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ABSTRACT

A study of electron-capture.and alpha-decay characteristics has

.been carried out for several nuclides.in_ the neutron-deficient.and proton-

excess region .near the double closed shell, PBZOB. Complete decay schemes

299 ana »o™°T.

2l t208, and PCZO6. .The studies were carried out with .variable

-Tentative decay schemes .are given

-and permanent-field beta spectrometers, scintillation detectors, coinci-
‘dence techniques, and a magnetic .alpha-particle spectrograph. A compari-

‘son‘of_the-experimentally,determined.levels with the levels éxpected_ﬁbm

various extensions .of the single-particle model has been discussed.
.In the second part, a study of several new emanation isotopes pre-

pared by the bombardment of gold with 1LO-Mev nitrogen.ions has been

En.1208}, Em297, Emzo6,

and Enizo)+ were produced . and studied

in the alpha pulse-height analyzer. .The mass assignments of the.activi-

ties were made by observing the growth and decay of the.alpha-emitting

daughters, At207.apd POZOZ.

207

Alpha and electron—captufe decay branching

6 202

) Em?o , and Po . -These new isotopesfhave—been

~ correlated with alpha systematics.
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-.cited states of one isotope, Pb

he

I. - INTRODUCTION

.This thesis describes:an experimental program to. study the meth-

ods of .preparation of a large number of radicactive isotopes in.the neu-

.troaneficient and_proton-ekCess region near the double closed shell,

P

5208, and to.study in-detail the alpha, beta; and gamma radiations of

these -isotopes. .The experimental data were used to determinenés_com-

" pletely as .possible an  energy-level scheme .for the isotopes in the region.

©.Such a scheme is.of considerable interest for this particular group‘of

isotopes because of correlations.with the single-particle model and the

.modified-particle model by Pryce.

One - of the tests that can be.applied to.any of the various models

of the nucleus.that'have-been proposed is its . ability to predict ground-

» state -spin and parity and the spin, parity, and energy of excited states.

In ¢ertain”regions the nuclear model may.be highly successful, whereas

in another region it.may appear toﬂfail..-In,the'maés region_near.PBZO8

2
the shell_modelfby.Mayerl or by Haxel, Jensen, and.Suess 1s.firmly es-

-tablished by many. lines of physical evidence related to nucleon stabiliﬁy

or'the-varioué.properties:of‘the ground-state.configﬁrations. »PbZOBAit

self is.a "doubly magic" nucleus because it contains a filled shell of

.82 protons.and a filled shell of 126 neuﬁrons. ‘A brief outline of the

;single-pafticle-model“and its implications in the region-neaf.the'doubly

magic closed shell is given in the following.
‘According to . the single-particle model, the ground and excited
states .of -an .even-odd or. odd-even nuclide depend essentially. upon.the odd

particle. .The ground state of a nucleus should be represented bylthis

.particle -in its lowest energy state .and the excited states by the pro-

motion of thisﬂparticle to .higher energy states-which,are predicted by_

the .order of.filling of single-particle orbitals. This theory should. have

.its most favorable application in a .region .near. a closed shell since -the

number of coupled neutrons .and coupled protons innaddition to the odd
particle will be at.a minimum. . Then the excited levels observed should

Closely'follow those expected from single-particle.excitations. .The ex-

207 3

, have been completely worked out.
208 '

.This nuclide differs from-Pb ~, the double closed shell, byvoﬁeuhole in
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the neutron shell. A single'hqle is equivalent theoretically to.a single
particle outside a closed shell. Then the ground state of Pb'207 should
‘be representedvby‘a neutron. in the lowest energy state .available for the
125th neutron. This is a p-l/z,state; and the higher-énergy orbitals
that should form the excited states are p0/2 32 132 e e T2
in order of increasing energy. The detailed level structure arrived at
by coincidence measurements, angulaf correlation,measureménts,.and multi-
pole order agsignment of the transitions agrees with the single-particle
‘levels expected. All the predicted states are observed,and no additional
1traﬁsitioﬁs or.levels have been reported. |

. This excellent correlétion between the single-particle‘model and
the .éxperimental data was one of the reasons for this study of several
neighboring .isotopes -in order to further inveétigatetthe applications .of
-the single-particle model of the nucleus. The .excited states of Pézo9,
Bizcxl and AtZIlqwere studied for'this.purpose. szog differs from szo7
‘only in that iﬁ has.two additional protons, which are coupled to give
zero angular_mOmentuﬁ in the ground state. In both Po209 and-PoZO7 the
.ground states arise from the . same p-l/2 neufron orbital. -The excited

209

levels of Po6 are of great interest both for investigating the exten-

- sion -of the single particle model and for determining the effect of
vcoupledlparticles outside.the shell; i.e., ‘determining whether low-lying
_exqited states arise by excitation of the pair of particles ouﬁside the
shélis, -This study of P6209 leveis was carried out by observing the
-levels that arise .in the électron-caﬁture decay of At209. BiZOYvand
.Atzll are -both isotopeszhose,excited states may be correlated with sin-
gle-particle excitation, but they differ from the previous case because

207

~is two neutrons .and’

‘one proton.removed from -the double closed shell. AtZl} also.is three”

‘the odd particle in both cases.is-a proton. .Bi

'rparticles removed from the double closed shell, but all three particles
- -.are protons in this .case. .The excited levels of-BiZO7 were observed by

2o?yelectron-capture.decay, and the At°Tl levels by BTt

~studying the Po
electron-capture decay.

. In this 'same mass region the modified particle model by Pryce
- -may also be investigated.  This model is useful for even-even and bdd¥

0dd isotopes near a double closed shéll. The most successful application .

