transition, so the transition is probably delayed.

This leads to the possibility of isomers. Since no clear >differ-v v
ence in the half-lives of the aipha peaks was observed, it appea-réd
' 198 '

that isorherism was more likely to occur in the daughter, Bi, than

in ZOZAt. More recently, however, this supposition of 198

(Treb6)

Bi iso-
merism was questioned by Tretyl and Valli in their study of
the alpha decay of astatine isbtopes lighter than mass 205 made by

185Re and 187

bombardment of Re with 2ONe atoms at the Berkeley .

' Heavy Ion Linear Accelerator (HILAC). Their meaéurements in-
dicated that the 6.13-MeV peak fnay have a somewhat longer half-life
than the 6.23-MeV peak (3.0+0.3 min compared to 2.6+0.3 min).

This fact plus ti’le fnass-‘energy éystematics and‘ a systematic occur-

rence ofisomerism in neighboring isotopes led them to conclude that



the isomerism is in 202At, not its
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198g; daughter. Accordingly,

they ass'igned the 6.13-MeV péék to the ground state and the 6.23-

MeV peak to an isomeric state in ZOZAt. They also répoftedi iso-

rﬁefs‘in ZOOAt and 198At.~ Their mass assignments were based on

"excitation functions and genetic relationships with polonium electron

capture d_éughter s.

198

The Bi for our present study was obtained by collecting al-

pha recoils from 20254, Fas.t-chel.rni-stry'methdd.s were utilized to
identify the alpha groups present in the resulting spectra. The ma-
jority of these were assigned to polonium isotopes. - No alpha groups

198

belonging to Bi were observed, and hence a limiting value for the
alpha branching ratio was determined. Subsequent investigation of
the decay of the polonium isotopes, uéing methods of gamma spec-

troscopy, immediately reopened the broad study to include the entire

mass region 198-205.

A. Source Preparation -

All the astatine isotopes used in this study were produced by ir-

radiation of gold targets with carbon ions in the HILAC. Aluminum

degrader foils were placed in front of the target in order to control

the beam energy. There are many difficulti_es in this _.r'nethod, Among
them is the fact that the astatine nuclides cannot be produced singly
and the half-lives are rather short to allow rigorous chemistry. ’I‘hése
astatine nuclides of mass 200-205 all decay by both é.lpha emission

and electron capture, giving rise to a rhultitude of daughter activities.



-8-

The ratios of the various astatine isotopes produced can be
changed by using different thicknesses of aluminum and gold in order

to control the energy band to which the target atoms are exposed. To

pr‘oducé primarily 2.0 1A’c, the full—enérg'y beam (10.4 MeV/nucleon)

was used, i.e., no Al degrader foil, whereas the 2OSAt concentration
~ was maximized at a beam energy of 74 MeV, which féquiréd 5.25 mils

of Al absorber. The desired thickneéses of absorber and target foils

were determined from experimental excitation functioné'(Th062) and

from available energy-loss curves for carbon ions in aluminum.

(Nor60)  rige excitation functions obtained by varying the ratios of

the various astatine isotopes in different bombardments were helpful
in assigning mass numbers to the observed radiations.
This production by heavy-ion‘pr_ojectiles is advantageoﬁs since

it favors formation of‘ the lower-mass isotopes (A'< 207). The com- '

209 , %

pound nucleus for carbon ion bombardment of gold is At as op-

: : Uk . o ' - : L
posed to 213At for helium bombardments of bismuth for example.

The high Coulomb barrier for carbon ions eliminates low nuclear ex-
citations of the 'compound nucleus, even when thick targets are em-
ployed.

The 198Bi for this study was prepared'_by collecting alpha re-

202

coils from At. The production of 20.2'At was maximized by using

a 0.5-mil Au target with 1 mil of Al absorber. There was still con-

siderable contamination from neighboring nuclei (ratio 203A‘c: 202'A‘c:

.201At = 1:1:0.25 after a 3-min bombardment). In order to a‘ssign

‘mass numbers to the alpha activities seen, it was found useful to



201,

maximize the amount of At present by decreasing the gold thick-

ness to 0.25 mil and using the fuwll-ene.rgy beam. Under these condi-

tions the ratio of 203A’c:’. 2O“ZAt: 201

At was 1:3:20 after a 3-min bom-
bardmeut.

The HILAC 12C beam intensities were usually in the ra.n.ge of
1-2 p,A although in some bombardmen‘cs beams as high as ’7 pA were
used The target and absorber foils were mounted on a standard
copper tag target holder and were water-cooled during irradiation.
The entire target aseembly served as a Faraday cup for moniforing
the beam. The bombardment time varied; generally it was equal to
the half-life of the _desired astatine isotope, e. g., 3 min for 202At.

After bombardment the farget holder was 'disaeeerhbled in a

hood. The gold foil was removed and placed inside a small quartz

cup, which was heated w1th an oxygen-acetylene torch The gold

was melted and the volatile species--At, Po, and certain fission

products--were collected on a water-cooled plate, either platinum
or molybdenum, held in a cold finger. The activity on this plate |
served as a source for alpha specfra, for recoil collections and,

later on, for gamma spectroscopy. In some cases further chemis-

| try was done on this source plate when the half-lives would permit

- it. Particularly when working with the lower-mass isotopes with

short half-lives the above '"blow torch chemistry! was carried out as

quickly as possible. The time elapsed between the end of bombard-

ment and the start of recoil collection was typically ~2 min.
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The alpha spectra were obtained by using a gfidded ion chamber
with ai gas n;ixture of 93% argon and 7% fnethane in conjgnc,;tion v;)ith
a . RIDL 400-channel pulsé-height analyzer. ’Alpha,Apart‘icles had a
countiné efficiency oi{ 42% and a resolutio‘n.o_f 30 keV When counted in

526,

this system. Alpha sources used for energy calibration were

44 2105, (5.305

(6.118£0.005 MeV), “**Cm (5.805£0.001 MeV), and
+£0.001 MeV). The 5.58-MeV-'alpha of.ZOZPo present in most of the
spectra served as an internal standard as did the 6.085-MeV alpha

- group of 20.'3At whenever it was p‘resent.

1. Recoil Collection

One.can allow. the aétéﬁne on ti'xe Pt source-.plafe to d_ecéy for an
aﬁpropriate time (c‘lependin‘g on half-life), heat thé plate.t'c.> .rerh:ove..ény. v
reraining astatine, and then measure the alpha spectrum of the daugh-.'
ters. This is fine in princiéle exce’pf that the d_.ominanjc fnode of décay
of the astatiﬁe isotoées is by electron capture (?85%). The Cé.nse_
quent polonium isétopes which grow in are therefore pre'sent' in much
greater ‘abundé.nce than the bismuth alpha decay daughters, and their
a;lpha,energies are similar. Hence the Bi alpha groups may well be
masked. |

In order to separate the polonium isotopes, a method of milking
alpha recoils (Bi daughtei's) from the asfatine _sourcev.pla'.te \;vés tried. ‘
'I‘he sourcve.pn‘late was positioned in a desiccator, which was then e\r:a;c-
uated, and recoils were stopped on a platinum collector plate. The

gap between the collector and source plates changed from 3/8 in. at
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the outset to 1/8 in. in order to 1ncreaee the yreld A p051t1ve poten;
t1a1 of +300 volts was apphed to the collector in order to 1nh1b1t the
accumulatmn of Po daughters that were pos1t1vely charged as a result
of the1r format1on by electron capture The reco11 eff1c1ency with a
1/8 1n gap was ~20% and essent1a11y umform over the area of the col-
1ector plate. ‘The collector plate was then removed and counted in the
grid ,chavmber arranger‘n‘evnt... B |

_ Early spectra’i_nd_i-cate_d_that con.rsiderable astatine was reaching
the COllector p]Tate.‘_ One explanatmn fovr.-th.is could be that th'e.vastatine
formed a looee crust on the sur‘face oi-'”the plate which was swept over
onto the 'collector' wheh the chamber wa'e being evacuated. If this were
so, subse'quent‘recoil collections from the same source should con-
tain substantiallsr less vastatir‘xe.. This, however, was not found to he

the case. It could“étill_ be possible that the astatine was being depos-

_ited onto the collector during evacuation, however. To test if that

were so, a shield was placed between the source and collector plates

during evacuation and rotated out of the way before the recoil collec-
tion began. This procedure somewhat reduced the amount of astatine
detected on the collector plate, but did not remove it entirely.

This remaining astatine activity was probably vaporized over '

‘onto the collector by the radioactivity of the_source itself. The same

effect was observed by Thoresen. (Tho63) Much of this astatihe was
removed by heating the recoil plates on a 450°C hotplate before

counting them; hence, astatine did not constitute a problem in the
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alpha spectra.

Th.is_recoilbcovlleet.i.o_h technique was useful in };ieldir_xg evidence
for isotopic assignments on the basis of genetie relationships. Three
consecutive recoil colleetions from a given aste.tine source were made
_end their e.lpha d.ecayvtj'ollowed». ’i‘he e.ctivity,ef each alpha group was
extrapolated bac_k to the time cerrespondiﬁg to fhe end of .recoil :col‘-' :
lvectioh; and pletted _Qe:sus that.ti'me to produee a decay curve for fhe
parent (see Fig. II-1).

R,eeoils-_ were also collected with a negative voltage on the col-
lector plate and with no voltage. As expeeted_, ith_ese‘plates' showed
more polomum (2 3. tunes as much). |

'Recoil collection w1th a4.5 p.g/crn Zapon film between the
source e.nd collector plates was also attempted. This should stop t'he‘
pelen_iﬁm nuclides (electron eapture recoii ene;'gy -~ 150 eV) butv allow
- the more energetie bismuth isotopes (alpha r’eeoil energy ~ 1_22-ke_V)v
to peﬁetrate through. Ne activity was foﬁﬁ_d on the collector élate;

however.

2. Chemistry

Coﬁsiderable effort was Spent' trv'ying to separate pblonium from
bismuth by methods based on their evaporatmn propertles This
worked well for the removal of astatme. It can be evaporated at 450°C
and, although'the yield is not ciuantitative, that which volat111zes is

(Tho63)

quite free of polonium. However, when the terﬁperature is

hot enough to evaporate a sufficient amount of polonium (>50%) some
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bismuth also evaporétes. Thus the results were not réliable or even
rep;oducible. Similar inconsistent résulfs_ \x}ere found by An. (An65)

Plates made of metals other than platinum wefe then used. It
waé found that molybdenuﬁl would pr eferentiglly ho_ld the _b'ismufh
.while ti'le pol'cmiurn and astatine evapof#ted, but even here: the results
were notA éo‘ns’isten’cl Astatine was easily'removéd but again the '_polo-
nium evaporafion was incomplete. | The whole ‘subject of vaporization
prb’perties is, in itself; wbrthy 6f fﬁo;‘e infensé invéstigation;

Cleariy, a better methdd'of séparati;)n was ﬁeeded; T';’vo w.etb-r
chemistry methods were adapted for quick perfor‘maﬁcev. ‘The first of
these was developed by Kimura and co-wo:;‘kers. {Kim58) Since. pdlo-. |
nium forms a number of 'co'rnplex halides in solution it v.vas eXpect-ed
that séine of these compounds could be e#racted into orgé;nic sol-
vents.: Kimura et al. 'f01_1nd 'that‘ poloriium was extracted with:isoj‘)r‘o‘-‘
pyl ether or methyl ispbutyl ketone from HCl solutrions_c'ohtaini'hg%.KI. '

‘The platinum source f)llatveucvohtai.'ning the astatine from the
melte.d gol.d target was allowed to decay and was thén heated to re-
move the bulk of the remaining astatine. The pla_té was washed with
1-ml of a solution contai-ning 0.25M KI and 3N HCIl. This solution
was then’add.ed. to 4 ml isopropyl ether. The polonium was extracted

“into the organic f)hase with gentle swirling while biémuth and lead re-
maihed in the aqueous phase. The two phases were separated and the
' polonium'was subsequently removed from the organic phase by shaking
with two 41-ml portions of 3N HCl. The bismuth was washed with 1 ml

ether to remove any remaining polonium. The two solutions were then
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evai)orated to 'dr'yness and their alpha spectfa measured.

- 2M2p; obtaiﬁe& by collecting recoils from _224Ra, Zde, and
ZOZPO were ‘use‘d to.-test the fnethbd; ' Thé whole procedure re'quire.dv
ébc;ut 10 min and é_ffeéted a épod.‘selpé.rat.iovn.:.. Hov.ve{ver, ti’lé KI tended
to leave a residue on the piatés, which resulted 1n thick sampies and .

distorted alpha spectra. 'No bismuth alphas wei‘_é observed in any of

‘the actual At runs after the chemical separation.

Another chemical separation which resulted in e‘ssentially' mass-
free ‘samples was then used. It was first employed by Brun and Le-

in their work with the low-mass poldhiurn iéotopés. The

‘Pt source plate obtained after melting the gold target was again heated

" to remove the excess astatine after aliowing for _sbme decay. The .I\)o-

lonium and bismuth were di_ssolved off the plate with 0.5 ml HNO,
which was then extended to 25 ml with 0.5N HCI saturated with hydra-
zine. The solution was rﬁaintained with stirring at 96°C and the poio-
nium deposited spontanéously on.tova 1-in. -diameter silver disk. In
ebffect the hydrazine prevents any oxidation of the silver while the de-

position is proceeding and the rate of deposition is accelerated at the

elevated temperature.

v  The yield depends on the length of plating time, being 'iO.S% in

fmin and ~16% in 10 min (Fig. II-2) with no bismuth cont_arrii.nati'on o

(<0.5% for any time less than 25 min). In later gamma experiments
the total volume of the solution was kept to 10 ml. This was a great
improvement since the yield depends not only on the length of the de-

position. time but also depends considerably on the ratio of the surface
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| of the plafé_. to the _volum_é of the solution.

' 'B._ Results and Discussion

" Table II-1 presents the data obtained for all the observed alpha

aCtivitie:s. For 2OZPo, 204Po, and for the astatine and bismuth iso-

: topes, there is excellent agreement with previous investigations. -

(Hof63, Att59a) ‘The data on 200Po to 203Po égreé well with the recent

(Bru6a, b)

results of Brun, Le Beyec, and Lefort and those of Tielsch-

Cassel‘Tleé?) and Sii\}ola(51167) but differ from some pfevious assign-
(Tem47, Att59a) - | | |

200 202

A represent"étivé alpha spectrum of Po- Po is shown in

F1g II-3. This was obtained from the original At source plate con-

taining all the irradiation products evaporated from the gold target.

The astatine was allowed to decay 3 min. The plate was theﬂ heated. |
to ‘reméve\t'he retﬁaining a’stativ_ne and thg ali)ha activity was measured.
The resulting decay curves for each of the alpha groups-is seen in Fig.
I-4. |

Mass assignments were based on 1) the parent half-lives meas-

ured by means of successive recoil collections and 2) the excitation

functions, i.e., the change in peak intensity as a function of bombard-

ing ‘energy. '
‘ The assignment of the 5.78-MeV activity to an isomeric state in
20'lPo required not only a mass determination but also positive iden-

tification of the element its_elf, which necessitated chei’nistry. Prior

to this Work Hoff, Asaro, and Perlman(HOfés-) found that 1.5-min
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2 All values not marked are from Table of Isotopes.

b

Table II-1. Summary of data obtained for all alpha act1v1t1es observ-
: ed in this work.
Results of thxs work
Alpha energy Half-life Alpha branch__g (%)
(MeV) (min) Th1s work Literature®
200, 1 5.86 +0.01 11.5 £0.5 - 12
204mp, 5.78 +0.04 8.9 0.8 3
204p, 5.68 +0.01 15.5 £0.6 1.1
202p, ' 5.58 £0.04  43.8 1.5 1.90£0.14 2.0
203p, 5.37 £0.045  36.0 £2.5 -~ 0.18£0.024 0.02, 0.11°
204p, 5.375£0.005 243.0 £9.0 0.75"
1205, 5.91 +0.02 25.0 1.6 18
204 5 5.96 0.01 9.2 £0.2 4.5
2034 6.085£0.005 7.3 £0.2 14
202, 6.13 +0.04 2.9 £0.2
202mp0d .23 20.04 2.6 £0.2 12
204y 6.34 £0.04 1.45%0.1
2004 6.41 20.02 0.93%0.15
6.46 +0.01 - | | , 3
- 199p; 5.49 £0.02  24.5 0.4 2.754£0.29 0.04%" €
201p; 5.25 £0.04 5745 - 0.02°7 ¢
198p; | 11.1 £0.4°  <0.20 0.05
(Led67)

Ref. (LeB67b).

© This is a ratio of /K x rays.

d

The mass number is definite.
the 6.13-MeV and 6.23-MeV 202

The slightly different half-lives of
At alpha groups support as s1gnment

_ of the 6.23-MeV group to an isomeric state.

® Half-life value obtained from the gamma measurements

(Chapter VI)




Fig. III-3. Alpha spectrum of 2
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2014 was the pavrevnt of both the 5.78- and 5.68-MeV actiyities. This

- result was confirmed in the current work when successive recoil col-

lections indicated that both alpha grboups had a 1.5-min parent (Table

II-2). Furthermore, the ratio of the intensities of these two peaks at

5.68 and 5.78 MeV remained constant when the bombarding energy was

vai'i_ed--see Table II-3. This also suggested that both alpha groups
have the -same astatine parent. However, since the two alpha groups
have different half-lives this méans that either the 5.78-MeV activity

is due to an isomer of_.IZOiPo or to 19 201

7Bi-—’che At alpha decay
daughter. In order to resolve this ambiguity, wet chemistry was

used--spontaneous deposition of polonium onto silver.