EEY

A

«w
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ofvthis,model_s¢~far.has_been in the study of the P6206 level scheme,

Pryce.and Alburger.did a detailed experimental investigatio'n5 and cor-
related the data with a theoretical study of the-iéoﬂope by Pryce;u -The
theoretical work was based on'the.experimental excited (neutron) levels
20 7. He predicted the energy of.the'szoé configurations
207

. -Bach

obgerved in. Pb
by summing together the energy of the two neutron:ilevels in Pb
configuration may have several possible spin values according to.the

rules of spin vector coupling. .In zero-order approximation the levels

.are degenerate, but they\are split when the .interaction between the two

paired particles is considered. By a. detailed analysis of.all the pos-
sible configurations, including the numerous nondegenerate states from

the neutron levels, and by estimating an energy for each level, he . was
206

.able.to establish.a set of theoretlcal levels for Pb « -Only two of

the 17 experimental levels failed to fit the theoretlcal level diagram.,

.The excellent agreement between this . model and the experimental data for

O6

made it desitable to obtain additional experimental information

ythatlmight be used to further.investigateﬁthe.model,

The extension of this . model to.more neutron-deficient lead iso-

topes 1is belng carried out by several groups. A detailed theoretical
20k -

_study of - Pb has been made.by W. True6 and an experimental study of

PE?O7 20& 205

, Pb“", and Pb 7

by A. Fritsch and.J. Hollander.' The application

of this model to isdtopes.with_protons beyond the closed Shell.has.ﬁot

.been carried out. A short analysis by a group. here of the levels of\

21

2
Po lQ found by At 0 .electron-capture decay. has shown that the model

210) 43

applies .for the two-proton case (At .The ‘Pryce model has not yet

.been applied to nucleil where the particles are different and a large

number of levels are to be expected. The ideal case would be B1208, in

~which the excited states would arise from a neutron-proton coupling.

-Unfortunately, the electron-capture decay'of.P02Q8 is highly forbidden,

owing to.a. large spin change, so very little is . known or_probably,will

be,learneduconcefhing the<BiZO8,excited states. .The next odd- odd iso-.
206

-tope -to which the Pryce model may be applied 1is. Bi . -It is three

neutron holes and one proton removed from the double closed shell. .The

.excited states of thls 1sotope were studied in this .work by 1nvest1gat-

ing the electron- -capture decay of. P0206.
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.To complete the study of the . extited states in this mass.region,
the .electron-capture decay of At208, giving the -levels in,Po208, has been
investigated. -This isotope is compared with respect to,éven-even.nuclei
systematics. ' v '

‘Next in this thesis . the cyclotron bombardment methods, the radio-
chemical purification methods, and the .instrumental methods used in this
-research are described. The .experimental data on the radiations of the
.individual isotopes are then described. New information was . obtalned

207 . 206 208 211

on the decays of Po , Po Atzog, At and Em . Level schemes

.are discussed as far as the date permit. The most complete level schemes

are found for the isotopes,Poz07 and At209

II. EXPERIMENTAL METHODS

AL Pfoduction and Pufification of Isotopes

Preparation of Emanation-211
' -21

was prepared by the spallation of thorium metal with 340-
-Mev. protons in the internal beam of the 18M -in..cyclotron by means of the
methodsrdescrlbed by. Momyer and Hyde. 8 The thorium ‘was dissolved in '
hot, concentrated hydrochlorlc acid with sodium fluosilicate used to
.catalyze the reactlon, The gases evolved were trapped in a U tube in a
-vacuum system.at liguid. nitrogen temperatures. ~Emanatlon_was.fract10n-
ated from the other gases.in thelﬁacuum system and samples wefe prepared
from the purlfled emanatlon by the glow-discharge: technlque.

.The emanation is held interstitially in. a . metal lattice of a 10-
.mil‘wire.w1th,suff1c1ent force .so that it cannot be.removed in ordinary

-6

working vacuums (lO'5 to 107° mm Hg) at room temperature, but can be re-

moved by,raisingVthe.température several hundred degrees,'.Ten—mil wire
samples prepared in this manner were used as sources in the permanent-
magnet electron spectrographs and the alphazparticle spectrograph. - The
| energy resolﬁtion;of the peaks observed in the various instruments cor- -
responds to .that expected of a mass-free "thin" sample.

Samples were not prépared until approximately 16 hr after bom-

210
bardment, so that shorter- llved emanation 1sotopes such as. Em209, Em

and Em zlz could decay out. After this tlme, the only emanation isotopes

.present werelElel and Emzzz. ‘Sincé the latter has.a 3.8-day half life



* Laboratory cyclotron. .In this type of bombardment At , At , and At
-are all prepared, but by varying the energy of the helium-ion beam, one

.can vary the amount of At

aa-’,

and is produced with.a smaller cross section, it ¢ontributes.only_a few'

tenths of a.percent to the total activity. .The.amount of fission gases,
krypton and xenon, was .so.small that they could not be detected; this is
due to.their removal.dufing»transfer_operationsvin the vacuum system and
to .the -short half,livés-bf,the isotbpes formea,in”fission. . The purity

of;the Elel ‘
they gave -a 16tl-hr half life over several half .lives after an initial

growth.duerto Atle e1l

was checked byffollowing the -alpha decay of -the samples .and

and Po activity. .The.samples prepared were ap-

proximately 5 x1107_disintegrations.per min, .This.represented an ap-.

proximate 10% yield for the glow dischargé.method,

Preparation of Astatine Isotopes

Astatine isotopes were produced by_several_methods, so.that the

,ratio,bf isotopes could be varied greatly in order to facilitate correct

209

assignments .of gamma-ray transitions. -large quantities .of At were

prepared_by'bombardment of bismuth metal that had been alloyed onto.a

miO-mil,aluminum plate in a layer approximately 20 mils thick.  These

targets were .clamped into.a water-cooled target holder and mounted so .as

to . intercept “thé deflected helium-ion beam of the 60-in..Crocker .Radiation

211 210 209

209

relative to AtZlo;from zero,to.approximately

-one-=half of the total activity. -The beam was limited to-15 microampereﬁn'
to prevent the loss of astatine by volatilization or the melting of the

.bismuth,target material.

.The -astatine .was separated and purified by,avvolatilization,method

following previously developed techniques.49 ‘The ‘bismuth target material

‘was_meltedfinva quartz. tube in a vacuum system. A stream;Of,nitrogen

(1 to 2 mm pressure)ﬁintroduced_just,above.the.molten bismuth .carried the

astatine :along in the system and prevented it from condéhsing_onvthe

glass surfaces. JTheﬁastatine,was coliected”on_a cold finger at liquid
nitrogen témperature, . The -finger had been previously coatediwith a thin
layer of ice. pThe'layer_of_ice_wasﬂthenwmelted into.a test tube -and a

10-mil silverfwire-approximatély.l-l/l6Vin.¢lopg,was immersed in the

‘solution. After 2 hr of stirring, 50% of the astatine had plated out.on

~the wire. .The wires, when mounted, were excellent line sources.for the
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beta spectrometers_and,the_alphanparticle:speCtrograph.
At209~was.prepared isotopically pﬁre,\but,in,much smaller quan- .
tities, by‘an'indirect.procees“involving its isolation from Ra213. . The

. . : . 213 Q 209 EC 85% 209 »
decay. sequence .involved is Ra E-gzz—%» Em 3T min v At .

.The-2-min'Ra213 was produced by the spallation“of thorium metal with 340-
‘Mev protons,inrthengh-in.vcyclotron_.f8 After a short bombardment in the
-cyclotron the thorium targetvwas,immediately dissolved and the radium
was,remOVed_f;om solution by coprecipitation_on_BaClz from concentrated
hydrochloric acid. . The precipitaté was immediately dissolved in water
.and reprecipitated bytpassing hydrogen chloride gas through the soilution
in order to obtain a higher degree of purity.'tThe-precipitate was then
introduced into.a vacuum system -and dissolved in water. .The sadple«was

213

then allowed’ to remain for 15 min so that most of the 2—m1n Ra could

decay. .By activity, Ra 2l3

is the.malnrlsotgge present in the radium
fraction so isolated. Its decay product, Em , which has a 31-min half
life, ie.collected_in a U-tube at liquid .nitrogen temperatures. _This is
.the only emanation isotope present, as the ofher two-isotopes_With half
lives long enough to.be collected (Em221 and Emzzz)vare.the daughters of
long-lived radiums. .The Em 209 was then'moved to .a clean tube on the
va.cuum system_where its decay products, po20? (from 15% alpha branchlng)
and At2 9, are .collected. The sample was then allowed to.decay from 4

to 6 hr so that the 1.5-hr PQZOS,could“decay out. After 6 hr only pure
A t209

remained. Samples of approximately 3000 disintegrations/min of
217 ough £

could be prepared by this procedure; this amount: was enough for
gamma gamma c01nc1dence and gamma-ray. 1nten51ty measurements.

At208 was produced by helium-ion bombardment of bismuth metal in
the 184-in. cyclotron. It was necessary to-use the larger cyclotron as
the.energonf the helium-icn beam of the 60-in. cyclotron;is not high
~enough .to produce (a,5n) reaction on bismuth in highvgields. The astatine : ﬁ;
was purified by dissolving the bismuth in concentrated‘nitric acid and
then evaporatlng it to dryness in the presence .of excess hydrochloric v Yy
‘acid. .The resultlng hydrochlorlc .acid solution was -diluted to 6N and
dthe.astatlne extracted 1nto-dllsopropyl ether. The organic layer was
washed sevefal times with 3M hydrochloric ecidlwith ferrous .ion added.

The.ether_was”then_slowly,evaporated off over a water solution so that
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20
" there .is no-Po vact1v1ty produced. .Po .and Po

=10-

the purifiednaStatine,Was in a water golution. -Samples prepared by this

.method contained all the,astatine.isotopes.of.massvnumber5»206 through
:211, . so that.the resulting gamms spectrum was too complex to be analyzed.'

-However, these samples were used for. "milking" experiments to-determine

the half life of At208

rIsotoplcally'pure At208,was‘obtained_as.the decay product of
212-10 212 ’ '

FrtT. The Fr was,produced_by,the.épallation of thorium with 340-"
Mev protons in the internal beam of the -184-in..cyclotron. It was sep-

arated from both fission and spallation products by a silicotungstic acid

11

.precipitation method as - -developed by Hyde. The.alpha branching of

212 208

Fr " yields the 1.7-hr At and the electron- -capture branching gives

208 208 208

vEm B whlch subsequently forms Po - and Bi . .These two isotopes

have - long half-lives .and very little gamma radiation; therefore, all the

gamma. radiation observed after the. FerZ-has-decayedvout.belongs,to AtZOQ

208

A maximum of 106 dlslntegrat;ons/mln,of At :was;prepared,in this mamer.

. Preparation of. Polonium

207

Po ™ was. .prepared by helium-ion bombardment .of lead chloride .in

“the Crocker Radiation. Iaboratory 60-in. cyclotrona .The -lead  chloride

206 506

‘used .was enriched in Pb . -The exact isotopic composition is Pb
59.7h; Po°01, 25.2%; ana Pb

204

208, 15.1%. The amount of. Pb present is

negligible. A special target assembly-~- a pistol-grip target assembly

 which has been discussed elsewhere--was used for the irradiation. = The
‘beam was attenuated to .approximately 40O Mev'with<a-2amil,platinum foil ..

in order to .use the largest cross section possible.for an (a,3n)'reaction

30

At this energy no (a,bn) reactions take place; therefore,

208 209

on.lead.
.are produced, but

they have long halfvlives and.no:appreciable gamma-ray activity. Thus,

.all gamma and electron radiations of the purified’ polon1um fraction are

-due to Po

207

.The polonium was.recovered from the léadhchloride target by. the

use of .a radiocolloidal property of polonium which is discussed by

12

_Treiman et al. -The .method depends :on theiadsorption of .the colloidal '

polonlum hydrox1de on. glass wool as.& means of a gross separation from
..?ead,_and,blsmuth° _The lead chloride. target was dissolved in hot weak

hydrochloric acid (pH 4.3) containing glass wool. After. dissolution was
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.complete, the'solution,and_glass wool were heated and agitated,for 15
min. .Thé.glass_wool_was then removed and thofoughly washed with hot g
water. The polonium édheres to ﬁhe glass wool:while lead and bismuth ‘ -
remain in solution. .The polonium was.removed from the‘glass wool by»
leaching with concentrated hydrochlo;ic acid followed by egtraction into
tributyl phosphate. The organic layer was scrubbed several times with v
f concentrated hydrochloric.acid to .remove small quanti%ies of,lead and
bismuth chlorides. Polonium stays in the .organic 1ayér_when washed
first with hydrochloric'acid,andVthen.?ure water. The polonium was
.next'back-eitracted with concentrated nitric acid. .From this solution
the necessary samples could bé-prepared for the various instruments.
The over-all chemical yield for this separation was estimated to be 25%.

When samples in the form of line soﬁrcés were réquired, as in
the beta. spectrometer and the alpha-particle spectrograph studies, the
samples were prepared in a different manner. The target waé dissolved
in hot concentrated hydrochloric -acid and a 10-mil silverfwire.wasAadded
to the hot solution. vThe solution was stirred for several hours and the
polonium plated out on the wire with yields up to.50%, The polonium
rlated out by this manner was free of any foreign activity. However,
this type of sample preparation cannot be used when astatine or bismuth
(in low concentrations) is present, as they plate out also.