Table II-2. Parent hali-lives determined from successive recdi_l col-

le"ctionsr. _
Observed E (MeV) Parent half-life : Parent
daughter @ (min) identity
activity - : ‘ : '
204p, 5.375 © 9.0£0.3 204,
2035, 5.37 6.840.4 20354
normalized to .
202p, 5.58 3.0 20254
201P0 -5.68 1.6+0.2 201At
204mp, 518 1.840.3 201,
2005, 5.86 0.8+0.2 200,

‘The astatine evaporated from the gold target was collected onto
a platinum plate, allowed to decay 3 min and then removed by heat-

ing. An aipha spectrum was obtained to determine the exact amounts



>Tabie II-3. Réla;t..ive‘ émounts* ofv ZOOPO-'ZOZ
B | Relative é.Bundé.ﬁce of alpha activities
thi_i;ess thiilpess | Ei’;irgge" szs(f)oMev 5. ;gfﬁev 5, ggiMev 525082MeV 5.68/5.18
_{mil) (mil) - (MeV) Po : Po i Po -_
0.5 0 126-108 0.03 0.47 0.45 ;.0' 0.37
0.5 1 118-97 fe- 042 029 1.0 0.38
0.25 0.2 123-120 2.47 0.97 30 1.(} R ‘ o_.'33_,_ |

Po when bombarding énergy is changed

Relative rates at end of 7 minute bombardmentsj- -not saturation amounts

_zz-
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of each iéotope present. Th.e acti\}_ity was then dissolved off the

_ sourée plate with concentréfed 'HNO3; fhe solution was diluted to 25
ml with 0.5N HCI saturated with hYdrazine, and the polonium .épon—‘
tanebusly.deposited onto sil;‘/er for 5 min while the solution was stir-
red and maintained at 96°C. The originél source plate was agéin
coﬁnted and when decay corrections were made It'he e#éct amount of
each activity goi‘hg into solx}tibn was derived. ’i‘he alpha activities

" on the sillvervplat-e were measured; the percenfage qf each activity‘
which actually plated out was calculated, again inf:luding decay cor-
rections.n A 10-min depositibn v;‘rasv also made onto a .sec':o_nd silver
plate. The results are shown in Table II-4. There is no doubt that
all five. alpha groups belong to polonium i_sotopes. :Bismuth does not
platé out (< 0.5%) under these experimental conditions. Thus the

5.78-MeV activity must be’ ‘aééigned to an isomeric state of 201Po.

In contradiction to other feporfs, (Att59a, 59b)

203

no 5.48 MeV alpha
Po. Hovc}eve.r, an alpha radiation of

energy 5.37 MeV and half-life 36+2.5 min was attributed to 203Po.

groﬁp vcould be as signedvt'o
This line is dégenerate in energy with a significant 204Po contamina-
- tion but. it could be idéntified in the decay curve (vFigs. II-5 and II-6).
Successive recoil collections. showed that this 5;37—MeV activity was
genetically related to a 7—vmin parent-<-203At (Table H-Z). In'addi-v
tion, the 5.37-MeV activity followed polonium chemistry in deposit-
ing on silver (Table II-4). The 36-min half-life was later verified by
203

- following the gamma rays emitted in the Po electron -captufe de-

cay. A half-life of 36.7%0.5 min was found. This agrees with the
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Table II-4. The percentages of the observed alpha activities that
Spontaneously depo s1t onto silver.

=w — -

Ea(MeV) % activity remaining % plated onto = % plated onto
_ on source plate Ag in 5min - Ag in 10 min
5.37% 37.4+£7.4 11.9 4.1 14.6 4.6
5.58 55.5%0.8 9.8 £0.6 12.0 0.7
5.68 58.1%4.7 9.2 £1.9 12.9 £1.6
5.78  53.8+3.2 11.14 £2.3 16.4 +3.2
5.86 - 48.1+1.9 - 9.0 £41.4 10.3 +14.7
2405, S - 10.7 £0.6 =~ 184
242, S . 0.M5+0.02 0.18£0.03
203

Po but contains a small adm1x§

Thls 11n8 is due primarily to
Po, it is about one- tenth as intense as the other lines.

ture of

recent result of T1elsch Cassel(T1e67) but is less than the 45 min

quoted previously. (Att59a, 59b, Kar51)

The Weak 5.49-MeV line.Seén in the présent spectra was found

to have a half- 11fe of 24 min and was ascr1bed to 199Bi on the basis

of prevmus 1nformat1on (Neu50, 51164)

Using the measured activities of 2O?’At and 203Po and the alpha
branching ratio of 203At listed in Table II-4, a value for the alpha -
' . 203 | -

brancl;ing ratio of Po was determined:

af/total = 0.00184%0.00021.
The discrepancy between tlte present value and the alpha branching
ratio 1isted in the Table of Isotopes is not Surprising--theipublished

value refers to the 5.48-MeV alpha previously assigned to 203Po.'
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ditions maximize the production of ‘At and produce sufficient

- 203pg activity while keeping the 204At and hence the 204Po contam-
ination at a minimum.
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In the same run the alpha branching of 1998; was determined

203

- to be 2.75‘:!:0».25% , which assumes all the At uhdergoing- alpha de-

199

Bi state emitting the 5.49-Mevva1pha. However,

cay le-ads to the
' (Sii64)

that the 5.49-MeV alpha belongs to
199

there are some indications

199m

the isomeric state Bi gfound state decays

Bi and that the
“only by'ele_‘ctron' 'ca'p{:ure.. If this is so the calculated branching ratio
must be regarded as an upper limit forv the tx_ﬁe value. |

Figure II-7 shows the alpha spectrum of the lighter astatine
is’o.topes. The decay of 1:heE two ZOZAt alpha groups is shown iﬁ Fig..‘.
II-8. The half-life of the 6.13-MeV alpha was found to be slightly
longer than that of the 6.23-MeV alpha group (2.9‘:1:0.2 rni.h opposed
. to 2.6i0§2>min, respectively). This would indicate that the 6.23-
MeV alpha belongvs to an isemeric state, but the experimental errors
do no'tvdefi'hitely exclude the possibility of identical half-lives.
" Hence the question mark in TableIl-1. The tentative assignment of

the 6.23-MeV alpha line to ZOZmAt is consistent with the results of

Tretyl and Valli. (Tre66)

1 98.Bi . Consequently .

No 'alpha groups could be as signed to
iny a limiting value vfor the alpha branching ratio was determined
by using the half-life oBtained from .gamma measurements—- 11.1+£0.4
min (see Chapter VI): |
- aftotal < 0.002.
In the same runs a branching ra,tio of 1.90 :ﬁ:O.ii% was found for the

alpha decay of 202Po. This is in excellent agreement with the pre-

viously published values. (ZeB67P, Led67)
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No information was gained about the nuclear levels of 198Bi.
The polonium isotopes in the mass region 200-203 were definitely
identified and were present in substantial quantities. Thus attention

was turned to these polonium isotopes and to the measurerﬁent of the

gamma rays emitted in their decay.



AN

[ {

electron capture decéy of

34

0L GAMMA RAY MEASUREMENTS
In order to gain more information about the polonium isotopes

observed in the alpha s;;ectfé and to obtain some knowledge about the
198 |

Bi, gamma measurements were made

6n a source contain’ihg the vdaugh'ter activities of ZOZAt. The 'ZO?‘A’c

parent was prepared as previoﬁsly described and allowed to decay for

" 3 min to enable the bismuth and poloniuih daughtérs to grow in. The

source plate was then heated for 15 seclon a 450°C hot plate to re-
move the vrve‘maining. astatine.

A gamma spectrum was obtained with a 5 cm3 Ge(Li) detector

~and we found we had opened a veritable Pandora's box (Fig. III-1).

- Subsequent gamma spectra were obtained to follow the decay of the

source and many of the garhma lines could be identified by their half-
likves. However, there were many ﬁncertainties and the pdssibility -
of many isotopes being present. Comparison of the ratios of the ac-
tivities pr'oduced under various bomba;'.ding conditions provvided an-
other means of identification. Each new bombardment answered
some qﬁestiéns, identified some gamma Itransitions, intrédug:éd more
unknowns, and broadened out the mass region of interest.

_At the higher‘end of the _mass_s_caie, A = 204 and 205, where the

half-lives are ldnger (e.g., 1.8 hr and 3.5 hr for 2OSVPo and 204Po, :

respectively, and ~27 min for 2'OSA’C), there was much less interfer--
ence from undesired transitions. The spectra were muchcleaner and

meaningful gamma-gamma coincidence measurements could be made.
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' Consequently the most detailed decay data were obtained in this

higher-mass region.
It is worthwhile to look first at the experimental arrangements, -
particulafly the setup used for the coincidence measurements, and.

at the corhputer codes developed to analyze the resulting spectra.

A. Experimeht-al

Isotovpes of astatine were again prepar‘ed by qa_rbo_n ion bombard-
ments of gold targets. v Thg #statine was evabérated onto a molybde-
num or platinum plate. The activity on this élate was then used im-
mediately as a gamma source to obtain the astatir}e spectra. In sep-
arate ruhs the .astatine on this source plate was allowed to dec#y for
an _apiiropriate length of time (one or .two half- lives) and the remain-
ing astaﬁhe was then removed b§ heating.‘ The'garr'miav épectra of the

polonium and bismuth (and lead) daﬁghters were then measured..

-t Gamma Ray Singles

In the course of the singles.exper'iments two véry' similar Ge(Li)

detectors were used. Most of the gamma singles measurements were

made with a ~5 cm3 .Ge(Li) crystal capéblé of a :'resolutio‘n of ~2.1
keV (FWHM) under ideal conditions. . Ihe r‘ésolutibn was acfually 2.3
keV (FWHM) for gamma rays of 122 keV, and 2.9keV(FWHM) for gamma
rays of 1332 keV, owing to compression of the spectrum to about 0.9
keV/channel and operation Iat fairly highf counting rates (~8000 counts/

sec). The data were accumulated in a SCIPP 1600-channel pulse-
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height analyzer and réad out onfd magnétic tape for subsequent com-
‘puter analysis. The oth'er Ge(Li) crystal used for the éihgles spec-
tra was also ~5 cm>, but had a slightly better resolution of 2.0 keV
(FWHM) at 122 keV and 2.7"k.eV(FWHM) I.at 1332 keV under the _actuai
o,pera:i:i'ng_ co._"ndi'cio-'n‘s .v It was us"_éd W1th ba:S.CYJIPP '4096- chap‘ne;l pulse-
_héight anale»ér and égain thé spectra w’ere read out onto rhagnetié tape.
Absolute ﬁhotopeak efficiency curves were obtained for both
detectors at the expez;imenta_l geometry through the us(; of primary
gamma standards bobtained._' vfr01Afn.vthe Inter_naﬁonal Atomic EnergyA
Agency in Vienna (Figs. III-2 and III-3). »
A high-resoitition Si(Li) detector--0.7 keV (FWHM)}--was used

to obtain the low-éhergy portion ( <100 keV) of the .205Po spectrum.

2. Gamm#- Gamma | Coincidence 'Measurements

Gamma-gamma co..incid.ence vr.rvl‘easilréments were made on the
mass 204-206 isomers with Ge(Li) detectors bvy using a bi-dimension-
al coincidence setup of 1600X 1600 channels. The electronics ar-
rangemenf used for performing and ;'écording the coincidence mea-
surements is shown s.chemvatica.lly in Fig. III-4.

A leading-edge disériminétor was employed to extract timing |
information from the detector pulses. A coincidence was then:per-
formed between these signalé ‘with a resolving time for the two detec-
tors of 0.5 psec. If the fast-coincidence requirement was met a sig-
nal was sent to the linear gates, allowing the two analog signals

containing the energy information to pass. These signals were then
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read serially into the buffer memory of a multiparameter pulse-

height analyzer. When the buffer became full the contents of the mem-

ory were automaﬁcally dmped onto m_agnetie tape.

To anal&ze the spectré, it w.as necess'ary to | process the ra__w
data with a computer co&e which sorted the ihfbriﬁation inte desifed
gamma ray energy i'rnte.r\.rav,ls. This eode (POLLY) is described in the
next section. - | |

The geometry of the experimente,l Setup ﬁvas determined from
the following considerations. In .gexiexjai; eoiheidence epectra exhibit

.the usual C’ompfon backscattering eompohents'"fouhd in singlee spec-
':tfe, but in vaddit"i,on'the -C‘orhptc)n -s’crattexv'i‘ng from detector to 'detecter
can ‘p.x"oduc':e'-falvse-coincideneee The eff'ec't‘is mest pronouﬁced when

: the: detectors can “see" each other as in F1g II- S(a) A false coin-

ﬁc1dence w111 be reglstered when a gamma is Compton scattered in
_’cijys_,‘:al 1 vand the s;cat{ce‘red photon is detected in crystal 2. As the
crystals are movedsttarvihe.x' ei)art‘fhe. false coincidence pe_alksv become
', .b‘i{(eal.cer eWihg to tﬁe etnaller angle through which the gamma ray may

i be Scattered in one detector and still reach the other detector. In-

T ,‘..‘c"rea'sing ‘the source-to—.detector distance is no solution, however, -

“': since- ‘the c01nc1dence rate decreases as fast as the scattermg
’There are some standard ‘anti- Compton shields. False coin;
' c1dences can ‘be avo1ded in the geometry shown in Fig. III- 5(b) but -

\only at the expense of much lower efficiencies. For gammas of fa-

vorable energies the a.rrangement vshown in Fig. III-5(c) can help

without unduly reducing the efficiencies.
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Fig. III-5.  Detector geometry in. coincidence measurements.
(a) Two detectors at 180°. False coincidences will be seen
owing to coincidences with Compton scattered photons. (b)

A Compton shield to prevent the detectors from ''seeing'' each
.other. However, there is a resultant decrease in efficiency.

(c) Low-energy gammas can be detected in crystal (1) and high-
energy gammas in coincidence with them will be seen in (2) with-
out accidentals caused by Compton scattering.
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We could hoi: afford the_ loss of efficiéhéy inherent in thé ar-
rangeineht of Fig. III-5(b). The‘ihcr.eased sou.lrc,e-to—‘d_ete’ctor dis-
tance with our 2.7-cm-diaméter Ge(Li) crystals results in an éffi-

" ciency for each déteqtovr 50 times smaller than that in a linear ar-
rangerhent [Fig. IH-S(a)] . This 'rn'eans'ﬂ»ae éoincidence effiéiency :
Has decreased by a factor of 2.5% 103, and we could not ﬂmak‘evup the
’diffefénce by increasing the sd.urce strength. Since webwere inter-
es‘tédv in coiﬁcidehces between gammas in a wide energf spécti‘um?
the geometry 1n Fig. HI-5(c) was not satisféctdry: - |

Instead we usea the 5nti; Cofnptbh_ sample hbldef shown iﬁ F1g
III-6.A It was rnoc:iifie'd from éne desig‘ﬁed earlier by Dr. E. Browne.
Thé ‘soux."ce‘ on a 1-in, platinum disk-'with>the actiﬁty éonfix;ed to '-the‘
center of the disk in a cir’cl"e of 6 mm diameter was s,ari.dw:i_.che-d be-
tween two lead plates. Each of the identical lead plafés has a 6-mm-
diameter drificé in the center. The thickness leading out from this
hole toward the gan_uﬁa detectors was tapered from 0 at the hole to
0.53 cm (the thickness of the leaa plat_e) at 1.23 cm from the cben>te'r of
the hole. This provided a cone for a gamma emanating from the ori-r-
fice to reach one of the detectors. The scattered photon had to strike
the hole in fhe' shield {n orderr to reach the other deteétor. The tap-
éring allowed a greaté.r thicknésé to confront the backscattered pho-
tons of higher. energy found at largér scattering angles ‘near the crys-
tal ‘edges. |

" The lead plates were, in turn, sandwicl.rxedv betwéen two 0.7-mm

silver absorber plates in order to stop some of the copious polo‘niuzn‘
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XBB 7011-5340
Fig. III-6. Sample holder used in the coincidence measurements.
(2) Schematic diagram of holder. (b) View of disassembled holder.
(c) Bottom view. (d) Top view, with silver plate removed.
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and bismuth x rays and thus allow the detection system to handle a

hotter source. This.thicknes_s of silver transmits only 18% of the

179.29-keV Po K,, X rays while still transmitting 71% of the 150-keV

gamma rays and greater than 90% of all gammas with energies over

300 keV. Th_e whole agsembly of the tv?o Ag and two Pb piétes_ fit

‘dc‘)wn into a well on top of a hollow sleeve (Fig. II-6) which was then

mounted on one detector. The other detector was positioned adjacent _b

to the front end of the svamp.le holder. The whole arrangement could

be assembled in about a minute after the gamma source was in plac_e.