POZO6 wasfpreparedAby_the same bombardment method except that the
platinum ébsorber used in front of the target was reduced to l/h,mil.
This allowed bombardment with 48-Mev alpha particles and subsequent for-
mation of P0206 by (o,4n) reactions. The platinum foil is required in
this case only tc hold the powder. (lead chloride) in the target assembly.
-When.pure-Pozoé was desired} the targets were set aside.for several day s
to allow POZO7'tb decay. The polonium was thenlpufified by the tributyl
phosphate golvent extraction procedure described above. ) ..

An alternate method was used in some‘cases for the produétion of
P0206, -This was required because the lead chloride assembly was limited, - -
..by heat dissipation difficulties, to .approximately 8 microamperes of the
helium-ion beam. Therefore, in order to Qreparevlarge‘samples of a
. 9-day activity, long<bombardment times are required. To .overcome this,

206 204, 21%,Pb207) and 5% Pb208

lead metal (25.6% Pb™ , 1.5% Pb ) was pressed



large quantities of alpha activity (Po

eration have values around 4 x 10~

“12s

~ into grooves.1 by 1/8 by 1/32 in. in a copper block. .This assembly can

 be.water?cooled“quite,efficiently,vas_copper is .an excellent heat con-

ductor, and. a.beam currentAofVZSIto EmyWamp isv,possible° .Much -larger

:se‘:unples,of..}?cij-6 can be formed in this manner -because . .of increased beam

current.and additional target .material, but the one disadvantage.iSj“ﬁhat

208, POZO9, and Pozlo)'are formed.

The .polonium. was .isclated from these targets by the radiocolloidal ab-

sorption method .described above.,

B. Instruments

 Aﬂgreat,variety of instruments were used during the course.of

this work. A short description of each.instrument is,éiven“whenlﬁhe

~-information is useful in understanding,and évaluating_the.experimental

data. References.are given to-detailed.descfiptions of the most impor-

.tant spectrometers.

 The -term "energy resolution" or. "resolution" appears many. times

.and in each case.the.meaning is the same. .The resolution of a peak is

_the full width .at half intensity. The resolution, expressed_in-percent,

is the full width .at half'intensity_in‘units dfﬁenergy divided byvthé

‘energy of_the.peak.and,mnltiplied by one hundred.

Alpha—Particle-Spéctrograph

The .alpha-particle spectrograph employed .in this,wqu”resembles

_a mass _spectrograph in,which,the-normal,ion_sourée has been replaced by

.:an-alphafemitting“source;l4 It employs a 6OO,sector“magﬁet,_and_the

normal trajectory,has,a”radius,of,curvatu:e‘of 75, cm. . The transmission

-and energy resolution.depend_on the slit system used, but for normal op-

3%

and 0.2%, respectivelyg ‘Tﬁevre~

.ceiver consists of .a photographic pléte,which, upon .development .and ex-
-amination under,a.ﬁicroscope,‘revéals.a.characteristic_black,rectangular
_traqk_for_each”alpha particleuthat has .impinged upon it. fTﬁése traéks,
‘when plotted versus.pdéition on_the:plate,,describe themalpha~particle
energy specfrum of the:sample. Intensities.and energies .can be-deter-

mined from these graphs. ,Mass~free'line.sampleS—aré necessary and are

prepared by vacuum sublimation or by electroplating. .This. instrument

',is,referred to as .the alpha-particle spectrograph.
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Alpha Pulse-Height Analyzer

A 4B8-channel differential alpha pulse-height analyzer has been.
extehsively‘used in thistork:to-determine;alpha energies and the degree
.of purify of samples,,15 Briefly, it consists of an argon, filled gridded
ionization chamber -in which a pulse is produced, by ionization, that is
-proportional to the .alpha energy. .This pulse from the ionization chamber
- was . amplified in & preamplifier, then in a linear amplifier, and was
then introduced into a 48-channel differentiai pulse~height analyzer.
‘Gain and bias controls on the analyzer permitted the inépection of .any
predetermined_energy internal with the full 48 channels. A plot bf
_counts per channel versus .channel number gives the enefgy spectrum of
the -alpha particles. Mass-freeisémples,have.approximatély I% resolution
and 50% geometry. This instrument is referred to as the alphé-pulse

-analyzer.

Gamma-Ray Spectrometer

Gamma-ray intensities and energies were determined by use.of the
SQ-channel differential pulse-height analyzer;l6 The gamma rays are’
-detected by usé.of,a_sodium iodide crystal mounted on a Dumont 6292 pho-
tomultiplier tube. The gamma'ray on strikiﬁg the sodium iodide causes
.a pulse -of light, proportional to the photon energy, which is picked up
by the-photomuliiplier tube. .The output pulse from the photomultiplier
is amplified and then introduced into .a 50-channel differential pulse-
height analyzer. By proper adjustment of the gain and bias_controls any
predetermined energy raqge may be observed on the full 50 channels. A
plot of counts versus channel number gives the photon energy spéctrum
of the sample. The peaKs recorded in this manner have 8 to 10% feéohﬁixn
A correction for counting efficiency must be made before the intensities
of the peaks are determined. This correction has been experimentallyv
determined by Hollander.and Kalkstein, and their values were used in all

17

intensity measurements. For absdlute abundance measurements of a peak,
additional geometry correction must be made. The geometry for the dif- |
JTerent counting positions was measured‘by‘ﬁseiof_the 60-kev gamma ray of
Amzul. .This. 50-channel différehtial pulse-height'analyzer is referred

to as the "scintillation spectrometer”.



single-channel analyzer.

-Delayed~-Coincidence - Instrument

-ed for by use.of a fast.coincidence-instrument.

~1h-

Coincidence-Measuring Instrument

Gamma.-gamma.-ray coincidences were measured by utilizing the

scintillation spectrometer and a coincidence .circuit coupled with & '

18,1
+19 .Two .sodium .iodide crystals mounted on

RCA 5819 photomultiplier tubes were placed at 180° to each other with

._the sample between them. .The pulse from one counter is fled into.a

single-channel analyzer and then introduced into.a coincidence unit.