A 182’1‘5 source was'pl_aced in the hol_der to obtain photo‘peakv

182Ta (115 days) has m‘an.y

182

effivciency'curve's for both detectors.

prorrunent gamma rays rang1ng from 67.8 to 1231 keV. Th Ta

'was made by reactor bombardment of an 8- mg natural Ta target 0.5
‘cm in diameter and 1 mil th1ck. The absolute 1ntens1ty~of each gam -

ma ray was determined by using a detector of known efficiencj (the |

effic_ie:nc_y curve is shown in Fig. III-2). The tantalum was then
mounted in the sample holder and its gamma spectra measured with

each of the detectors used in t—he coincidence setup. The efficiency

'curves obtalned in th18 manner are presented in Figs. III-7 aﬁd III-8.
_ The resolutmn of the gating or "y” Ge(Ll) detector was 2.0 keV

V (FWHM) at 661 keV and the resolution of the "x" crystal was 2.2

keV (FWHM) at 661 keV.
The second curve in Fig. III-8 re'presexits the efficiency curve
obtained for the x detector with the same total source-to-detector

distance but without the 0.7-mm Ag absorber. The maximum |
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efficiency has been cut by a factor of ~3.5 with the addition of the

silver, but above 200 keV there is very little effect.

B. Data Analysis

1. Geheral Considerations

The advent of high-resolution semiconductor detectors has
made possible the rapid acquisitidn of multitudes of nuclear data. A
typical "run," e.g., the singles measurement of the gamma transi-

20251 results in ~30

tions seen in the:decay of the daughters of
spectra counted for periods ranging from 4 min fé several hours and

encompassing a total timé. span of perhaps 3 days. Each of fhése
spectra contains ‘-frc.)m 20-120 peaks, Veach of which must be inte-
grated to yield intensity and for corréspo_nd_ing pevaks,:half— life infor-
matvibn. Quantitative determination qf these quanﬁties was possible
only by utilizing several computer codes.

The spectrum of.a single gamma transition measured in a spec-
f_:rérn_eter under specified conditions is characterized by a response
function. @A complex spectra is the sum of many such response func--
tions. Most computer analyses of Nal scintillation spectra(NA862)

‘are performed by using the measured or calculated response func-
tions'correv.sponding to the individual components of the spectra. |

1 .
Such re'sponsg"‘functions are not generally available for solid state de-

tectors and it would be extremely difficult to interpolate between the
functions to account for responses from crystals of different charac-

teristics and sizes. When the number of peaks and channels in a
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spectrum b_ecdmeé large, the mat.hemati'kcs as_sobciated with s_trip.pi_ng.
the re5ponsé..func1‘:ions quickly Become horrendous. With the high-
resolution semicOnducté,r detectors, rri‘ost of the _usefﬁl inform-atiion
is contained in the photopeaks (f_ull enéfgy and escape Vpeaks')‘, and it
is po.ssible to confine the anaiysis to studyin'g i)h;)tope_aks onljr.\ 'i‘hi‘s
method has an advantage in t_hét, althoﬁgh.it does not use all the sta-
tistical information in the spectrum, it is free from the avccumulation
of errors fhat greatly reducves the acﬁﬁfa'cy a;tta.i.ned with -Spect'rﬁm- '
stripping téchniques.

As a first 'approvach, the continuum under a photop'éakic':a'.n be
approximated bSr a smooth curve through pbirit's on both sides of the

peak. The area of the peak is then defined as the sum of the counts

" above the co'nfinuum,' and the center of gravify is taken as the éen-

troid of the peak. This method is only a:pplicabie to well-defined
sing.le peaks and does not use any statistical information in the pvéa'k

itself to define the continuurh.

A better approach, which can be extended to overlapping peéks ’

(multiplets), is to fit the peaks with a variable-width Gaussian and

use an exponential approximation for the background. The continuunri

under the peaks is due to Compton distributions from gamma rays of

higher energy. Without detailed knowledge of the composition of this

spectrum we can only observe that the continuum in a short interval 7

under a cluster of peaks is a smoothly varying function of energy ex-

cept vfck)r' statistical fluctuations. As such the background can be ap-

proximated by a polynomial or, even more accur'ately, by a polynomial
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on a log ééa_le, i.e., an exponential with a polynomial exp.onent.»’

Cr_aus‘sian peak shapeé with an exponential béckground were tried
and found to give good fits to the experime.ntal data. The method was
_developed. into the computer code MAGIC. Before describing the code
in detail‘i_f..j-i's important to point out that there are limitations to this
method ‘abéﬁt ix}hich the user should be forewarned. First, photopeaks
can exhibit low-energy tailing and thus deviate from Gaussian shape.
Also .tlie §vidth of the Gaussian should. vary smoothly with ehergy, but
in regio:ns of lon intensity peaks with poor statistics the width may
vary randdmly unless extra conditions are imposéd. These limita-
tions were considered and did not cause signifiéant error .in the pres-
ent spectra. |

To understand when fhese lirhitations become significant it is
necessary to examine éc;me 6f the factors that determine the photo- |
peak Widfh. Thesé factors affecting the performance of a Ge(Li) de-

tector system are discussed by Cam‘p_(Cam67)

The basic factor de-
termining the width of a photopeak is the statistical fluctuation in the
division of the absorbed energy between ionization and heating of the
..crystal lattice. This gives' rise to a Gaussian distribution with a
émall spécified width. .The extent to which this distr’ibﬁtion is seen
'in experimental data taken with a particular crystal depevnd's primarily
" on the inherevnt,quality of the detector, i.'e.,l its resolution. The im-
purities:in the detector as well as its material properties affect the..

charge collection and the electronic noise associated with leakage

current. The combined effects of incomplete charge collection and
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incomplete compensation of impurities worsen the resolution and also

_give rise to low-energy tailing of the photopeaks.

o The contribution to the resolution from 'preamp.lifi‘er noise is
irnpdrtant at low energies and the instabilities of.the amplifier ;c_md'
‘p-uls.e-h‘ei»ght ahalyZer'be'g'i_n to affect fhe peak width “at higher energies,
parficularly when long countihg ﬁmes. are invélved; At high counting
r.ateé, random summing of pulses also broadens the peaks,—andr gives
rise to tvailih'g.

Low-energy tailing is the most significant deviation from a Gaus-

sian shape. In the analysis of the presenf spectra the increase in the .

~ area of any photopeak when fhe low-energy tailing é_ffeét is inkcluvded
(by hand .analysis) is less fhah. 5% and fnoré like 1-2% for well-defineti
peaks. This is probably due in part to i:he in"c'r-insic qﬁality of the de-
tectors and.also to the-'compressed energy scale, which co‘n:fines the
peaks to only a few channels. As a result the peak widths are small
(FWHM ~2-3 c‘h'an:nels) and fine details of the peak ‘svhape i e., tailing)
are lost. | / |

The Gaussian widfh was free to vary withih certain limitations.
As stated previously, the width should increasé smovothly with in-
creasing enérgy. This was generally f‘ou'n‘d to be-true excei)t 'wher.lv
low-intensity peaks were fit singly. Then the poor statisticé could re-
sult in a random fluctuation of the width. This problem was avoided
by fitting several peaks simultaneously and requiring the width to be
the s‘ame for all of them in the chosen energy region, .which was ~ 40

keV in the actual analysis. This tied down the width parameter and
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Vconstrained‘it to vary smo.othl_y with ‘increa_sing gamma energy.
Since th,evpro'gram Wﬁs'rﬁn on-line by means of the cathode-rayv(CRT)
di.splé.yvsy,stem', .t.he use? was able to make the final decision on ac-
.céptance or r_ejectic:)nb of the fitted spectra; Any i;ndue Qariaﬁon in
péak width wé.é. seen immediately aﬁd the energy region in question
was réfit;_ | |

- It should be notéd thaf a more genéral" and very comprehenvsive
' cbmpﬁter code, SAMPO, was develope"d at this Labbf'atory by Routti
and vPrussin(R°u68’ Rou69) for‘the detéri’nination of photopeak ener-
gies and in’tensities.- This code contains pro-vis.ions for fitting peaks |
"~ with significant faiié. The central part of a peak is described by a
Gaussian and the ta_iils by simple exponentials which join the Gaussian
so that the fuﬁctioh 'and its derivative are é‘verywhére continuous.
The empirical peak shapes and p'olynor'hi‘al baékgrduhds are fitted in
a least- squares senée over a limited enérgy fégion. The three shape
parameters - -the w1dth and the two j.oihihg points -- vary smoothly
with energy. The values of these parameters for any peak in a spec-
trum mé,y be found.by' interpolation between pafameters of neighbor-
ing peaks. Tht;s intense single liﬁes in fhé spectrum are fit as inter-
nal standa{rdsv and the values of their shape parameters stored in an
array for interpolation. '

SAMPO confé.iné many automated features including peak search-

ing and error analysis. It prc;vides various oétions for obtaining en-
ergy, efficiency, and line-shape calibrations, and allows for on-line »

use. Output consists of printef plots of the fit along with tabulation
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of results and allows the option of CalComp plots or photographs of
the CRT displays. It does require good standard shapes and peaks

spread over enough channels (at least ~10) to allow the calculations

to be statistically meaningful. At present it can fit multiplets with

up to six components.

Wilhelmy (Wil69) has used SAMPO to analyze the complicated

gamma spectra derived from the unseparated fis_sion products

252

formed in the spontaneous fission of Cf. He has found that for

reasonably good germanium crystals the peak area is increased by -

between ~0.5-10% when the tailing effect is included.

2. Peak Fitting--MAGIC

Thé present experimental spectra were all analyzevd'by usiﬁg
the computer code MAGIC, which minimizes the weightéd 'sﬁrns of
squares |

np

n
X
X=X _ .
min

where x = channel number, .

specify the fitting interval (< 250 channels),

X_ . 4 X
min’ “max
n_ = counts in channel x,
B(x) = e , background function,
np = number of peaks in the fitting interval (< 18),

| (x'a.z')z
f(x,j) = exp aZj'-1 - —ZJ——] .

20
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Tﬁe pafainétérs bi' bZ’ and b3 define the continuum, eaZAj'1 is f:he
'height aqd aZj the céntro_id of the J_th peak‘, and o is the width of the
Gausé.ian, bcon.strainve_d fovbe equal for :alll peaké in the interval
(FWHM = 2.3540).

_ _'I‘he minimization of the sum in Eq. '('1) is performed by the sub-
routiné VARMIT, which is an iterative gradient method using a vari-

(Dav59) This routine uses IXZ, its gradient in the param-

able metric.
éter space and the inverse of its second-deriv_ative matrix;_ The first
two qﬁéntities are calculated for each 'i.ter"ationv'step and the third is
constructed during the minimization by the metﬁod of successive ap-
proximation. The size and direction of the next iter#tion step are -
determined by all this information. The minimization is terminated
when all the components of the next step are less than some preset
minimum, here 10-8, or if four successive values of XZ are the same.
The results include thé Best values for XZ .and the parameters
along with the error matrix. The peak locations are expressed di-
| reétly by the best values of the parame’ters_ aZj and their errors‘ by
the square root of the appropriate diagonal elements of the error ma-
1/2

trix (d ) The peak areas are obtained by integrating the

a,.a,.
2j "2
resulting Gaussians:

: .00 2 o0 ' 2

o a,, -1/2(x-a.,./0) _ -42(x-a,./0)’

"I = area =§ eaz"]"1 - e 2] .= A S' e 2y ,
X=-00 X==00 '

azj-1

where A =e is the maximum amplitude of the Gaussian above

the cqnt-i_nuum. The integral can be readily evalué.ted since the.
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expression for a normal or Gaussian distribution is normalized, i.e,

" oo

- 1/ 2(x-xyf)?
S P(x)dx=S‘ minzr;e XX_OI dx‘—“.i

and the area, I, is.expressed by
I=A-oN2m. _ - (2)

The uncertainty in the parameters a and hence in the areas can

2j-1

be obtained from the error matrix. If we write ’thé area in terms of

225-1’ 1.re., |
a,.
I=e ._23-1'-0' 2,
then
al
Al = 5——— - Aa,. =I-.-Aa,.
E)a.zj__1 S 23-1 | 2j-1
o . (3)
1@, Y2
2j-1,72j-1
where d v o is the corresponding diagonal element of the
C®25-1 *25-1

error matrix.

_Th‘e energy calibration was obtained from the calculated cen-

troids of well-established gamma ray energy standards. The integral

linearity of the systems, i.e., the preamplifier and the ADC of the

multichannel analyzer was very good. In the range from channels 100-

- 1200 the nonlinearities were less than 0.8 channel. The energy was
‘therefore ‘expressed as a linear function of the channel number in

MAGIC. More careful calibrations were subsequently performed on

individual spectra, however, using some of the identified strong _lines.

as internal standards and making a polynomial least-squares fit of
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their ene_i'gies. ‘This compensated for any drift in the detector sys-
tem owing to a cha-_ﬁge in 'th‘eb dead tirlrievbetwéen spe,vctkra. This final
energy calibration res.uited in uncertainties of < 0_._1% at all ener.gie’s.
In most cases this calibration uncertainty doininates the total uncer-
tainty in the enex;gies of the photopeak.s.

The-code has been run on the €CDC-6600 machines at the Law-
r'e}h'ce R’adia‘,tviovn'Lab'oratory. It was operated on- line With.the rembfe
' cathode-ray tube (CRT) display system. The magnetic t#pes contain-
ing the experimental spectra provided the inptit data. Each spectrum
v is displayed in 250-cha»nne1' segrnents,: one segment at a time, with an
erflap'of 25 channels ateach end [F1g III-V9(a)] . By light-pen intér-
action it is pbs sible to indicate the fitti'ng' interval, three -background
point_s, and the ph‘o'to'peaksv to be fitted. The rvesult'ing fit is then dis-
" played [Fig. IT-9(b)] and if it is not acce'pfable it can be rejected by
the user and another vattempt can be made to improve the results.
Peaks missed in a first trial can be detected and added immediately
and the interval refit. .

The values of 'XZ and FWHM are also displayed .on the CRT
screen after each fit to he.lp the user judge the goodness of the fit.

If the fit is accepted, the values for the peak centroids and intensities
are sent to an output array. The .program requires an average éf
about 0.8 sec per peak. A typical "run' (~30 spectra each with an av-
erage of ~100 peaks) requires about 12 hr of actual on-line time for
vc'omplete analysis which corresponds to about 1 hr of central process-

ing time.



v T vovvery v rrerryrevreerey ey T Trespeeetee rreeyreeey Trerrrrves ey rreperey Ty
r ) q 1
L P L : B
- E ( J
!
X ; I
- - = -
- - = P
e o -
L B r k
. p + gy
=i .
E-he -
l—'.. S * ~n . . - p L .
TV WTe T e e N 3
+ CERERPERI 4 I ]
- - -
L L 4 r R
L RO PR P - 4
ER IR AR - - o RO
L ISR e e . b
A - - . -
AR
b 1 r S y
- E r o
« sanaadaalanasteg, Saasbanataaad FEPTTYCTYYTYIVIT) FYTVIUTIVIETIVICYTYIUTITS FYTVI UTTTTOVPIVIVITTOTPNY | T T YR VVE VYT EIP T IVPVY FYTTT vy Laanalanandasal aduGiioalaualaan
: -~ S _—
1Ad 525 it ot - 5 5 AR

chanuel number -
Fig. III-9(a). A portion of the 205At gamima singles spectrum as displayed on the
CRT screen 250 channels at a time. : ' : : :

NBL 7011-7094

-G -



E o L" : * ]
; ] i 4
- 4 b 7
L .
i - .
L
: 1 - 1
r - - -
[ 1 1 1
- b L -
o
. | ]
-1 - -t
e B 1
2 ] b
- i :
v = 4
i 1
J 3]

channel number

Fig. III-9(b). Same 2054 spectrum with the photopeaks fit by Gaussians,
using the computer code MAGIC. The resulting fit is then displayed on the

. CRT screen.

XBL 7011-7093

-gg‘_



-56-

In’ addition to the nufne:ical r'esﬁlté, -the output also includes

- photographs o_f the CRT displays of the final fitted spectra. Optional
oﬁtput inéiudeé punched cards, one for each péék, »coﬁtaining energy,
‘intensity, and timé information. These cards were subsequently

useci as input data for a provgram to calculaté half- liveé for the gamma

transitions.

3. Half-Life Determination

The computer code TOYL (Time of Your Life) was developed
to éalculafe garhfna ray half-lives. Input data w_ére the punched out-
p}zt of MAGIC containing the intensity of each peak as a function of
time (the midpoint of the counting inter{;a.l). TOYL was also an on-
line program; the data were displayed on the CRT | screen on a semi-
log plot. | |

The half-life of a given gamma .ra'f that f‘epre\sented only a
single corﬁpon_enf was determined by a least- squar.eSv. fit to the \%rell-
known decay law |
| N0 M, | (@)
where N = number of atoms at time t and N(_) = number of atoms at
time = 0 (end of bombardment). -This can also be expressed in terbrns

of activities,

since A = AN.
Again the operator could indicate the fitting interval with the

light pen and could also exclude any obvious bad pbints from the fit.
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The resﬁiﬁhg calcﬁlated decay curve ‘was displajred and the fit ac-
ceptedv or revjec‘:tedv by .the. us,erv (Fig-. I-II-‘A.10). |

Conﬁppsité decé? curves of _Specieé not reiated genetically and
with well; sepérated half—-_liv'es‘ could be handled.b.y first fitting the
linear Seéfibri bofﬂt}‘le plot. 'This_hoc.curs' at times long éompared to the-
half-life of the fir:svt component [Flg II.;['v—ii(a)]. aﬁd is the result of
being é.‘ble to igno,fe its decreaéing exponentiai 'terl‘rns. - The values ob-
tained by ektrabolating this linear poi'tfiori back to the origin are sub-
tracted from the or.igin'a'l data.and the reéulting activities_then fit
‘to obtain the half—lifé of the shofter-lived corhponent. The sum of
the resultant decay fits was then displayed and could be reje:cted if not
satisfactory. Although the program can hahdle‘ five sﬁch componénts,
in actual bpr'actice no more than thre:e' werek ever seen. |

| Photogréphs*of the final decay fits [Figs. II-10 and 14(b)]
.Were'inc_ludéd in the o:u.tput package. The output also consisted of nu-
meric.afl \}alues for the half-life and the extrapolated activity at the end
of bombardment '(Ao):for each component at a giveﬁ gamma ray energy.
: Statis‘ti.c:ail. errors for each of these values were computed vfrom the
appropriate diagonal eiement of the error matrix.

Half-iife calculé;tions for daughter raciiations .observed té grow
in and then d'ecéy were. performed according to the following parent-
daughter decay relationships. Radioactive decay follows the p_rin-' »
ciples of Ffirbst—order kinefics, i.e., .the decay rate is proportional to

the number of atoms pr-esént, namely
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where N1 and ')\1 in this case refer to the number of atoms and decay
constant,-'respectifzely, of the parent. This, of course,' is the rela-
tionship which, when integrated, gives rise to Eq. (4). The second

species (daughter) is formed at the rate at which the first decays,

Xi N1, and, in turn, décays itself at the rate )\2 NZ-’ Thus
dN, : '
Cae T MN RN
or
dN.
2 0 =\t
T T MNp e - NN, (5)

This can be solved by assuming the solution to be of the form

_)\Zt
N2 = Ue . (6)
Upon differentiation this gives
dN t t
2 -A\t  du - _
& T MUe twe (D
~ Substituting (6) and (7) back into (5) we obtain
du  _ 0o (Aa-Mit
& " MNpe
or ' S
9 N10 (A=At
u = T % e + C.
2 1 _
-Afte‘i" substituting back into (6) and imposing the boundary condition
that N, = N.O at t = 0 to evaluate the constant C, we have

2 2
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2 N0
N o Ny
2 W

(é-?\‘tﬂj- e-)\2t ) + N2° 'e_')\zt . (8)
In most cases where 4g>rqvwi:h was observed there ans_ no equilib-
rium attained; i.e., the parent was shorter lived than the daughter.
Si_nce the daughter radiation was obséryed to grow in and decay, its
half- life"could. be determined. Ey_using TOYL and fitting Eq. (4) to
only the decay (_lineér)..portion of the curve (Fig. III-.12)._ It was also
desired to obtain the parent half-life; ‘primarily as an aid for gamma

identification. In the case of no evqu'ilibrium the parent half-life can

be obtained from an analysis in terms of trﬁax’ the time required for

the daughter to reach its maximum activity.
Differentiating Eq. (8) we find that

2 Nt A =Nt

aN =_’"1 NOe 1,272 o 72
dt -k, 1 S -X, 1.°

e S Y |
since 'N20'= 0 if we start with an 'init'ially pure parent. Then, re-

quiring that d Nz-/dt =0 .when t= t ax yields

A, oAt

. )\2 = e 2 1’ "'max .' | | (9)
1 .
or
e o 2303 N
max XZ- )\1 ,°_g _f; :

Once the daughter half-life and t oy Vere obtained with the

use of TOYL, the parent half- life was appfoxim;ted by finding the

()\2-)\1) tmax '
root of the function f()\i) = )\1 e . - )\2 obtained from

®
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Fig. III-12. The decay curve of the 836.3-keV gamma seen in

5Po.- The half-life, 1:1 /27 was calculated from
the least-squares fit of the linear por{mn of the curve as car-
ried out by the computer program TOYL. '
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Eq (9). This wasvper'fprmed by the suBroutiné ZERO. (Mei65)

Given a ifunct.ildnl f é,nd two points A and B such th}at‘.f(A) aﬁd' f(B) have
' opposite signs, ZERO finds two bbints X and Y such thét |X-‘ Y’ is
less than a specified tolérance and £(X) and £(Y) have bpposité signs.
..This is done by a éorﬁbihation of the false-position or Seéant_ method
and the midpoint. method. The. two points A and B §ve’ré généfated
within the code by successive appr-oximatio'ns and the requirement
that the function have opposite signs at the two .points.‘ The difference

IX- YI waré'ﬁrequire'd to be less than 1X 10-7 and the final. solution X1 |
was takén as the midpoint of (X, Y). |

A separafé combuter code PDDK .Wavs devéloped to 6Btain val-

ues for. the parent and daughﬁer h_a.lf_- li_\:res as well as the initial par-
~ent activity A10 directly f;om Eq. (8). . They were obtained by min- - |
imizing fhe weighted sum of squares o |

2

t : ,
max '
2 _ logAt-f(t)‘.
X wm |
Ct=t . S
min :
where t is the time, ‘
tmi'n , _tx_nax specify the fitting interval,
At = activity at time t with error a, (from MAGIC),
| T A(3) .
| = - 1o AL2)e 77 -A(NE | _-A(2
£(t) log~(X2N2) — log[A(Z) ~A(D) (g ,-ve' R R P
w(t) = log (At+ _at)-- log (At- at). v '

Again this assumes N O-0 at t=o0. The initial pa:"i_'ent_ activity is

2
0 0_ _A(3)

obtained from the parameter A(3) defined by A RERW S
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_ The decay constants )\1»and ?\2 are equal to A(1) 'andvA(Z), - r.espec’—_
tively.' . | o
The minimi‘zation is again performed by the VARMIT routine.,
~ Initial gues‘_se‘s to_r the three paramet‘ex_‘sv were supplied bgr cards. The
activity and time information were again provici.ed by the punched out-
put of MAGIC. |
Output 1nc1uded a photograph of the f1tted decay curve as well
" as numerical pr1ntout Flgure II1- 13 shows the complete fit of the de-

205

cay curve of the Po 836 keV gamma shown in Fig. III-42.

' 4. Coincidence Sorting--POLLY

To analyze the coincidence data stor'ed on magnetic tape it v)as
necesvsary to sort the information into'd‘esi.red gamma ray energy in-
tervals. This Vwas.done by the computer code POLLY.* Ali the coin-
cidence-data. were stored event-by-event in a 1600 x 1600 matrtx. In-
.dividual window sorrts'were performed by summing slices of the ma-

-~ trix over,th‘e number of channels in the window. The windows or en-
- ergy gates were chosen from the y data and the coincidence spectrum
D(x) then obtained by stripping the x data according to
oy
D(x) = Z D(x,vy),

Yzyi

q

This code represents the work of many people. The initial impetus
and constant surveillance is due to Duane Mosier. He was aided by -
D. Harrell and the late Jo Drake in the development of the code. D.
Gorman has added many refinements. In the course of the present
work it was necessary to do a thorough revision to correct several
elusxve bugs. -
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Fig. III-13. A complete fit of the decay curve of Fig. II-12 pef—
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and daughter half-lives as well as the initial parent activity are
indicated. The half-life values s%pSpOrt the assignment of the 836.3- ~
keV line to 209Po growing from 2054t
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where\v ¥; and yg are thg i:ﬁitial and final channels of the window.
Each spe;:trum waé listed and CalCon"lp' f)lotted. The phthpeaks were
| hand integrated in.ordell' to calculate coincidence intensities. |
The cbde also allowed the option of obtaining a two-dime‘nsionai
printer map of all coincident gammas within desired energy limits.

This proved to be especially valuable as a first survey of the results.
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IV. RESULTS: DECAY OF ASTATINE ISOTOPES

. A. Even-Mass Isetoges
206, '

1.
In the course of measunng the gamma spectrum of 05A1:, sev-
eral gamma rays of 06A_t and,-204At were also observed. The spec-

trum is shown in Fig. IV-i_. Onvthe‘ basis of their half-lives, four
206

gamma lines were definitely assigned to At decay and two others
designated as pfobably belonging to 2(_)6At. Table IV-1 presents the
_relative intensities of these bbserved 206At ga.mma rays. |

Using the lifetime values found from the three strongest transi-

tions, the half life of 2()(DAt was determined to be 31 4+0.7 min, in

good agreement with previous values._(Led67) The as s1gnment of some

of the weaker gamma lines obse_rved in the spectrum was made diffi-

205

cult by the fact that At has a very similar half-life: 27.2+0.6 min

'(x_'esults of this work). ‘This leads to earmarking the tentative assign-

ments as ''probable' in Table IV-1.

206

Since electron capture accounts for ~99% of At decay, the

observed gamma rays must be transitions between levels of its 2(_)6Po

: dau'gh.tevr‘. ’ Gamma-gamma coincidence measurements (see Table IV- 2)

showed that the three most intense gamma transitions form a triple
‘cascade and their relative intensities led to the ordering shown in the
20()Po level scheme proposed in Fig. IV-2.

The ass1gnment of spins 2t , 4+, and 6 te the low-lying excited

states was made by analogy to the first excited levels found in both .
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Table IV-1. Re ative 1ntens1t1es of gamma rays a351gned to
At - 06Po decay

st —
— —

Energy ! Half-life - Relative
(keV) - -+ (min) : . intensity
146.5 .3 31.4£2.0 . 6.8%0.6
394.7+.4 31.420.7 . 53.0%2.6
476.2%.4 30.5%0.7 89.1%6.3
699.7+.6 - . 32.6%0.7 , 100 B
Probably 206At _ . .
1 360.7%.5 © 31.0%3.2 14.9%1.3

383.5+.5 32.1+3.5 15.3%+1.5

Table IV-2. Co1n§bd6ence reséults for transﬂ:mns observed in the de-
f At — Po '

Energy of gate_ (keV) ,

Energy . :
(keV) 360.7 . 383.5 394.7 476.2 699.4

146.5

360.7

383.5 ,

394.7 o | ' .o0x
476.2 2 ox

699.7_ L x X

10P0(Pru67) and 208Po. (Tre68) Using known single-particle en.—-'

Bi, Hoff and Hollander(HOfSS) cu_-

210

ergi‘evs of the odd proton in 209

lated the two-vp’roton level structure of Po with a delta function

- force. It was assumed that the two protons beyond the closed 82-
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proton she.ll occv:upyvthe.' h9/2_ orbital in the ground state. T_heir‘czil-
culations cleérly predicted é grouhd state band of levels due to the |
»cdupling of the 83rd and '84t.h profons in the (}_19/2)2 configuré,tion.
The vcvalculated. energy Vahies of these 1ow-1yihg ievéls (2+, 4+,v and 6+)

were in good agreement with the energies obserired ex'perirnentaily.

208P0(Tr¢68)

The same low-energy ordering was established in by

measurement of gamma intensities and conversion coefficients. It is

reasonable to e};pec't the same (h9/2)2 configuratiohs to dccur in 206Po.

206

The ground state spin of the At parent has never been re-

ported. It can be predicted from the éimple shell model. The order-

ing of the subshells near the closed shells at Z = 82 and N = 426 is

06

shown in Fig. IV-3. The ground state of 2 At (Z =85, N=121) should

'” : . . 3 ‘ -2,, -3

. then have the configuration Tf(hg/z) . v(p1/2) | (fs/z) . The cou- |
pling of the unpaired h9/2 proton and the f5/2 neutron hole results in
a probable ground state Spih 7t accordiﬁg to Nordheim's weak rule.

" (See Ref. May 55.)

A ground state spin of 7t was, indeed, found to be consistent
with the log ft values obtained for 208At electron capture decay(Tre6&,

although other spin values could not be definitely excluded. The meas-

ured spin (Lin59) of the Bi isotone of 2'Oé’A‘c (204Bi with N = '12'1) is 6+,

which is not inconsistent with Nordheim!'s rule. Therefore we can

20 6At ground state has a high spin, probably 6 or 7.

206

state only that the
The Q value for At electron capture decay has been esti- -

mated as 6.02 MeV, by using the mass table of Mattauch etal. (Mat65)
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shells at Z = 82 and N = 126.
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Because of the high intensities of the three pi‘ominent 206A1: ,
gamma lines, it can be concluded that the triple cascade is involved
in the Ihajority of decay events (=53% )'. Cdnsequently these lines
have been assigned tb the 2+—>0+, 4+f> 2+, and 6'+—>4+ level transitions. -

206A1: ground state, direct decay to the

Due to the high spin of the
ground or first few excited states of 206?0 (spin< 6+) is very improb-
able. Ip order to explain the ‘Qbsberved relative gamma intensities

. 'ther_e must also be considerable eléc_:fron capfure >décay to higher-lying

states in 206Po that subsecjue'ntly de-excite by a series of gamma rays

that (in part at least) proceed via the cascade to the ground state. A

206

more detailed study of the high-energy gamma rays emitted in At

decay must be made before these higher-1lying states will be seen.
Certainly no other gammas of > 10% abundance were observed in the
current experiments, which included the energy region up to 1500 keV.

If we assume that the 1570.6-keV 67 20©

206

Po level directly re-
ceives a maximum of 53% of the total At electron capture decay,
we obtain an estimate for the log ft value: 6.4. This value seems

reasonable since thé transition
I A e F e A LR I
is forbidden because AL = 2.
 The. 146.5-keV gamma 'transition has not been placed in the dé—
cay scheme. vIt was not obServéd to be in c.oincid_ence with any of the
three intense lines 1n the triple cascade and may be a transition be-

tween some of the higher levels.

Previous information on the nuclear levels of 20()Po was obtained
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(Yam70)

| by Yamazaki in an (a xn) react1on on 204Pb and by Thore-

n (Thoéé), who observed the three cascade gamma transitions in

a study of the electron capture decay of 206 At. Yamazaki observed

that the 395-, 476-, and 700-keV transitioxis (depopulating the 6+,

+

4, and 2+. members of the ground band) follow a decay of’ i60 +40

nsec. He postulated that this lifetime is due to the low energy 8+—> 6+

208

transition which was unobserved in his spectra. [I Po this 8 et

transition is ~10 keV and h1gh1y converted this 8 level is directly

populated (Tre68) . in 208,

At decay (7%),. support1ng the _7 astatme
ground state spin as_s1gnment.]

More intense lstddyv'of-this nucleus—-particularly the high energy
levels--should ’certainlyir prove to be iriteresting. Conver sion studies,

in particular a search for the low-energy 8+—,>> 6F transition, would al-

. so be informative.

2. 204At

204

The gamma transitions assigned to the decay of At have been

labeled in Fig. IV- 1. Their relative 1nten51t1es are l1sted in Table

IV-3. The best value of the half-life was determined to be 9. 2 :!:0 5

(Th063)

min. Half-life values found prevmusly are 8.9 min and 9 3

... (Hof63)
min. v
Gamma gamma co1nc1dence measurements (see Table IV- 4)
showed that the three intense gammas form a tr1p1e caSCade analogous

06

to that observed in t. Gamma singles intensities indicate that

the 425.0-keV transition is the first of the chain as shown in Fig. IV4.
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Table IV-3. Gamma rays observed in 204At decay.

vaiam
———

Energy Half-life Relative
(keV) (min) ~__intensity
425.0+0.3 8.8+0.3 75.7+6.9
515.2+0.3 9.9%0.4 96.5+6.7
' 608.0£0.6  8.9£1.0 19.3%2.2

683.3+£0.5  8.8%0.4 100

Table IV-4. Gamma gzamma coincidences observed in the decay
204t

Energy of gate

Energy '

(keV) 425.0 . 515.2 683.3 608.0
425.0 x X ?
545.2 o ox '

608.0
683.3 x X

The order of the 515- and the 683-keV gamma rays, however, re-
mains rather ambiguous since both have the same intensity. A com-
pai'i-son with the decay scheme of 2OéA’c suggests the order shown in

204 (Yam?70) observed

Fig. IV-4. Yamazaki in Pb (o, xn) reactions
the same three transitions in 204Po and placed them in the same ten-
tative order. He found that all three followed a half-life of 190 £20
nsec, which he attributed t§ the unobserved 8+> level, identical to the
206Po situation.

The 608-keV gamma line has very tentatively been assigned to a
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Fig. IV-4. Proposed decay scheme of 2‘94At.’ The level scheme

of 202Pp (N = 120) is shown for compar1son
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level at 2232 keV. There are no c_oihcidencé_data to 'supp.o-rt this as-

signment. Lacking éﬁdence to the contrary, it is reasonable when one

takes note of the 5~ (two-neutron) level in 20

by 2OZBi eléctroncapture decay.

204At ﬁucleus has not beén measured. The shell

21'-"b which is fed directly

The spin of the
model predicfs a ground state covnfiguration 11'(1-19/2)31;(.p1/2)—‘Z(fs/z)—5
which would lead to a 'spiri <7%. The bismuth isotone, 202p; (N=119),

has a measured spin of 5(Lin59) with pbsitive parity inferred. It is

reasonable to expect the same sort of coupling to occur in 204At. '
Assuming there are no gamma transitions of intensity >10%

04

_ from higher-lying unobserved 2045, levels, the estimated log ft

values are certainly good approximations. The estimated Q value
for 204At electron capture decay (95.5% of total deéay) is 7.08 MeV
(Mat65) If we ir_iclude 19% decay to the 2232~kev ievel, there is
56.4% direct feeding of the 6+ 1623.5-keV level (log ft = 6.0), and the
remaining 24.3% of the decay leads directly to the 4" 1'198.5—keV
level (log ft = 6.4). . If we assume the 608-keV gamma ray does not -
feed the 6+ level then this level must receive 75.7% of the 204A'c de-
cay directly; this leads to a log ft _valﬁe of 5.9. These log ft vélues

are consistent with an 2 forbidden transitibn,_ i.e.,
3 -2 =54, ot 2 -2 -47 4+ -
where an h9/2 proton is converted into an f5/2 neutron and A/ = 2.