.The single-channel analyzer may be set so that the pulse from only one
,gammavray‘is passed through it. . This pulse .is used to gate the pulses

_from. the .other sodium iodide.counter_inﬁthe-coincideﬁce,circuitrso that

only the gamma rays.in coincidence with it are detected and recorded on
the scintillation spectrometer. .The energy spectrum shows those gamma
rays.that are in coincidence with the gating photon (the-photon,selected

on the'single-channelﬂanalyzer)a ,This_coincidence unit had a resolving

" time of 2 t0.3.x 10~ sec. Alpha particle—gamma ray coincidences may
“be .measured by this.same setup if.a zinc-coéﬁed,RCA,5819.photomultiplier
~tube .is substituted'for the soidum iodide crystal which functions as
.the gate,for thé .coincidence unit.  Then only those gamms rays.in‘coé

-incidence with alpha particles.are .recorded.on the scintillation spectro-

meter.

/

7

.to.lOﬂg,sec)/were,search-

Metastable states (half life from 10~
) 36

The electromagnetic

radiations were detected by use of .a sodium iodide crystal mounted on

.an RCA 5819 photdmultiplier,tube, -A. Los -Alamos type single-channel

analyzer was used for the analysis of the pulses from the photomultiplier

tube in order to.select the "gate" photons. All photons in coincidence

.with the gate were recorded on the.scintillation,spectrometera A delay

wasintroduced in the gating cifcuitvbefore.the coincidence :circuit so

that only gamma rays emitted after a certain delay would be counted.
.By varying the length of the delay over a wide range -and measuring the

-change -in the counting rate, one may measure the half life of the tran-

sition. If the transition is too fast for measurement, & limit on the

half life may be .established. .This.limit is determined by the resolving
9
'S

time of the instrument, which is-2 x. 10~ sec.
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Beta-Ray Spectrometers

1, -Variable-field spectrometers

For determining the energies .and intensities of the numerous‘
electron,lines; several different instruments were used. A_doﬁble—
focusing variable-field spectrométer of 25-cm rédius, based on the de-
sign of . Svartholm and Siegbahn, was used extensivelynzo .An adjustable-
slit system was used for focusing, and a side-window Geiger counter with.
~a thin vinyl'plastic.window.was used for detection of the electrons.
.The .counting gas used was 90% argon and 10% ethylene. The transmission
of this instrument is 0.05% and resolution is 0.3%. Very thin vaporized
or electroplated samples were usedvin order to reduce scattering. Ex-

cellent lines were recorded with this instrument.

A second beta spectrometer of the magnetic-lens type was used
in several instances when the total disintegration rate of the sample
 was;too low or the conversion coefficient was too low to permit the use
,of_the‘double—focusing spectrometerQZl It consists of a cylindrical
magnetic field in which electrons are introduced at one end and focused
at the other. An anthracene crystal was used to detect the'electrons,
Aand this limited the insfrument to measurements of electrons with ener-
gies greater than.150 kev. This instrument has 3% resolution and 1%

transmission. -1t .was used_extenéively for the study of high-energy

transitions where the conversion coefficients .are very low.

. 2. Permanent-magnet field

Permanent-magnet electron spectrographs were used for very accu-
rate energy measurements. .Four such instruménts afe-available in this
~ laboratory. The-spécifiéations,cbncerning field strengih, resolution,
and energy range.arevgiven'for each magnet in Table I. .These.instru-
ments have been used only for measuremenﬁ of energies.énd~not for the
-measurement of intensities. It was found that owing to the iaékfof
good efficiency curves for the detection of electrons by the photographic
emulsion, the intensities differed very greatly from those determined on
the double-focusing spectrometer. -However,,in all the tables of éon—
version electrons observed in the permanent-magnet spectrographs the
estimated visual intensity of the 1ines'has been recorded. .Thése in-

‘tensities may be used for comparison within a small energy raﬁge, but
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cannot.be used for K/Luratios.or.K;line.intensity:comparisonsa ‘LI"LII’

ahd LIII,intensity comparisons are valid and were of .considerable im-

portance in determining the multipolarity of gamma transitib_ns° The -K

~and L électron"conversion,edges.as,compiled.by Mihelich, Hill, .and.Church

. : : : 4
were used throughout this . study for assigning the conversion.lines. 5

Table T

.béén_éovered“in detéil,inmreports,bva,.G. Smith’ .and”A,»Fritsého

 ,methods. -Isotopically pure Po

Permanent-magnet spectfograph.specificationS'

© Field . Energy Energy resolution
. (gauss) - (kev) (D)
M I 50 0 ~ 80 0.1
PM II 100 0 — 280 0.2
PM III 240 ~80 ~ 900 0.3
PM IV 350 ~200 ~ 1800 0.3

_Samples,were prepared by electroplating the activity on 10-mil.

silver or platinum wire.  The -design .and calibration .of cameras, sample-

‘mounting techniques, and details concerning the photographic film have

T

. IIT. DECAY.SCHEMES
A. Polonium-=207

.was first identified by. Templeton et al.. in bombardments

2
po 0"

.of. lead w1th MO-Mev helium ions .in the 60-in. cyclotron of Crocker
_Radlatlon Laboratory 2z ~ They measured the half life.as 5.7 £:0.1 hr,

.and. determined the alpha-particle .energy to be 5.1 Mev,,withuapproxiw

mately 0.0l% alpha.bfanching and the remainder going by electron capture.’

By absorption methods, electromagnetlc radiation of 1.3 . Mev was observed.

'Later,work.determlned_theralpha-partlcle,energy to.be 5510 0.02 Mev,23

207 207

The.electroh—capture decay of . Po _to.levels.inABi has been

studied,only briefly before.24 .This work was published in a thesisvby

~P. R. Gray and was done with the aid.of this. author. .The work was then

in the form of .a perliminary investigation, so that the following dis-

.cussion,.a,compléte-description,,includes but greatly‘extends.preliminary

work. 4

In the study presented hereln, Pc>207

207

“has been produced by two

‘was separated as the alpha-decay
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211 that had-been,prepared by high-energy_spallation of

product of Em
thorium. 'This.procedure ﬁot only verified the,mass assignment for the
5.7-hr half life, but alSo,bermitted thé production of_excellenﬁ samples
for the measurement of gémma—ray'intensities. In‘permanent-magnet and,
beta-ray'spectrometer»experimenté_where.much-larger quantities of activ-
ity were required, the polonium was prepared by bombardment of lead - ..
chloride (enriched to 60% Pb206) with 40-Mev helium idns,in the .60-in. .
cyclotron. .The chemical separations.and the purity of samplesvprepared
in this manner are discusseavin_the.section.on experimental methods.

Gamma.. Spectrometer Measuremenﬁs of Polonium-207

The gamma and electron spectra have both been investigated in
great detall in order to determine intensities and_the,multipole-order

of the transitions. The gamma spectrum was studied several times an a

scintillation spectrometer, and the.spectrum recorded is shown in Fig. 1.