If this direct feeding of the 1198.5-keV 4% level is real, i.e., there is

no substantial feeding of this level from higher-lying‘204po states to
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account for the observed 'iritensity of the 5_1>5-keV transition, then
this is evidence for a 5+ ground state in 204At. If the ground state
spin were 6+, the transition to the 4+ level would be second forbidden

and the 1og ft value would be much larger (> 10).

3. ZOZA,c

Three gamma rays were assigned to ZO,ZAt (and/or 202m

cay on the basis of their half-lives. They are labeled in Fig. IV-5.
The best half-life was determined to be 2.9i0.3-rﬁin--not é.ccﬁrate
enough to nd'al.<e any distincti6n b”etwee‘n' ZOZAt and its possiBle‘isé.me.f
.ZOZmAt" The excitation funétions or intensity as a fuhctioh of 1ZC
beam energy varied in the same manner as that 6f the 2OZPo gamma
rays. . ‘ |

‘Th>e relative iﬁtensitiés of the three gamma lines are shown in -
Table IV-5. These three undéubtedly represent the same triple cas-
~ cade seen in th'eb decay. of both 204At and 206.At. Intensity argﬁfnéhts
indicate that the 441-keV gamma represents the 6+-—> a4t transition as

seen in Fig. IV-6. The order of the remaining two transitions is am-

biguous since their intensities are equal. Howe'vei‘, in analogy to the

level schemes of 204Pov and 206Po, the order shown in Fig. IV-6 is
reasonable.
. 200 02

Bi, the isotone of 2
(Lin59)

"At (N=117), has a measured ground
state spin of 7™, This is difficult to explain on the basis of
the extreme single-particle model. With a two-particle configuration

the neutron spin must be >5/2, since the proton is most likely to

At) de-
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Table IV-5. Gamma rays observed in 202 decay.

Energy " Half-life Relative

(keV) _(min) - . intensity
441.3£0.3 3.2£0.2 . 33%2.5
569.7+0.4 = 2.7+0.3 945

675.3+0.5  2.80.2 100

'occupy_ an h9/2 level. ‘There.fore ifAthe'.fS/2 neutron le\}el is vempty,
the 0dd hole must be in one of thé I_évels 113/2, h9/2’ or f7/2. A
more probable explanation is that there is an ,irreg‘ularity in the fill-
ing order of the neutrons so that there is a single ngt;tro_n in the fS/Z
level and two holes in another level, e.g., the P3/2 level. The spin
§a1ue 7 would then be in agreement with Nordheim's weak rule. A

20

similar configuration might be expected for 2At, i.e.,

o .3 =2 y=5 (=29 ot
Howevér, one must keep in mind that the extreme single-particle
model cannot really be expected to be a very good app’roximatién so

202

far from closed shells; At has 9 neutron holes. The total spin

. might be formed By several particles in the unfilled particle levels.

4. Discussion

A similar decay pafterh was found for all the even-mass asta-
- tine isotopes investigated. ‘This is shown clearly in Fig. IV-7 whérek
the exc,ifed statesb obser\}ed in their eQen-even polonium daughters

are plotted as a function of neutron number.
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All the levels see.m to exhibit very regulé.r behavior. As the
‘126-neutrvon closed shell is approached, an increase in the ehergy of

the first excited states is observed as one would expect.

+, and _6+ levels are all attributed to the coupling of

The 2%, 4
" the 83rd and 84th protons in the (hg/z)zcvonfiguration. Calculated

210, (Hof58)

values of the energy of these levels in using known

209

single-particle energies of the odd proton in Bi were in good agree-
ment with the energies observed experimentally'._(Pru()?)' Unfortu-

nately no calculations have been made for the lower-mass isotopes.

1. 2054,

B. Odd-Mass Isotopes

Previous studies of the excited states of the 2051?6 nﬁcleus

(Lin537, Har 62, Yam?O) resulted in the level scheme shown in Fig.

1 (Hop70)

1V-8(a). Earlier this year Hopke et a inves;cigéted the elec-

tron capture of 2OSA’c to 205Po and observed only a single gémma
ray--the 718.8-keV transition. They deduced that the decay pro- |

ZOSPQ _9/2.' level at 718.8 keV with an estimated

ceeded entirely to a
log f_tlvalue of 6.1.
| | In this present stuciy several gamma..transitions were aésigned
to 2'OsAt decay on the basis of their half-lives. Figure IV-9 shows |
the decay curves of these_gammé rays. The besf value obtained for '
the .ha;lf-life is 27.2+0.6 min, compared to a value of 26.2 min re-

portéd p‘revioual-y. (Hof63) Again, positive identification of the

weaker transitions was uncertain due to the similar half-lives of
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205 06

"At and 2 At. The observed épec,trum is displayed in Fig. IV-1

~and the results summarized in Table IV-6.

Table IV-6. -Enzeé'gies.and intens'i‘ties of ’ga_r'm"na ray's observed

- in At decay. '

Energy Half-life  Relative

(ke V) (min) __intensity
143.3£0.3 27.841.0 2.50.2
154.2 £0.4 27.6+0.4 7.6+0.4
160.9+0.3 28.5+0.7 3.3£0.2
1310.6%0.3 26.6+0.4 13.4£0.7
628.0 0.7 24.840.5. 14.8%0.7
658.7+0.5 26.4+1.8 7.6+0.5
668.5+0.6 27.6+0.5 28.6+1.7
718.5 0.6 27.6+0.4 100
782.0%0.6 26.3+3.0 6.7+0.5
1031.3 1.0 28.0£2.0 7.6£0.5
Probably 205At
203.0£0.4. © 30.0%3.5 1.8+0.2
447.6%0.4 27.2+1.8 5.0+0.4
519.4 0.5 28.6+1.0 12.5+0.8
527.5+0.4 25.1+£3.6 3.040.3
616.7+0.6 24.8+1.6 6.9+0.8

3 7

672.0+0.8 29.8+1. 9.6 +0.
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Gamma-gamma coinvcidence-measurem_ents- showed that the
340.6-keV gamma wae in coincidence with the inter_lee 718.5-keV
éamma.' Both ef these \'J'ver'e.valso in_ceincidenee with K x rays. | It
seems likeiy’fhat the 1031.3—kev line, which was in’coinci.dence witﬁ
K x rays only, represevnts_ the cres_soyer to- the ground stare. The
proposed decay ‘s'chen're is preSentea in Fig. IV—-‘S(b); the level scheme
of the ZOS,P_O _'isetone'2.0-3Pb (N = 121) isva'ls.o shown for comparison.
Results of the coincidence experiment are summ.arized in Table iV-'?.

Table IV-17. go§nc1den8§ results for trans1t1ons observed in the decay
' At —~ .

Energy of Gate (keV)

Energy K

(keV)  xrays 143 154 161 314 519 628 658 668 672 748 782 1031

143.3 | |

154.2  x . x

160.9 , .
310.6. x . x | Cox
6286 % . x o
658.7 - |

- 668.5 x ,

718.5  x o x

1782.0 |

1031.3

1447.6

519-_:4 x

. 527.5 _

616.7 | 2

672.0 - '

203.0 . o 7 x

K x rays x < X X X X x

&
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Electron capture to -Z_OSPO accounts for 82% of 2OS’A’Yc decay;v the
remammg 18% is due to alpha decay to 201B1. Only one alpha group

has 'bee_n observed. (Hof63) It is presumably the ground state transi-

205, 201

At and Bi have an odd h9/2 proton. Conse-

205A’c rnnst be tran-

tion since both

| quently all the gammas observed in the decay of

sitions between levels of 205Po.

Th‘e transitions .included in the Z_OS'At - 205Po decay scherne in
Fig. IV-8(b) were all observed in coincidencel\}vith‘polonium K x'raye.
Some gamma line's, vnotabI'y the 143.3-, '1‘60..9_—, and 549- keV transi-
tions, alt-hodgh in coin.ciden‘c_elwith the K x rays, h.ave not been placed
' in the‘decay scheme. The only intense gamma line not included in Fig.
IV-8(b) is th_ei 668.5-kthransition. It seems to belong to 205Po but
vcould'n’otﬂbe‘ fit into the 1ebve1 scheme. Conriereion studies are def-
initely needed to‘determine the rnnltipolarit} of these transitions.

(Axeb1)

The ground state sp1n of 29°Po has been measured as

5/2 and negat1ve parlty has been inferred. vThis is consistent with the

‘ground state conf1gurat1on 1r(h9/2) v(p1/2) (f5/2) predicted by the
shell model The ground state spin of 20 5At should be 9/2" due to the
unpaired h9/2 proton. Therefore we would expect no electron capture

decay directly to the 205Po ground state or tovthe previously observed

»

13/2 excited state.

The presence of the 310-keV transition and its coincidence with

'the 718-keV gamma ray are firmly established._ In analogy to the

.situation in 2O?’Pbb, this 340-keV line is probably an M1_transition from

a9/2” (or 7/27) level to the 9/2" level at 718.5 keV. Using the
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(S1i65)

conversion coefficient of 0.46 for a 310-keV M1 gemma and a

Q value of 4.88 MeV for 205At electren-capture decay, obtained from '_

the Mattauc‘h(‘-Matf’s.) mass t'ables, we can estima'.’te log ft values. The
values obta1ned 6. 2 and 6. 5 for decay to the 718 a.nd 1030 keV levels,
respechvely, are not unreasonable for allowed trans1t10ns ‘

In estimating these log ft values, feeding of the 310- and 718-keV
_ states by the decay of h1gher energy levels, as well as the direct 2OSA
electron-capture decay to other energy levels have been ignored. The
1ntens1ty of any of these transitions must be small and the1r effect on
the log it_ va-lues will likewise be small. For‘exarnple, if we include
some direct electron capture decay to the 782.0-keV level and balance
the intensities aceordlngly, the .log ft ;\ralﬁes ch'ange.to 6.3 and 6.6 for
decay to the 718.5- and 1030.2- keV levels. ' | |

If we assume that the first e)tcited level is one of the low spin
states, 1/270r 3/2°, seen in 203"Pb, there w111 not be any direct decay |
to this le{rel. Intenjsity h‘alahce at; the 154_.4-'-keVlevel demands that
the total intensity of the 154.4- and 628.0-_keV tr'.ansitions must be
equal (since no feeding from higher levels has yet been ohser.ved).‘ '
Refel'ence to Table IV-6 shows tha.tb svince;the singles intensity of the
628-keV gamma ray is ‘approximately twice the intensity of the 154.4-
keV gamma line, half ofthe 154.4keV transition must be converted (total
conversion coefficient ~4). This correspohds to an E2 transition (cal-
culated total conversion coefficient = 1.2(Sli65)’ for a l54-keV gamma '

transition). A spin of 1/27 is thus indicated for the 154.4-keV level.

Again referring to the 203Pb level scheme, the 205130 628-keV
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.trans1t1on is more apt to be an E2 than an M3 trans1t10n, supporting

the spin aSS1gnment 5/2" to the 782- keV level

Conversmn electron rneasurements are needed to conf1rm (or re-
fute) these arguments Both high-energy and low energy (< 100-keV)
gamma measurements should be fru1tful in f1111ng in the rema1nder of

205A_t decay scheme.

2. 208,

;In _the course of genﬁha .mee'sur.emenfs of the dlecay of 203Po and
2'OZPo,' some vgammailin'es were assigned to their astetine perents. No
ceihcidence Studi.e.s were made, eo decay schemes are very tentative.

An intense gamrh’a'line at 637.8 keV was found to decay with e
half-life of 7.3 :hO3 min end was, fherefore, aésigned ‘to 203At.v A
should.er. on this gamrné.' line, at 640.5 keV, (Flg IV-5) §va_s found to
decay with approximately the same half-life and it was also assighed v

to 203At. Two other gamma transitions were also identified as be-

longing to 20v3At - 203

Po decay. The decay of all four assigned gamma
rays is shown in F1g IV-10 and their relative intensities summarized
in-’I‘ahle IV-8. The intensity of each gamrﬁa varied as a function of
bombarding energy in the same manner as did the 203Po gamma inten-
sities, thus supporting the mass ass1gnmen’c |

A tentat1ve decay scheme is shown in F1g IV 11. The estimated

203Atv electron ca'pture is 5.82 MeV. (Mat65) The astatine

Q value for
ground state most lihely has spinvvand parity 9/27 due to the odd h9./2

proton; the ground state spin of 203Po has been measured to be
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" Table iv-8. Gai'nrha Vrays obs_efved in 203At decay.
_Energy " Half-life Relative
___(keV) “(min) intensity
415.3+0.4 6.120.8 : 23+3
637.8£0.5 73203 100
640.5+0.7 . 7.3%0.6 5245 |

736.7+0.6  7.4%1.0 3544

5/2°. (Axebl)

The 637.8-keV gamma probably represents the E2

203Po ground state--the

transition from the 9/2— excited level to the
analog to the 718-keV gamma observed in ZOSAt decay. The bther
three gammas cannot be placed in the .deca"y' scheme without further

_information--coincidence and conversion measurements.

3. Discussion

The decay of the two odd-mass astatine isotopes s’cudied,‘zosAt

203

and ™ At, is charactefiied by direct feeding of at least one 9/2° levei
in'the'po'loniumvdaughters. This level is then ae-éxcited by an intense
gamrria.transiti‘on to the 5/2” ground state. |

The information obtained is summarized in Fig. IV-';12 where
the obsevaed eﬁergy- levels are plotted as a‘ function éf neutron nﬁm-
ber. The 9/2" level of the odd-mass Pb isotcﬁ.)es‘ is included for com-
parison. |

The .energy levels seém to behave 'quite regularly. The 13/2+.

203 05

levels of Pb (N = 121) and 2 Pb (N = 123) are only 5 and 26 keV,

respectively, above the 9/2" levels, whereas in polonium these levels
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are seen to be more widely spaced.

C. Lower Mass Isotopes

Due to their short half-lives, no direct studies of the .anatin;a
isotdpés w1th mass A < 202 ';ave'fe'made. Howe&ef,_ the decay va their
daughters was rﬁeaéured. In the cour's.evof measﬁring'the gaihma spec-
tz_'urh' of a target irradiatéd with a bgam ene'rgy‘of 119 MeV, a 571.0-

keV gamma was observed to decay with a'half-lifé of ~4 min. It rhu'st

201 200,

belong éither to At or At decay.

Reference to Fig. IV-42 indicates that the 9/2~ level of %0 1_At

might be expected at aboﬁt 570 keV. The first excite& staté i_nizooAtf?
the 2% level--will probably appe'a..r at about 650 keV (Fig. IV-7) if the

" fegularity of this level continues down ’toliiié. neutrons. On this basis
we would propose that the observed 571-keV transition represents the

2(MAt. Since these nucléi' have

9/2” to 5/27 ground state transition in
so many neutron holes, however, we cannot be completely sure that
. the level energies determined for the heavier isotopes can be legit—

imately extrapolated.
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V. RESULTS: .DECA_Y OF POLONIUM ISOTOPES

A, Oddv—Masvasotope's
1. 2%%po | |

205p; has a sufficiently long half-life (1.8 hr) that it can be made
without rri'any in‘ter'fering radiatio.ns.. _ Two kinds of runs were made.

12

In both, a 0.25-mil gold foil target was bombarded with 74-MeV *C

ions (5.25-mil Al absorbe,r)t to maximize the 2OsAt concentration. The
astatine was evaporated from the target and éolle_cted‘. In the first

runs the gamma singles measurements were begun immediately and

- the gr_o‘wth of the ZOSPO' radiations could be observed. In later runs

th§ astatine was 'al]‘,_ow’ed.‘,t'o de-cay for an hour to allow the 205Po daugh-
ter to xjéach its ;ﬁaximurri gréwth. The remaining ast.atiné was re-
moved'b.y‘heating; the p'oldniﬁm was divssrolve'd off the plate with HNO,
and deposited onto the center of a 1 in. Pt disk (within a circle of di-
,ameterFO.S crn). N

| The Pt disk was then mounted in the sample holder deséribed in .
Section‘III and both singles and garrvlma-‘gamma coincidence data taken.
The singles spectrum measured 1.4 h.r after bombardment is shown in

204

Fig. V-1. Po is the primary contaminant, while longer-1lived bis-

muth and lead iéotopes are also observed growing in. A low-energy

. spectrum was also obtained with the Si(Li) detector and showed only

the 25.3-keV gamrna.which decayed with the half-life of 205»1:’0.

205
e

Th Po data obtained from these singles spectra are given

_in Table V-1 and the coincidence data are summarized in Table V-2.
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Fig. V-1. Gamma Spectrum of 205 o (+ 204130). The tai‘get was 0.25-
mil Au foil bombarded with 74-MeV 120 ions. The sample was al-
lowed to decay 1 hr to allow for maximum growth of the 1.8-hr 5po
from its ~27-min At parent. The remaining At was rernoved by heat-
ing; the Po was dissolved off the plate with HNO3 and transferred to a
Pt disk for gamma measurements.
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rgy and intensity of gamma transitions observed in

Table V-1. En
_ _ 20gPo - 'ZOSB_i decay.

Energy - IY _ K-conversion K{L Mu}ti%olar- ITC'

(keV) ‘ coeff. 2 ratio @ ity

25.3£0.15 0.7+.15 ~5b. (E1)° 6.8+1.4
129.4%0.4  2.9:.2 5.6 1.2 6 M1 21.843.5
151.6£0.4 - 3.0£.2 3.4 0.6 - 6 M1 13.8%2.5
211.9+0.4  8.0£.5 0.25 £0.03 2.0  E2+ 15% M1 11.6+1.5
245.840.7  2.0£.3 0.25 £0.15 (E2) 2.70.9
260.9+0.3  9.4%.6 0.59 +0.06 5.5 M1 16.041.9
472.020.6  2.7+.3 0.031 #0.006 E2 2.840.6
541.0£0.5  5.3%.5 ~5.4%0.7
598.940.7  6.3%£.4 0.014 £0.003 E2 | 6.4%1.3
613.0£0.7  4.0£.2 0.065 0.009 5 ‘M1 4.3%0.7
623.9£0.7 . 2.4+.2 0.15 0.02 M2 2.840.5
836.3£0.5 50.7#2.0 0.00340.0003 . E1  51.0%2.6
849.9+0.5 74.0+2.8 0.020 20.002 6 M1+ 8%E2  72#8
872.240.5 100 0.007 #0.0007 6 E2 101
1001.140.5 78.63.2 0.042 #0.004 6 M1+ 7% E2 7947
1183.5+0.7  2.7+.2 0.0411 #0.002 M1 2.720.4
1239.120.6 12.6%.6  0.0066+0.0010 M1+ E2 - 12.740.7
1336.6£0.8 = 3.1%.4 0.002 £0.004 EA1 ' 3.4£0.4
1514.9£1.0  5.2%.7 5.240.7
1552.9%+1.0 6.9+.6 6.9+£0.6
1652.0£1.2  2.7+.5 2.70.5

5 - 4.1%.6 4.140.6

1730.6%1.

aAll values for K-conversion coefficients, K/L ratios, and defived
multipolarities are taken from the experimental results of Ref. Alp69
unless otherwise noted. ' ' ' '

b

C

The total intensity of the 25.3-keV gamma required by‘intensi‘ty bal-
ance was 7.

This implied an E1 transition and the K-conversion co-
efficient is a theoretical value from Sliv and Band. (Sli

I.= (4 tagtayt apm lere
frgm the table of Sliv and Bax}’d, (S1i65) and aM+ an + - -

L

+ ...)I., where a], were theoretical values obtained
-=0.3a, .

i
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Table V-2. Summary of observed gamma-gamma ‘coincidences in
' >Po - 205g; . decay. v

Energy of gate (keV)

Energy
(keV) 129 151 212 261 472 514 599 624 836 849 872 1001 1239

129.4 | e x
1516 | | | |
211.9 A x
245.8 S
260.9 o _ V x ? x x . x o x
472.0 | o o
511.0 X x xb b4 x . ' b'e
598.9
613.0 |
623.9 ? - , e
836.3 | x L x
: 849.9‘ X .
872.2 x x x 2 x ?  x
1001.1 |
1183.5
1239.1
1336.6

" The best value obta1ned for the half- 11fe of 05Po 1s 1 80 0. 04 hr—the

“- same value 11sted 1n the Table of Isotopes (Led67) The relat1ve inten- -

' s1ty of the 25.3-keV gamma line is only approximate, since it was cal-
.culatevd fl;orh’ the relative intensities of the Bi'K_ x fays in the low- and _
' higher-enetgy spectra.

No conv,ersioo-electron studies were made during the current

worki Two simultaneous investigations, however, have included con-

version measurements. The values for the K conversion coefficients,
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K/L ratios, and the multipolarity a'ssignrnents based on them in Table

-1 have been taken from the results of Alpsten and Astner. (A1p69)

Identical r_nult1polar1t1es were assigned to these 205Po transitions by

.(Hop69)

Hopke, Nauma_nn, and Spejewski on the basis of their measured

electron 1nten51t1es

Th 2OSPo decay scheme constructed frorn the data in Table V-1

is shown in Fig. V-2. It is clear from the co1nctdences that the 261-,
836-, and 872-keV traneitions form a triple cascade. Both singles
and coincidence intensity consideratidns fequire the s'equenee to be as
shown in Fig. V-2. | -

205 (Lin59)

The Bi ground state Sp1n has been measured as 9/2 .

i

Level spins have been assigned from mult;pola_r1t1es and by analogy

207 (Arb58, Hop69, Ast70) .y o the 1708.4-

with the Po decay scheme.
keV level is ass1gned spm and parity 3/2 , whereas the 1eve1 at 1969. 3
keV is 3831gned spin and parity 5/2 To accommodate the 261- 212-
624(?)-872 keV coincidence sequence we have placed a level at 14_96.3

keV with spin and par1ty 1/2 | | .
| The 1183- and 1239-keV trans1t10ns have been tentatively placed
to the ground state because of the lack of any coincidences with the
transitions depopulating the lower-lying levels. The 1239-keV _transi—.
tion, in particular, is sufficientiy inten.se that it should appear in coin-
cidence if it did populate any of the first three excited levels. - A sim-
.ilar lack of any coincidences plus energy eums have led to our place-
ment of the 1001.1-keV line. |

The decay scheme constructed is essentially the same as that

derived by both Alpsten and Astner and Hopke et al. However, we
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have observed the 25.3-keV transition proposevd by Alpsten and Astner

on the basis of intensity balance arguments. We ha'vev placed the 25.3-

keV and 598.9-keV gamma transitions in accordance with energy sums.

They also placed the 598.9-keV gamma de‘popu.lating‘a 1471.1-keV
level. In order to bale.nce intensities at both th'e 1471.1- and 1496.3-
keV levels, the 25.3-keV transition w_as' suggestea,‘ although it 'w.as,'_.
unobserved in their spectra. Both of these levels should receive.little

205p, decay due to forbiddenness. With-

or no direct feeding from the
in experimental e_rror the intensities of the 25.3- and 598.9-keV gam-
- mas ate equal; thus there is no observed direct decay to the 1471.4-
keV level. |

Extending the same reasoning to the 1485..6-— and 1496.3-keV
levels, Alpsteta and Alstner foﬁnd that a gamma of about _10.5. keV was
needed to feed the 14'85'.6-keV level. 'We could not see a gamma of
thls low energy w1th our exper1menta1 arrangement it is undoubtedly

h1gh1y converted and w111 be d1ff1cu1t to observe

‘The remalmng trans1t1ons, 1nd1cated w1th dashed htxes, were
observed in our spectra but were either weak or of h1gh energy so.
that, although no coincidences with'ldwer-lﬁng transitions werve ob-
served, they could not be completely ruled out. Using energy sums
and the three high-energy states proposed by both Alpsten and Astner
ahd Hopke et al. as a result of coincidence data, we have also placed
these remaining transitions in the level scheme.

205

The estimated Q value for Po electron capture was egain ob-

(Mat65)

tained from the Mattauch tables and is 3.56 MeV.  From this

e i oo e+ o e o
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—

and the_percentage of direct electron—capture decay received by each
le'vel., log _f_t values were calculated. Uncertainties in the intensities:
‘(mainly frcm unplaced weak trausitions) and Q value do not apprecia:-
bly affect the log ft values |
Anomalles in the log ft ft values do appear. The forbidden decay
to the 3/2 and. 5/2 states is enhanced while the allowed decay to the
| three lowest ly1ng levels is retarded These same anomalies appear

207 (Hop69 Alp69)

in °" Po decay and also in 203Po decay, as we shall

sece.

2. 203.13’0 |

The meas.urement ef the gamma lines in the 203Po spectrum
(Fig.» V-3) c_ohfirmed the'.halfé'life determined .earlier in the alpha
measurements.' The best value obtained from the gamma data is
36.7+0. 5 min (from alpha decay, 36 0+2.5 mln)

The energies and intensities of a11 gammas asisign‘ed to 203pg
are 11sted1n T‘able V-vd'.“ The»K'—-clo'nver'sion coefficiehts and K/L ra-
tios vv”er.e measured by Alpsten and Astner. (Alp69) There is need for
ver1f1cat1onof these values and the resulting multipolarity assign-
me'nts, however. Measurements of these same quantities by Hopke,
Naumann', and SpeJew_sk1( p69) do not agree and have led to a differ-
ent’set of multipolarity assignments.. Their resultant decay scheme
bears very little resemblance to that of 205Po and 20—('Po. Believing
that nature prefers pattern and order where possible, I have chosen

‘to use the multipolarity assignments of Alpsten and Astner because

these lead to a 203Po ‘decay scheme with the same characteristics
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All short-lived astatine parents have substantiall

(cf. Fig. I1V-5). | ,

y decayed
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nergy of all gamma transitions assigned

:;tzeﬁ;’tgjnd gBl decay

Energy IY K-conversion K/L Mult1%olar— IT‘b

(keV) coeff. ratio® ity
174.4+0.3 4.6 1.6 0.1 5 M1 13.5
188.4£0.3 7.4 0.47 20.04 0.11 E3 35.0
197.040.3 1.2 1.4  20.4 M1 3.2
'204.0 0.4 ~4 0.75 #0.08 0.3 E3+6%M2 5.2
213.740.2 27.8  0.18 %0.02 1.2 E2+5% M1  40.2
261.3+0.4 2.4 o ~3
388.6+0.4 2.3  0.034 #0.014 E2 2.8
418.0+0.6 . 4.4  0.008 £0.005 - E1 4.1
485.0+0.4 4.6  0.022 #0.006 E2 4.7
511.0£0.4 17.0 ~17
648.240.6 2.4  0.04 0.01 M1 2.2
-894.410.5 28.0 0.008 £0.001 4.5 "E2 28.0
909.4+0.5 100 0.013 £0.001 5  M1+50%E2 101
1091.2 0.5 34.4  0.011 0.004 6  Mi+25%E2 32.0
1242.840.6 7.5 . 0.0014%0.0007 - "E1 7.5 .

aExperim'entally determined K-conversion coefficients and K/L.

rat1os, and the multipolarities based on them are taken from Ref.

. Alp69.
b

ozL.

= (4 +a,ta

+ o

+

-) I, where aL were theoretlcal Values
ob'{alned frollgn thIé' Sh\Mand BandYtables (Slié 5),

and Q'M N

-=0.3

observed in both
The decay scheme proposed for 20

tative. No coincidence measurements were made.

205

Po and

207

Po decay.

3Po in Fig. V-4 is very ten-

Ther efore the |

level scheme is supported by energy sums (Table V-4), intensity
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Table V-4. Energy s%rnf for gamma transitions observed in the
' 3po Bidecay.
E E Sum - E Used in decay
1 2 : 3
_ - scheme

174.4 213.7 388.1 388.6 yes
188.4 - 909.4 1097.8 , yes
204.0 894.1 1098.1 yes
197.0 894.0 1091.1 1091.2 yes
213.7 204.0 417.7 4148.0 - yes
264.3 648.2 909.5 909.4 no.

relationéhips, the multipolarity assignments just disclussed, and its

205

similél;-ify with the “Po decay. scheme. It agrees well with the level

's"cherhe_prOPesed by Alpsten and Astner. It does not agree with all of
th‘e' coineidence data preée‘n’ced'by Hopke et al., nor with their pro-
posed .decey ,_schel;rle. | |

The a;n'qount ef direct. electro.n—_capture decay received by the '
three lowest excited etates indicatesvvex;y' clearly that the 5/2° le»lvel
has dropped down below the two 7/2" states.

We postu.lated the existence of fhe 2435.7-keV level from energy
sums. The placement of‘ the 1242.8- and 648.2-keV transitions de-
populating this level is sui)ported by the coincidence data of Alpsten
and Astner. | | |

Alpsten and Astner have also reported a low-intensity (relative
IY = 0.2) 182.5-keV M1 gamma which would represent the missing tran-

sition between the two 7/2” levels at 1091.2 and 909.4 keV. The pres-

203

eince of a 131 gamuma ray of about the saie energy would have
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obscured this weak transition in the present investigation.

203

Both ground state spins have been measured: Po as 5/2°

(Axeb1) av,ndv203B' : (Li.n59)

ias 9/2". Log ft values were calculated

(Matb5) 14 the direct level feedings which

from the estimated Q value
were determined by intensity balance.

The features of the decay scheme are very similar to those of

205Po decay. The large percentage of direct decay to the 7/27 levels

is again.seen: log ft values are 6.6 and 6.4 to the 1091.2- and 909.4-

keV 7/2° levels respectively. This is to be compared with values of

205 205

6.5 and 6.9 to the analogous 7/2” levels in Po —~ Bi decay. The

most striking similarity is again the presence of the band of positive
parity l.e\_réls'.: -The 5/2+ and 3/2% levels are fed by direct electron-
capture decay with log ft values almost identical to those observed

for the 'jde'é'_é‘ly”t.o' similar levels in 205p,,.

3. Lower-Mass Isotopes

’fhe gamma lineé are much more diffict_ilt to identify in the low-
mass spectra. This is due primarily to the profusion of isotopes pro-
duced, many with similar half-lives. The situation is particularly dif-
ficult when one is trying to identify short-lived activities.

No gamma transitions could be assigned to 8.9-min 20imp, ge-

cay. A 238.8+0.5-keV gamma with a half-life of 17.6£2.1 min was

201Po decay. The mass assignment is supported by the

attributed to
excitation function. Three other gamma lines were observed to have -
" a similar half-life, but the assignment could not be confirmed by ex-

citation-function measurements. All four gamma rays are listed in
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Table V-5. If the 306.2- and 356.3-keV gamma lines do.belong to a

mass-199 isotope as favored by the excitation functions, this may be ’

199

evidence for an isomeric state of Bi, since currently no nuclide

of mass 199 is known to have a half-life of approximately 17 min.

Table V-5.. Gamma transitions tentat1vely assigned to the decay of

1Po
Energy | Half-life Relatiire Remarks |
(keV) v (min) intensity '
238.8%0.5 17.6%£2.1 . . 100
124.4+0.2 17.9%2.0 3 (1)
306.240.3  16.2+1.4 100 (2)
356.3£0.3 18.4£4.4 40 (2)

(1) No excitation- function information. :
(2) Excitation function tends to prefer mass assignment 199.

201 (Axe61)

Po is 3/2.
(L1n59)

The measured ground state spin of

Since the ground state of 201Bi is.a 9/2° level, we would ex-

OiPo undergoes electron capture to excited levels in 20 1Bi,

possibly to 01mB1, which is known from alpha decay studies. (Sii64)

pect that

Alpsten and Astner (Alp69) have observed a strongly converted 846-

keV gamma transition with a half-life close to 60 min which they have

20 1m

' assigned to the decay of the Bi isomeric state. By assuming

that this isomeric transition feeds the ground state directly and inter-

preting their conversion coefficient measurements as being M4+

(54+20)% Eb, Alpsten and Astner have favored the assignment of

spin and parity 1/2+'to the 204m

Bi level. [A multipolarity assignment
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of E4 + (_Zé:t '1'1)% M5 also agrees with i:hé conversion-electron mea-
surements and has not been ruled'out. It is less likely in the light
of the data for the heavier isotopes préviously discussed. A 1/2+

lével_ could well represent the lowest member of the positive parity

_brand previously observed in the level s'chemes of 203Bi, 205Bi, and

207gi.1

The 846-keV transition was not seen in the current work. No

v attempt. has been made to incorporate the fragmentary experimental
information obtained into a decay scheme for _201Po.
One gamma line was seen with a half-life cor.responding to that

~of .199mP0—-4.2 +0.3 min. The assighi'nent of this 473.4+0.4 keV

gamma transition was supported by the excitation-function measure-

" ments.

4. Discussion

05P

The discussion which follows applies equally well to both 205p,

and 203Po as well as to »207Po decay which, however, was not ob-

served in the present investigation. Much of the discussion may also
be applicable to ZO.iPo; -with provision made for its 3/2° ground
state, when more information on its decay is available.

The ground state configuration of the oddeass polonium

isotopes is expected to be principally due to the_ configuration . TT(1‘19/2)2

V(pi/_zf"z(fs/z,)— (4#20) " where n=0 for °*"Po, n=1 for’?

n=2 for 203Po.- The ground state of their respective bismuth daughters

. . . 1 -2 -2
cgn then be assigned a configuration Tr(hg/z) "(p1/2) (fS/Z) n

Po, and
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‘Therefore the ground-state-to-ground-state elé'ctron—capture decay of
polbnium would involve the coﬁversion of an h9/2‘ protbn to an fE;/Z
neutron. This transition requires Al AL = 2, no, and is therefore
ex'pected. to pi‘ocee‘d‘.vefy vslo‘\:vly. | | |

| The two ?/2- s’.cvates are readily interpreted as the 2f7/2 single-
protoh state, its strength being split on”t\';vvo levels. Thesé_ states could
be strongly fed from the polonimn parent if the_l;e is a small admixture
of 'rr(f_..(./z)z in the groﬁnd state wave function of "vche polonium nucleus.
The transition to biémuth would then involve favored co,m.rer sion of an
f7/2 p.ro_ton to an f5/2 neutron. Although the log ft values are high
.because of the small a_.dmixtui'e; ‘the transitiori proceeds with sufficient
speed to preferent_ially populé.te the 7/2— 1evels;

The most probable explanation for the population of the bismuth

positive parify states is that they are due to one hole in the Z= 82 pro-

ton core with two protons 'pairing off in the h9/2 level. Thus the con-

205 203

version of a d3/ or d5/2 lpro‘ton in a filled subshell of Po (or "Po)

2 ,
to an f5/2 neutron would lead to first forbidden decay to the 3/2% and

'5/27 Bi levels (Al = AZ = 1, yes).