The Comptoh background and the counting efficiency were taken into con-
sidération when the intensities of the photo peaks were calculated. The’
intensities of the gamma rays relative to the»922-keV'peak, which was’
-arbitrarily set equal to 100, are .given in Table II. .The peak at 511
kev will be shown later to be annihilation radiation due to.a small posi—

tron branching in the .eléctron-capture -decay.

.Table IT
-P0207 gamma-ray intensities from scintillation spectrometer studies
Energy Intensity
406 , 22 % 5
511 ' ~0.6
™3 73.+ .1k
992 ' 100 £ .20
1149 ‘ ~1

Measurement of. Electron Conversion.Lines of Polonium-207

Theuelectron“spectfum of~P0207_hés been anhalyzed by several dif
.ferent"meané. Permanent-magnet spectrographs were used to determine pre-
.cise energies; the-double;focusing spectrometer for high-resolution in-

tensity meaéurements; and the magnetic-lens spectrometer for determination

e
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pf~K/L ratios.of high-energy transitions.and to check the -decay of each

.peak,for_verification_that,it.belongs.to.P0207,

Samples mounted on 1lO0-mil silver. wires were -run in the permanent—_

magnet spectrographé. ,Table-IiI gives the resﬁits,obtained from several
.exposures onHPM.IV,,Which“records,electfonvlines.up to0 1.6 Mev. .The-lines

tabulated are just those which can be .most confidently assigned. . The

.column marked ?Intensity"fis<a.visually estimated intensity with respect

.to the most .intense line in the exposure% Other lines, which are from

weaker transitions, are recorded in‘thevfirst,group'ofvTablerIVo -The
' 207

- .second group of”lines,in‘Table;IV,is.definitely assignable to.Po 5 but

only one -line has been seen for each transition, which makes .assignments

to conversion shells ambiguous. _The .intensities given in;TablesuIII;and

IV are only approximate, . and.no correctionVhasvbeen”made.fof the effi-

.clency. of detection. A_phbtograph_of.one.exposure,on‘PM IV is _given in

Fig. 2. No attempt was made to analyze lipes«below ZOO,kev_inﬂthe ex~
posures.made on PM IV, &ince .a.much better.determination .could be made

by using,lowerwfiéld pe'rmanent-magnetrspectrographs° This film shows

.the .quality of the.electron lines that were observed in permanent-magnet

.spectrograph exposures.

Table TII.

~ Conversion electrons.of 'iP.bzo? observed in 350-gauss pemanent-magnet. spectrograph
Electron Conversion Gamma-ray Gamma -ray -Intensity*
- energy edge - _energy _energy i
(kev) . _(kev) (kev)
1058 K 1148.5 . 1148.5 £ 3.5 VW
900.7 X 991.2 - S
1 976.0 "L 991.7 +991.6 £+ 3.0 M
.989.3 M :992.0 - VW
652.3 K 7h2.8 - s
726 .6 L “T43.0 Th2.8 x.2.2 M
738.6 M Th2.6 - VW
315.0 K 405.7 - VS
1389.0 L 405.3 405.5 + 0.7 S
401.0 M 405.3 - .M
254.9 K 345.4 345, £.0.7 Vs
328.7 -L 345.1 - "M

‘*ViSual intensities are tabulated by using the following scales
VVS= very, very strong SM= strong moderate SW= strong weak -W=.weak
V5= very strong - M= moderate W= weak VW= very weak
S= .strong WM= weak moderate VW= very weak .VVW= very,vayweak
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Table -IV

: Additional conversion electron lines.of.Eozo7 ' i
observed in 350-gauss permanent-magnet spectrograph

Eleétron energy  Conversion shell Gamma-ray energy Intensity* ®
o (kev) (kev) (visual)
Group I , . ¥
5394 K 629.9 M
©239.6 K - 329.1 o M
180.3 X 270.8 S
291.1 L 307 o WM
217.1 K 307 S
. L 233.0
.233.1 L 2k9.5 -SM
206.6 L 223.0 SM
Group IT
857-3 VVW
821.3 - _ W
574.8 - VW
467.3 1
3064 VW
261.3 W
C2k7.1 W
.198.1 o W
*Visual intensities are tabulated by using the following scale:
.VVS= very, very strong BSM= strong moderate -SW= strong weak W= weak
VS= very strong M= moderate W= weak VW= very weak
S= strong WM= weak moderate VW= _very weak VW= very, veryiwesk
Ex_posure»of.vsam.ples.ofﬂl_?ozo7 on permanent-magnet spectrograph 11, .
which records electrons . in the 10- to 280-kev. energy range, yielded many
electron. lines. Those .electron lines which could be.matched to K and L
edgeé are‘given in Table V. The relative intensities given are good only
for comparison within -this table. . From this same exposure all additional
.lines assignable to P6207 are recorded in Table .VI. .This group contains
the K/L Auger lines and the other lines that cannot be fitted to K and L
conversion shells .which yield_a-reasonable'K/L ratio.for some type of
transition.. All the transitions represented in this tablé by electron ST
_lines are quite weak_transitionsﬂwhen compared to the—high-energy gamma.
' -t

.rays. ' This.makes:their placement in the decay scheme practically impossidle.
ﬂThe-electron spectrum was extensively investigated in two variable-

field spéctrometers. ‘Small point sourées of mass-free poloﬁium were run

on the magnetic-lens spéctrometer. The,intensity data are summarized in

Table VII. The -limits of error in;energyvare.muchAgréater than those



5‘22_

_whichwhaVe-already,been‘presented-from.permanent-magnet,measurements;
_Thesefdata_areﬂuseful for.relative.intensities ovaLcopversion”lines

.and K/L ratios.