If this is the case, the decay should be analogous to that of the

odd-mass lead isotopes which also have 5/2  ground states. 203

201Pb,' and 199Pb decay to 5/2+_and 3/2+ states in their thallium

(Led6?) 1, 203py, 1og ft = 7.0 for decay to the 5/27 level

Pb,

daughters.
and log ft = 6.5 for decay to the 3/2+ level with < 2% of the electron

capture (log ft = 8.3) going directly to the 1/2+‘gr ound state. In the
99

case of 1 Pb, log ft = 6.9 and 6.6 for decay to the 5/2+ and 3/2{
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levels, respectively, and no direct decéy has been observed to the
1/2+ ground state. These log ft values are almost.identical to those
observed in the polonium decay: 6.85 and 6.6 (cf. Figs. V-2, V-4).
Hence this ahalogy with the lead i.sotopes supports the notion of ''core
excitation' in the positive-parity excited levels of these odd-mass
bismuth nuclei.
In similar fashioﬁ the 1/2+ state is attributable to a 1'r(s1/2)-'1
b. (h9/2)2 v (pi/z) -2 ( fs/z)fzn configuration. The energy spacings of
thevthreevpositive-parity states show a pattern similar t;) that seen in
‘the od_d-malss thallium isbtopes where the 1/2+ level is the ground
v ; sfate. Moreover, the pattern of de-excitatioﬁ of the 5/2+ T1 states ,b
(Led67) ie., preferentia‘,l-‘ population of the 3/2+ state with a small
crossover to the 1/2+ state, is identical to that observed for thé 5/2+
level of the bismuth iéotopes. The intense 3/2‘+_> 1/2Jr transition
seen in the thallium isotopes has become much weaker in 205Bi _(and
203Bi); father, the energy available drives the E1 transition down to
the low-lying negative parity states.
| The multipolarity assignments of the 1242.8- and 648.2-keV
2O?’Bi transitions support the assignmént of positive parity to the
2136.9-keV level and indicate a spin of 3/2, 5/2, or ._7/2. Due to the
high excitation energy of this state, it coulci be the 7/2 member of the
positive-parity band, representing the conver sivon of a g7/2 proton
to an f5/2 neutron (Al = A J :,1’ yes)‘.‘ ~The observed log ft value of
6.9 certainly suggests such a first forbiddeh_ .tr'ansiton. The resulting

203

cénfi.guration of the Bi nucleus would then be n(hg/z)z (g7/2)' 1
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-2, - ' ' .
v( P1/2) (fS/Z) 4. This would be in keeping with the configurations -

of the other positive-parity states where there is'also core excitation,

i.e., a hole in the 82-p"rot6h shell.

B. Even-Mass Isotopesv'

1. 2‘O4Po

The most intense 204Pobgamma lines are denoted in the'ZOSPo |

spectrum presented in Fig. V- 1. Four less-ihfensé lines (< 10%)
were éee_n in a separate run which m'axi_mized the 204

The results derived from these spectra arevinéluded in Table V-6.

The half-life of 204Po was determined to be 3.69+0.11 hr from the

gammba measurements, in good accord with the 3.55+0.45 hr obtained -

from the decay of the aipha group.

The only previous information availablg on the electronv—‘ capture
decay Vof 204Po was acquired by Anv.' (A_n65). His results are included
_in Table V-6 for comparison. The two sets of data agree in half-life

determination and in spirit, but there are several discrepancies be- -

‘tween the values obtained for both the energy and the inte'nsity of sev-

eral of the fransition_s. Additio‘nalv s'upport.for the values thained in
this work comes from the fact that the energies. aﬂd inteﬁsities of

2OSPov'gamma lines seen in the same spectra are in excellent agree-
ment with recently published values [cf. Chapter V-(A)]. This im-

plies that the errors quoted in Table V-6 correctly indicate the un-

certainties due to energy and efficiency calibration.

At conéentration.
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Table V-6. Gamma transitions observed in the decay of 204 p,,
This work Values from Ref. Ané65
Energy ‘ Relativ_e‘ Energy Relative
(keV) intensity (keV) intensity

63.23+0.410 12 +£2 ' S A

115.0 £0.3  2.3%0.3

120.6 0.4 6.240.7

126.7 £0.4 8.7+1.0 | |

137.3 £0.3 40.3%3.0 140 66

163.4 +0.5 6.620.7 | |

202.2 +0.5 9.7+0.9 o202 13

269.7 £0.4 100 | 268 - 100 -

304.5 0.5 10.0£0.9 305 17
 316.5 £0.5 14.9+4.4 346 19

534.2 £0.6 44.9%3.5 537 52

680.0 +£0.7 30.4+£3.6 680 40

762.0 +0.7 37.6+3.4 764 43

883.6 0.6 110.0 8.8 883 101
1016.1 +0.7 93.0+8.4 1022 77
1040.0 +1.1 38.0+3.4 , 1037 | 28

The coincidence results are sumfnarized in Table V-7. The

137.3-, 269.74, and 883.6—k¢V transitions are.all in c‘o‘incide'nce, im-
plying a triple cascbade. The coincidencve dé.ta, as well as ‘in’tensities
and energy sums, have been used to construct a decay scheme. The
level scheme proposed in Fig. V-5 is one possibility that agrees with
all the experimental data. |

The 63.23-keV transiti‘onv was observed only in the low—énergy

spectrum and thus no coincidence information was obtained. It was
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Table V-T7. gé)incldence results for gammas observed in the decay
' Po —» 4Bi.

Energy of gate (keV)
Energy | |
(keV) 137 202 269.7 3416 534 762 883 1016 1040

63.2
115.
120.
126.
137.
163.
202.
269.
304.
316.
534,
680.
762.
883.
1016.
1040.

o

©O » 0O O NG aN R W

assumed to depopulate the first excited level; this is in agreement with

20 6B (Arb57) 208B (Led67)

. the level schefnes 6f both and with the

relat1ve 1nten51t1es
Wahlborn(wah57) has calculated the energ1es of the nuclear '
206

levels expected in Bi with three neutron holes. The four lowest-

e_nergy configuratio_n_s-: 'rr(hb'9/2)1 v’(pi/z)-z(fs/z)_ 1, 11'(h9/2')’1 v(pi/z)“2

. S | 1, -1 -2 1. -1 1 -1
lead to a large density of levels, all with positive parity. The first

negative-parity levels have an excitation energy of ~1 MeV and arise
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from the couphng of an 113/2 neutron W1th the odd h9/2 proton.
Therefore the gamma transitions between excited levels below ~1 MeV

can be expected to have multipolarity M1 or EZ. This is born out'for

206B1 where only Mi and E2 transitions were observed below the :

1379-keV level. (Arb57, Sto56)

One expects the same gerleral level order in 2'04Bi rvith rive neu-
tron holes. The 63.2-keV ground state trensition wirll then be an E2
or Mi garnrna. Intensity belence end re.ference to Table V-8vwou1d
lead to a preference for the M1 assignment.

204.Po is an even-even nucleus; hence its ground state is a ot

level. 204B1 has a ground state spm and parity of 6+ (L1n59) There-

Table V-8. Total intensity of 204Po low-energy gamma 11nes as a’
function of mult1polar1ty :

Energy . Relative Total intensity
(keV) intensity Assume M1  Assume E2
63.2 12 323 1330
145.0 2.3 16 11.5
120.6 6.2 42 31
126.7 8.7 59 43
_1_37.3 ' 40.3 240 85
163.4 6.6 : 26 14.5
202.2 ' 9.7 - 26 - 14.5
269.7 100 | 158 117
304.5 ) 10.0 15 12

316.5 14.9 21 ' 16
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204

fore we Woula not expect to see any Po electron capture directly to

the low- 1§(ing Bi levels due to '_cheir high spin. Thus the intensities of
- the 762.0- and 120.6-keV transitions are equal within experimental
error; the 120.6-keV gamma probably correeponds' to the 121-keV line

seen earlier in the stﬁdy of the alpha. decay of 208A’c. 7 Simiiarly, re-

quiring fhe intensities of the' 680.0- and 202.2-keV gammas to be equal
suggests thet the 202.2-keV trahsitien is probably .an M1 transition, al-
'thou_gh their order could be reversed. | |

Intensities tend to vi_ndicate thef the 137.3'-‘ and 269.7-keV transi-
v tioﬁs ere of multipolarity E2 and M1 respectively. Conversion mea-
surements are necessary before eny definite spin assignments can be
made. | |

It appears Ithat the 2233.4-keV level receives ~50% of the direct

(Mat65) .

204p, decay. Using the Mattauch estimate of 2.47 Me

QEC’ this corresponds to log ft= 4.7. This would certainly indicate

an allowed transition, hence a spin and parity of 47 for the 2233.4-keV

(Wah57) for 206

level. Wahlborn's calculations Bi predict the 1+ level

of the 1r(f7/2) v(pi/z) (f /2) configuration at an energy of ~2.16

MeV. The decay to such a state would proceed rap1dly if the O4Po

ground state configuration has some adrn_1xture of "rr(f7/2 2. The con-

version of an f7/2 proton to an f neutron would be allowed; AI = 1,

5/2
Af =0, no.
Much more work is necessary before the decay scheme of 204Po
_is completely elucidated. 204B'1 is an extremely complicated nucleus

with a huge density of excited levels due to the several configurations

possible in the eoupling of the odd particles.

1
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2. 29%p,
No work has been pu‘blished concerning the ganima rays or con- .
version electrons in the electron-capture decay of'ZOZPo.
"The-‘ZOYZPo gamma lines observed in the current ihvestigation )

are labéled in Fig. V-3; the experimental data are summaAri_zed in
Table V-9. No search was made for low-energy gammé transitions
(E < 100 keV). o o | o » 5
The best value of the hélf-life obtained fx:'orn these data is |
43.7+1.3 min,- to be c_orﬁpared.with a value of 43.8% 1.5 min obtained

previously in the alpha measurements.
202

As an even-even nucleus
(Lin59)

Po has a 0 ground state. The

2

measured spin of the 20 Bi nucleus is 51+.‘ We would thus ex-

pect tiie electron-capture décay to proéeed to the higher-'lying low-
.spin s'fates in 2ozBi, vas was observed for the hea_vier_even—evén Po i
nuclei. . | |

The inten.se 686.9-keV gamma is probably a.transit_ion to the
ground state (an aﬁalog of the 883.6-keV traﬂsitidn to ground in 204Bi).
Any fui‘ther attempt at constructi-ng a decay scheme would be pure. '
speculatio_n without additional .inforrr.xat.ion'. - Again, in analogy to the

heavier odd-odd Bi isotopes, we would expect a largve‘ density of avail-

able energy levels and hence a complicated 2OZPo decay pattern. : i

- 200

3. Po | | - .

200

No gamma rays can definitely be assigned to Po decay. Sev-

eral gamma lines with the correct lifetime (~ 11 min) were observed.
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The majority of these were éssigned to 1_98Bi on the basis of their ex-

citation functions [cf. Chapter VI-A(4)]. The identity of the two re-

maining 11-min'gamma lines at 191.0 and 880.5 keV could not be as-

Z'OOPO - 2OoBi decay.-

certained; they may belong to

202

Table V-9. Energy and intensity of gamma rays observed in Po
decay. : '
: Total intensity
E&Zﬂ,g)y v ﬁ;l:::iv& Assume M1 Assume E2
151.6+0.4 8.4£0.7 32.5 16.7
153.9£0.5 6.4+0.7 ' 24.4 12.7
1641.3+0.4 4.0+0.6 14 7.7
165.0 £0.3 25.3%1.7 88 | 49
250.5+0.4 - 3.5%0.4 5 3.6
315.0£0.5  22.5%2.2 34 25.4
335.0%0.5 3.0£0.3 4.5 3.7
504.8+0.6 9.8+1.0 10 10
686.920.7 100 101 101
716.6%0.8 9.31.0 9.4 9.4
789.8£0.7 12.5+1.0 12,6 12.6
8 82 o 8 ' 8

973.5%0.
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VI. RESULTS: DECAY OF BISMUTH ISOTOPES

A. Even-Mass Isotopes

1. 204p

4 ‘An énergy—level sc-:he.me has been previously coﬁstructéd for the
204 '
decay of 204me.(Her56) '

ture of 204Bi'. (Sto58, Wer56, Fri56)

Spins‘were é,ssig.néd to the ob-
served low-energy levels, sinée rﬁultipolafity values could.be deter-
mined for the strong gamrha transitions depopulating these levels. By
combining the publiéhed conversion.electron intensitiéé of Stockendal
et al. (Sto58) with oﬁr relative gamma 'infensities measured in 204Bi
decay, we have '_determined the multipoiaritie’s of .s‘ovme of the weaker
gamma transitions and tims dedﬁc_ed spin and parity. values for the

higher-energy levels of 2'04Pb.

Conversion coefficients can be calculated from the electron and
gamma intensities if the multipolari'ty (and therefore the K-conversion
coefficient) of one transition is known. We were able to use the well-

established 374-keV E2 transition as a standard. Then, for a transi-

tion with energy E, the conversion coefficient, vozi, is expressed by

N/(E) N, (std)
N(E) * Ny (ot ° ay(std),

o (E) =

where 1 refers to conversion in the_i_th shell. A value of

@p(374.4) = 0.0392 was obtained from the Sliv and Band tables. (S1i65)

By using the conversion coefficients determined by this expression and

“““Pb nucleus by combining results obtained in studies of the isomeric .

with results from studies of the electron cap- ‘
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the K/L rati_ds of Stocke.ndail, the multipoiarities of many transiﬁons

| couid be determined. Thé r‘esult':s are sh6§vn in Table VI-1. Our de-

‘rived multipolé,fities for fhé sfrong transitions agree with those of

Stockendal et al.; in additiqn, several new és_signrnénfs were pos sible.
The results of gamma-gamma coincidencé measurements are

’ smnmarizedvin Table VI-2. They support the deca:y scheme that w:as

previously derived. This decay scheme is]réprbdu‘éed from the Table
' (Led67) ‘

“of Isotopes n F1g VI-1; our additional spin as_signmebnts and

estimates of brénching ratios have been inserted.

The transitions shown in dashed lines in Fig. VI-1 were placed
by Stockendal ;aft:er béing ébserved in the electron spectré. These
transitions were n§_t seen in the current gamnda’ meas'utenﬁents. This
may be explainéd'by thé 'soﬁrce strerigfh. All the déta acquired on the '
electron capture of 294Bi in the_preser;t inv,éstigation 'We;'re obta_inéd : |
by following the deca* of a 204Po sample for a loné period of time.
A mﬁch more active source could be pfépared and the polonium al-
lowed to d_eéay away before any ga.rﬁma measurementé wére made.

In this way these very weak transitions might be observed.

- The triple cascade of the 911.5-, 374.4-, and 898.9-keV transi-

tions was first demonstrated by Herrlander et al..(Hevr56) who also as- . - .

ce_rtainéd the spins and périties of the 898.9-, 1273.6-, and 2185.1-
keV levels in their study of the isomeric decay of 204me.

The .spinbof the 15.62.8-keV' level is definitely 4+; this is shown |
by the 289.2-keV M1 and the 663.4-keV E2 transitions de-excitiﬁg this

level and leading to 4T and _2+ states respectively. In similar fashion
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ies and intensities of gamma transitions observed

in Bi decay.
K-elec-

Energy I tron .in- K/.L .K-con.ve-:‘rsion Multi_— - ITC

(keV) tensitya ratio® coefficient polarity
176.0£0.4 1.6 50 =5 1.22  £0.20 M1 41
215.9%0.4 3.1 41 -~ 6x2 0.52 0.10 M1 5+1
219.240.4 4.0 13 = 4#2 0.4127 +0.025 (E2 or M1) 54
222.0+£0.4 1.5 24 6+2  0.627 £0.09 M1 2.5%0.4
289.2+0.3 4.4 38  5.8%1 0.338 +0.04 M1 6.0+0.6

 374.4£0.3 100 400  2.4%0.4 0.0392° . E2 100

404.8+0.5 2.6 2.3 =3 0.035 £0.006 ~ E2 2.5+0.5
663.4£0.5 6.0 1.8 ©0.012 #0.002  E2 . 5.7%1.2
670.3+0.7 12.5 19  5.8%0.6 0.060 %0.006 M1  12.7+1.5
691.40.7 6.2 =1 ©0.006 £0.002 (E1or E2) (~6%1)
709.5+0.8 5.0 1.5 0.0118%0.0016  E2 4.8+0.7
898.9+0.4 125 23  4.4%0.4 0.0075%0.0008  E2 119 £ 12
911.5+0.6 26.0 36  1.6+0.2 0.054 %0.006 E5 25.4+3.0
918.0+0.6 13.3 2.9 =5 0.0086%0.0009  E2 12.6+1.3
983.8+0.6 69.0  0.7(Ly) 0.'o_oo3s(aLI) (E1) 6510

a"Va,lues_ obtained from Ref. Sto58.

bThe Well-vestablished 374.4-keV E2 trahsitioh was used as a stand-

ard to calculate the K-conversion coefficients.

The value of its con-

version coefficient (0.0392) was obtained from Ref. Sli65.

©Total transition intensity normalized to IT (374.4) = 100.
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Table VI-2. Results of 2'04Bi gammé—gamma coincidence measure-

ments.

Energy of gate (keV)

Energy e
jkeV) 289 374 670 899 941 918 984 216 219 222

176.0 ,

215.9 ?