Table V

: Low-energy .contersion electron lines of,P6207:0bserved
in 90-gauss .permanent-magnet spectrographs

Electron energy . Conversion shell Photon energy Intensity¥*
. (kev) S (kev)

334 K 123.9 _ W
.107.8 S L o 124k.2 124.0+0.3  .8M
108.3 .LII 124.0 VW
~110.3 Lo 123.7 8
4.8 Ly “60.5 60.5+0.2 M
46,9 LIII | 60. k4 M
159.2 K 249.7 WM
-~ 119.1 L 135.5 W
1119.6 LII_ 135.5 .135.520.3  .WS
121.6 LIII' .135.5 W
132.1 K 222.6 W

76.1 X 166.6 o sW
150.1 Ly 166.5 .166.5+0.3 M
150.8 | 'LII 1166.5 W
152.7 % : ”;III(?) | - 166.1 M
161.5 L 177.9 , W
162.3 Lo 178.0 .178.0£0.3 W

. 16)_“5 | PIII’_ XT7T7.9 . VW
180.7 ‘K 27112 WM
217.2 L1 ..233 VW

 25k.7 K (L of.271)  345.2 W

*Visual intensities.are tabulated by using the following scale:

VVS="very, very strong . SM= strong. moderate SW= strong weak W= .weak
VS= very strong M= _moderate -W=.weak VW= very weak
- .8= strong WM= weak moderate VW= very weak VVW= very, very weak
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Table .VI

Unassigned conversion electrons .of Pd

207

observed

in 90-gauss permanent-magnet spectrograph

Electron energy Intensity ‘Electron energy -Intensity (visual)*
(kev) (visual) (kev) ' -
22.2 W 62.9 WM
S 39.2 W 63.5° BW
. 43.8 M 65.4 SW
h9.5 M 67.5 W
50.7 W ~73.2 W
53.6 W 73.8 W
53.9 W T .5 "M
56.1 VW 121.6 W
57.2 VW A30.7 VW
58.2 M 131.0 A
58.7 W 141.0 VW
59.1 W L1437 VW
61.2 WM
Table VII
Coniversion electron data for P07 from .
magnetic-lens spectrometer experiments .
Electron Conversion . Gamma-ray Intensity** = K/L ratio
energy shell energy - '
_(kev) ‘ (kev)
256 K 345 £ 5 29 + 6 6+ 1
331 L 5 , _
316 X hoT7 £ 5 100 + 20 6.2.+1
393 L : 16 £ 3
538 K. 629 + 7 . S
655 X 54 +.10 5.7 £ 1
732 L 46 + 10 9.5
833 K 92k + .12 2.2
904 K 995 .+ 12 41 + 8 h.7 £ 1
981 L ' 8.7 :
1062 K 21153 £ 15 1.2 ~pox 1
1134 L - 0.3

-VV8= very, very strong §SM=
- V8= very strong

.S= s

 *Visual intensities

trong

Mo
WM

Il

.afe,tabulated by uéing the following scales

strongly moderate
moderate
_weak moderate

SW=
W=
'sz

.strong weak W=
weak VW=
very weak VVW=

weak
very wesk
very, very weak

Limits of error on the .intensities.are

t 20% or less. The com-

plete electron spectrum that was observed is shown in Figs. 3a, 3b, and

3c. . The spectrum was followed over a 15-hr period and all peaks shown

except those marked as "not in_POZOY“ decayed with the cerrect half life.

** Intensities relative to 40T7-kev K-conversion line arbitrarily taken

as -

100.

<P
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Fig. 3a. Electron spectrum of Pozc.)7 as observed on the magnetic-
lens spectrometer -- 150- to 350-kev region. ' .



25

x1073

ZH

L ' ENERGY

MU-10003

_ Fig. 3b. Electron spectrum of Pozo7 as observed on the magnetic-
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Electron spectrum of Po207 as observed on the magnetic-

lens spectrometer -- 700- to 1100-kev region,
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The resolution obtained in these runs was.quite low (4%) and
_consequeﬁtly the L~-shell conversion electrons of thé 629~ and 924-kev
transitions, which would be expected in very low intensity, were not
resolvable from the low-energy tailing of the -K-conversion electrons
.of the 743-~and1992—kev gamma. rays. Also, since-no_observableﬂelectron
.peék is evident in the 400 to 420 kev regiom, the gamma-ray at 510-kev
is most likely due to.annihilation radiation. Thevremaihder of the
transitions derived from these data are those which were previoug}y
observed. I

A third analysis ofAfhe.electron spectrum was made on the dou-
-ble-focusing variable-field spectrémeter. A resolution of-O,l5%,is ob-

207

“tainable under ideal conditions, but on Po .runs the best resolution
obtained was 0.3%, The:converéibn,electrbﬁ spectrum observed was quite
complex up to approximately 350 kev. It was impossible to determine
intensities .for the weaker lines, 5o .they were omitted in the summary.
The-prbmineht.electron lines beiow 350 kev are recorded in Table VIII.
The shell assignments.are,tentative:for most of the eleetron lines.  The
.energies.bf the. observed electron lines agree with the electron ‘lines on
Permanent magnet studies. ,Thefintensities.are,all relative to the K
shell conversion electrons Qf.the,MOS,B-kev transition, which was taken

as 100 units.
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.Table VIII -

Conversion electron data. for P0207 from double-focusing Bpectfqmeter
Electron”eneréy ',Conversion]shéll ' Intehéity Photon energy
' (kev) : (kev) -
bk .8 S - 9.5 60.5 + 0.2
- h7.0 ALIII ' 9.
T4 .5 X 31 166 + 0.5
.108 LI ‘ . 1
109 Ly 5 /124 + 0.4
110 Lot .25 )
133 X b5 223 £ 0.7
k2 K 2k 233 0.7
150 'Li'or'LIII »”25
152 Lo W
. 156 X 78 250 £ 0.8
181 Ly 7 .223.% 0.7
217 L 4 233 + 0.7
_K307 307.£.0.9
230 My 3. 233£0.7
239 K 1k 329 £.1.0
246 M, 7 250 + 0.8
255 K 93 - 345 +£.2.0
290 ‘L. 9 307+ 0.9
315 ’LII 1T  405 t;l,z,
. 327 .LII_ 23 345 +°1.0
31 M 8- 345 1.0
87 K 26 - 178.0 +.0.5
120 ’LII 29 ';32.6 t.Q.u _
122 Lpp 13 135.6 +.0.4

]

The high-energy region was aiSo.scanned, and conversion.lines .
. from.only’thev992-; T43~, and 405-kev,transitions%were.observed. caddi-
_tional intensity data were,'hdwevef,tbbtained both on relative K-line

‘intensities and_on_K/LJratiosﬁi-These results.are tabulated in Table IX.