219.2 . ‘ | ? 2

222.0 - .- | 2

289.2 x ? | |

374.4 x Cox x x ©ox x ? x
404.8

663.4

670.3

691.4

709.5

898.9 x  x X . x X X X x x
911.5° X

918.0 e |

983.8 x | . s x

the E2 multipo‘laritybf the 918.0-keV trénsition from the 1816.9-keV
level to the 2% first excited state fixes the ‘_spin and vpar'ity of the
1816.9-keV level as 4%, |

By contrast the 983.8-keV gamrha is most likely to be an E1
transitibn_ judging by the LI ;:onversion coefficient. This means that
the 2257.4-keV level must be a negative-p'arvity state with spin equal
to 4 or 5. (The spin Qailue 3 has been eliminated since these lowest-

energy negative-parity states are undoubtedly due to the coupling of
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Fig. VI-1. Decay scheme of 204Bi taken from Table of

Isotopes. Le The spin assignments and decay

branching based on this work are also included.
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odd neutrons in the f5/2 and 113/2 levels. This results in states with
.spin values between 4~ and 9~ being possible.) Moreover, since the

2257.4-keV level receives a .sub_stantial' portion of direct feeding from

204.Bi ground state with a measured spin of 6t (Lin59) a spin of
5 is preferred for this excited Pb level. A 5 level is seen in Zosz

the

at ~2 MeV, and 95% of the eleétrbn-capture decay of 206Bi (ground
state = 6+ also) proceeds to two high-lying /5' states in its lead daugh-
ter. | |

In order to‘assign consistent spins to the 2476.4- and 2254.2-kVeV
levels, the 219.2-keV gamma ray must be an M1 transition. Such a
multipolérity assignment is not strongly supported b& the calculated
K-conversion coefficient, but certainly is not excluded.

‘The relati\}ely high intensity of the 911.5-keV gamma line in-

204

‘dicates that ~20% of the Bi electron-capture decay is proceeding

204m

through the Pb staté. Because of the spins the decay cannot be

204m

direct; the 2185.1-keV Pb level must presumably be fed by gam-

ma transitions from higher-lying levels, although no such transitions
have yet been observed. |

In’cénsity balance at each level in the existing decay scheme re-
_quires ~50% direct population of the 2257.4-keV level. This corre-

sponds to a log ft value of ~7. For 'éomparison, a‘log ft value of 6.9

was obtained in this work for the de.c_:ay of .ZOZBi to the 5 level in

202Pb at 2036 keV (cf. next section), while 2Oé'Bi decay to the two

206

high-energy 5 states in Pb entails log ft values of 6.3 and 6.7.

Intensity balance requirements also indicate 5 to 10% direct decay to
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the 2476.4~, 2254.2-, and 1943.9- kéV Isb levels However-, .these |
.levels may all be fed by transitions (thus far unobserved) from higher
‘lying states. | |
The resulting level'scheme still needs further clarification.

The additional spin and par1ty as.s1gnrnen.ts we have been able to in-
clude in the decay scheme shown in Fig. VI-1 are the most probable
values according to all available data. But they, in turn, must be re-
garded as tentative. Becausé of the c'ompléxity of the decay more ex-
per_irﬁenté are needed. Additional measurements of both gamma-ray
and electron spectra, including coincidence studies, with a strong |

204Bi source would be helpful.

2. 202g;

From observation of the gamma rays emitted in the isomeric

202me’ a level scheme had been pi‘eviously estab-

(Kar51) fir st

decay of 3.62-hr

202, (M;DSé) '

lished for Karracker and Templeton

reported the electron-capture decay of 202Bi in_1951§ they observed

two gamma lines at 421 and 961 keV which decayed with a half-life of
~1.6 hr. No further information has been published concerning 202p;
decay.

. 202 - .
. In the current ~~"Po measurements, several gamma lines, in-

cluding the 421~ and 961-keV activities mentioned above, ‘were ob-

202

served to grow in (with the Po 45-min half-life) and then decay

with a half-life of 1.79+0.03 hr. These lines have been assigned to

202Bi electron-capture decay and:are so listed in Table VI-3.
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Table VI-3. Energies and intensities of gamma transitions ob- -

served in “VY“Bi decay. _

E?iiﬂgy - '§:;§22;:; ~ Multipolarity” I
167.6+0.3 4.5£0.5 |
239.8+0.3 3.8%0.4 (M1) 6.4%0.7
319.2+0.4 2.0+0.5

345.9+0.4 - ¢ 3.2+0.4 -

421.7+0.4 ©  ° 75.244.3 E2 79%5
514.1%0.5 1.6£0.3 |
568.7+0.5 3.3+0.4

577.9+0.6 8.0+£0.9 _ v
- 657.5+0.4 56.3+4.0 E1 5744
928.0 0.7 4.5+0.7 |

954.8+0.7 8.2+0.8 _

961.0 0.5 100 E2 100
(124.9 £0.3)° 1.5£0.4 "

(224.5%0.4) 2.5+0.5

aL4A~S“3iﬁgl'1m_ents obtained fr_om' Table of Isotopes.‘Ledé?)

b'_I‘_ransitions in parentheses are probable. -

202py gamma lines are shown in the 8pe¢trum of Fig. VI-2.

198m 98

The

T1 and |
202

It is apparent that substantial Pb activity is also pres-

ent. B_oth have half- lives  sirhilar to Bi, making positive identifi- |
cation of some of the weaker transitions--where the growth was not
always detected-- ‘difficult. Hehce these'éssignmenfs are indicated
in‘parentheses in Table VI-3.

Without further experiments the weak transitions cannot be

definitely placed in the decay scheme '(Fig. VI-3). The absence in the
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~Fig. VI-2. Gamma spectrum of 202B1 obta1ned 6 hr after bombardment
of a 0.25-mil gold target with a 110- MeV12C beam. ‘The shorter-lived
Po 1soto%es have decayed away, but there is substantial 198mTl (1.87

hr) and 1 8pb (2.4hr) activity. Longer-lived lead and thallium isotopes
can also be observed growing in.
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202

F1g VI-3. E'hergy- level scheme for ©" “Pb."

(a)

the study of

~(b)

,observatmn of

(Led67) based on

Level sc{xeme from Table of Isotopes,
£mMph decay.

Tentative 15851 scheme proposed in this work from the
Bi electron capture decay.
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202

spectrum of the three gamfnas_ 'that depopulaté the me isomeric

level indicates there is very little or no feeding of this level from any

202Pb. However, the observed weak transi-

higher excited s_tatesvof
tions may feeci the 4+ levels. Therefofé, the levels and transitions
indicated with dashed lines are reasonable but by no means coﬁclusive.
Inténsity balance at the 961—keV level requires extra feeding
from higher levels, since we would expect no direct bisﬁmth decay to
this 2+ level. Again, by intensity arguments, there may‘be a small
percentage of direct décay to the two 47 levels (5 to 10% ). As indi-
cated.in the decay s;:heme the 5~ levei at 2040.2-keV would need to
receive ~‘50% of the direct electron-capture decay to account for the
intensity of the 657.6-keV gamma. Undoubtedly this level is populated
directlyvbut,v in all likelihood, is also fed by some of the observed
weak transitions (other than the tentative ones indicated). Taking into
- account fhe extra feeding required at_thé 96i—keV level, the 5 state
probably receives ~30% of the direct bismuth ground state decay.

Using an estimated Q value (Mat65) of 5.47 MeV, this would mean a

log‘ ft value of 6.9, similar to the value obtained in 204Bi decay.

3, 200g;

Electron capture of 2OOBi has been observed(NeuSO) to occur

with a decay time of ~35 min. Nothing more has been published about

00

the energy levels of 2 Pb.

Four gamma lines observed in the current investigation could

200

be definitely assigned to Bi (Table VI-4). Our best value obtained
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Table VI-4. Energies and intensities of gamma transitions ass1gned ‘

to the electron capture decay of 200g;,

- e ———

Energy "~ Relative
: gkeV[ intensity
245.0:0.3 50
4419.4+0.5 ) - 90
461.4+0.4 - 95

-14027.4+0.5 ' 100

for the half-life is 36.4£0.5 min.
Since the intensities of the three .strongest transitions are rough-
ly equal vﬁthin experifnental error, their qrdér in- the decajr scheme
ié difficult to determihe. By r.eferring to the 202'Bi and 204Bi d'ecay
schemes ‘previously discussed., the 1027.1-keV gamma is ‘pfobably ‘ |
the .2‘+-> 0+ ground state transition as sho§vn in Fig. VI-4 The oraer
of the 461 4 and 419 4- keV transutlons could quite poss1b1y be re-
versed, but their 1ntens1t1es certa1n1y 1nd1cate that they are consec-
utive transitions. Further evidence in support of the order1ng is

taken up ‘in-the discussion section that follows.

198

4. Bi

In three of the runs, the 198

to grow in with a half-life of ~10 min. In these same runs five gamma
‘rays with a half-life of 14.1+0.4 min could be assigned a mass number
198 on the basis of their excitation functions. Thus we have assigned

' 198

.these five transitions to the decay of Bi.

Pb 173-keV transition was observed -
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Table VI-5 lists the relative intensities of these transitions and

‘the decay scheme prdpos_ed in Fig. VI-5 is consistent with these in-
. | | 200

 tensities. Its features are identical to the scheme proposed for Bi.

Thé half-life determined in these gamma measurements was
used to establish the limiting value for the alpha branching ratio of

198Bi- reported in Chapter II.

Table VI-5. Ener§1es and intensities of gamma transitions assigned

to 198Bi decay _
Energy-: Relative
(keV) ' intensity

140.5%+0.3 T
195.90.6 62
347.3k04 24
562.0£0.5 75
11063.6+0.4 - : 100

5. Discussion
The data obtained from the decay of the even-mass bismuth iso-

topes can be summarized by looking at the excitation energy of the

various spin states of the lead daughters as a function of neutron num—'

ber. These results are plotted in Fig. VI-6. |

A11 the levéls appear to behave quité regulav,rlyi. | Th1$ regularity
suggests a spin-parity aésignr’nent of 5 for the 1821.5-keV level in
198Pb (N = 116) and provides support for the ordering of the 195.9-

‘and 562.0-keV transitions shown in Fig. VI-5. A spin assignment of

either 4 or 5 for the 1-907.9-keV level in 0Pb is also indicated.
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202

- The decay of the Bi and 20%Bi isotopes also appears‘to pro-

ceed prirﬁarily to a 5 state in the daughter Pb nucleus. 206Bi has
previously been observed to decay to two high-lying 5  states in

206Pb.' (Led67) This level is probably the spin-5 state of the config-

. -2 -{41+2n) ,. -1 _ 204 :
.uratl‘on' v(p1/2) (fS/Z) (113/2) , Wbere n = 0 for Pb and
n = 1 for 202pp. :

, ' . ' + . 206,

The decay from the bismuth ground states (6 for Bi and

204 02

Bi; 5+ for 2 Bi) then would involve co_nversion of the odd hg/z
proton to gn 113/2 ne‘ufroh. Thve‘experimental log f_t vaiues '("7),
however, are much too small for such a se;:bnd forbidden transition
which would be 'expe'ctéd to proceed very slowly. However, the favor-
ing of the 5" states could be 'expllair-led .by a small admixture of
"(113/2)1 in fhe ground state wave function of the bismuth isotopes.
Then the conversion of an i13/2 proton to anl ,i13/2 neutron would be
allowed. Because the admixture 1s small the log ft values could be

large for a favored transition.

It is questionable whether the same explanation would apply to

z.oon and 198Pb. With 8 and 10 néutron holes, respectively, the
single;partiéle model rﬁay no longer be adequate. Detailed theoret-
ical calculations will undbubtedly be extremgly difficult due to the in-
herent complexities,. but they wivllvce‘rtainly be invaluable in under-

standing the observed experimental results.
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B, 20ip;

" The predominant gamma line observed to decay with the half-life

20'lBi is the 628.2-keV transition depopulating the 61-sec isomeric

state 201.me. Several other lines were also observed to decay with

of

the same half-life (best value 1.7740.04 hr) and follow the same ex-

citation function. They are vduly.list:ed in Table VI-6.

Table VI-6. En55q1es and intensities of gamma trans1t1ons asmgned

Bi decay.
Eﬁa Relative
{(keV) : intensgity .-
628.2+0.3 ' 100
' 904.520.5 40
935.7+0.4 - 38
1013.8+0.7 | 27
(1325.5+1.0)% 32

aPro_bable assignment.

The Q value for 2'OiBi electron-capture decay is estimated as

4.20 MeV. (Matb5)  The measured spin-parity of the ground state is

- (Lin59) 201m

9/2". Since Pb is probably a 13/2+ level, one would ex-
pect very little direct decay to this state; the__pepulatidn of the isomeric
state must be accounted for by feeding from highef-lying states. Since
so much energy is available for electron capture, the observed high-
energy gamma rays could well be transitions feeding the isomeric

state.

23
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The decay scheme cannot be constructed without further exper-
iments. A much Strohger source is desirable; this could be attained
by producing the bismuth directly, e.g., ina Pt(iiB, xn) Bi reaction.
Coincidence studies are needed to determine the transitions responsi-

ble for the observed population of the 628-keV isomeric level.
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VII. CONCLUSIONS

i Among the more significant aspécts of this work is the amount
of spectroscopic information that can be derivedvdirectlsr from the
aﬁalysis of complex ‘mahy-'corriponent spectra. Nuclear decay prop-
erties of many isotopes of astatine, polonium, and bismuth have
.bee.n‘ ,akscerté,ine‘d without recourse to tedious chemical 'séparation.
Rigorous chemistry was not allowed by the short half-lives I;rév- '
alent in the lower-mass region. The devéloprrient of high—vreskol‘utiénél
solid state detectors, coupied Wifh computer cépébﬂitiés now avail-
able,‘ enable a rapid accumulation and éﬁalysis of experimental dafa.

In addition, the computer programs developed in this work should

prove useful in extracting both qualitative ahd quantitative informa-

tion from a wide variety of experimental épecfra.. The application
of these techniques to analytical determinations should prove to be
verji .'Rrofité,ble. | |

' .Cons'ic'le.rable iﬁformatién has been added to the knowledge of
decay schemes of neutron-deficient nuclei in the mass region A =198

to 206. Many of the observed energy levels can be explained by the

" single-particle shell model, while a fuller understanding of the more

complicated decay schemes must await more sophisticated theoret-
ical treatment.

Decay schemes of the even-mass astatine isotopes, A =202 to

206 have been constructéd. -Energies of the excited states observed

in their Po daughter nuclei show systematic variations with neutron

number, a property 'anticipated for the first few excited levels in



¥
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such even-even nuclei. - Furthermore, evidence was obtained, from

alpha measurements, for the existence of an isomeric state of

202m . The decay of the two odd-mass At isotopes

03

At-<2.6-min

205 At, is characterized by a direct feeding of at

studied, At and 2
least ohe 9/2" level in thé poldniﬁm daughter, followéd by an intense
gammé transition to the Po ground sté.te. |

The polonium iéotopes exhibit extremely 'interésting decay pat-

terns. Perhaps most surprising is the substantial amount of direct

‘decay from the odd-mass Po nuclei to posifive#pai'ity levels in their

Bi daughters.. The most plausible explahation'b for these levels is

core excitation, i.e., a hole in the Z = 82 proton shell. Tentative

204 02

decay schemes were also proposed for Po and 2 Po. Because

of the védmple'xity of their decays‘ due to the large density of available

states in their odd-odd Bi daughter nuclei, more experiments are re-

quired before the decay can be completely determined.

2IOOPo- 203Po alpha decay has been accurately determined.

Alpha energy values and lifetimes measured for 200Po—ZAOZPo agree

with other recently published values. In addition, an alpha group at

5.37+0.45 MeV was assigned to 203

203

Po; a val‘ue.of 0.0018 £0.0002 was
determined for the Po aipha’.-branc_hing‘ ratio. |

The level energies 6f the even-even Pb nuc_:lei, determined
from t'h:a electrén-captﬂre deca& of their evén—mass Bi parents,

again show the expected regularities as their neutron number in-

creases.
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After a thorough search, no alpha groups could be assigned to
198Bi decay; this resulted in a limiting value of < 0.0020 for its balpha- -
branching ratio. However, several gamma lines were assigned t6
198Bi - 198Pb decay, and an accurate half-life was deter.mi.ned:
ty/z * 11.1£0.4 min.

Mﬁch has been explained about the observed decay of fhese neu-
tron-deficient zistatirie, polonium, and bismuth isgtopes, but as is
common in work of this nature, much remainé fo be explaixied. Per-
haps this work can serve as a basis for continued étudy of these nu-
clei.

Coincidence studies are still needed for the 'léwer-mass iso-
topes. Additional éonversionéelectron measurements to enable rriﬁl-
tipolarity assignrhents for all observed gamma transitions will clarify
many of the remaining ambiguities in thé decay schemes. A study of

~ the gamma spectrum in the high-energy region of 2OSAt and 206At de-

cay should be particulafly fruitful. The results obtained for 204Po

and ZOZPO' decay whet a desire to unravel more of the complexity of
levels present. We have contributed necessary experimental infor-

mation. The ultimate goal is, of course, a complete experimental

and theoretical description encompas sing all these neutron-deficient

[ T —

isotopes'of' At, Po, and Bi. : -

J

""Great is the art of beginning,
but greater the art is of ending. "

Longfellow
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