=31~

Multipolarity Assignments to. Transitions

The next thing to .consider. in further establishing the decay
scheme is the intensity data and multipolarity a351gnments for the tran51w
tions.. The K/L ratios tabulated in Tables VII and IX are not enough to

S

establish the multipole order of the transitions without additional data,

X

but they can.be used to eliminate.many of the less likely cases; i.e.,
they eliminate M2, M3, M+, M5, E3, Ek, and E5. .For the k05-kev. transi-
tioh;the-K/L‘ratio,is,6.l-tvl. Only pure Mi, El, or Ml .plus a small
admixture of E2 radiation .can have .such a high'K/Lbratio,’ For the ‘743-
kev gamma ray:the'K/L ratio is 4.6 + 1, and the same cases as before

must be considered here. 1In both.these.cases;all other typesfandﬂallowed
mixtures .of types.of transitions would be outsidelthe.experimental_error,
.For the‘992—kev,transition_the-ratib_is,Sah * l,,which;allows_within the
exPerimentai errer El, Ez, Ml' M2, or ML + EZ2 mixtures, with some pos-
sibility of M3. -For these three trans1tlons con51derat10n of experimen-
.tally derlved conver31on coefficients ellmlnates -many of the .possible
assignments. In order to .calculate a.derived conver81on coefficient wken
the. absolute number of electrons.and photons.for the: transitions is not
known, one has to first determlne the multipole order assignment for one
trans1t10nvfor_wh1ch,there.are,both gamma. and electron intensity data.
.The correct theoretical eonversion,coefficient.can then be used to re-
late the gamma and electron,intensity data, and all the remaining infor-
mation‘on,the otherhtransitions can be normalized to this.transition's
electron and gamma .intensity. The other conversion coefficients.can be
determined from these related experimental results, and they. depend only
on the .one. assumptlon concernlng multipolarity. -It .appears.from the -data
that the LO5-kev gamma ray is the easiest .and most plausible for the
.assumed .assignment. The'K/L ratio,indieates,that it has the least num- »
ber of possible assignments. .The amount of EZ .conversion can”be»set as . i
.very low by two.differeht considerations. First, the high K/Liratio ruks
out &ery’much.admixture,of E2,vsince_this_ty§e ef transition has .a very
low K/L ratio (~2.2) at this energy. -Second, a very low.-limit can be
set, since neithervL nor . L cohversion;linee,were-Visible on perma-

II ITT

nent-magnet spectrograph exposures when the LI

The.relative,intensity of conversion in the .various shells and the K/L

line was quite .intense.

ratio .are not sufficient for distinguishing between El and Ml. About
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the .only method that can be used to distinguish betweenlthese types.is

to‘calculéte.the,experimental“conversion coefficients for both and de~

termine which gives the best fit to the data. This was-done, and the

El case did not give suitable results. .Therefore, with the hOS—kev gmma

ray considered as an Ml transition and withm2,78 x-lO"'l as,the.theoret~

.ical K-conversion coefficient’fromARose's.tables;26 the K conversion of

thé«992-'and Th3-kev gammanrays.can‘be calculated. .The results of such

a calculation are shown in Table XI. ‘The gamma-ray intensity in Colummn.

3 is .the intensity relative to the.most intense peak in the spectrum

(992 kev). fThe,intensities_in.Column 5 are normalized to the LO5-kev
photon intensity, which was .calculated by using the electron intensity

of the K-conversion.lineuand the theoretical X conversion coefficient.

.The .experimental coefficients were calculated by dividing Coiumn.zvby

Column 5. ,For'the»992—kev gamma .ray the .conversion coefficient comes
within the experimental error of an Ml. An upper.limitrof”approximately

5% of the photon intensity can be set for the amount of E2 conversion

in the 992-kev.transition. .The 7M3~kév tragsitionvalso is predominantly

of Ml character, withﬂan upper.limit ofulO%'photon intensity for E2 con-

_version admixture. The three transitions congidered are.all predomi-

nantly Ml transitions within the limits .of experimental error,,and re-

-asonably,low-limits.of.EZﬂadmixtute.may,be.seto -In addition to.the above
multipole .order assignments, a number of tentative agsignments may be

‘made .on some of the less intense transitions. .From their characteristic

I

L_ . and MI conversions,, the . gamma. rays of- 250, 345, 223, .and 307 kev. can
be a551gned as Ml transitions. :

.Table XI
Derived K conversion coefficients of certain_Pozo7 tranSitions

Gamma-ray . Intensity =~ - Derived  Gamma-ray Theoretical
_energy K Electron Gamma . . . conversion intensity - conversion
(kev)- , coefficient (corrected) — coefficient

' K shell o

992 - ko 100 2.1.£0.5.x.107% 1870 M = 2.6 x.leg

' - la E2 = 6.3 x 10 7

43 48 73 3.5 + 0.5 x 10 1370 ML = 5.5 x 1077
: o : . F2 =.1.1 x 10 1

405 113 .22 , : 405 ML= 2.78 x 10

(calculated)
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The only other. p0551b111ty is- El and 1t seems rather docubtful because
this would make the gamma. rays more 1ntense by a factor of at -least 10,
and if they were that 1ntense they should have been observed in the gam-
ma, spectrumo The,60-kev gamma. ray can be very deflnltelyvass1gned as
ag.EZ transition - on the basis-of,the.equal_conversion in the L and

. . . : CIT .
L shell. .This 1s very characteristic of a low-energy E2 transition.

e As .a further check on the multipolarity a551gnments, a gsearch
was. made for delayed tran81tlons with half-lives in the region of 10 ol
to 10 =2 second. .This was-done by gating a_delayed fast-coincidence cir-
cuit on the K.x-rays.and observing the.reﬁaiﬂder_of the 20207 gamms.
speetrum that was.invcoincidence,with the x-rays. .ThehAwhen”artificial
. delays were introduced into the circuits, the countiﬁgﬂrate of the peaks
.decreased. A plot of this-decreasiﬁg counting rate versus the delay
time gives . a delay curve. If the transition does not haye a lifetime
within the region of.measurement, the-limiting'Curvelcan be used to set
a - limit envthe lifetime of the state. ‘A lifetimeilimit.was eetifor the

992-kevegamma.ray at <h x..J:O_9 sec .for the TW3-kev gamma ray at <5 x;lO“9

sec, and for,the‘MOS—kev gamma ray at.<5 x 10—9 sec. .The fact that the
traﬂsitiohs,are very fast and that their lifetimes are not measurable

207

is expected. Since Pov _is,so_close to a. closed shell, the ﬁransitioﬁ
is most'likeiy a single—pa?tielevtransition,_and the Weisskopf formula
for single-parﬁicle,transition predicts a very short mean life. This
applies .only fo‘Ml, El, and E2 transitions, for any higher—multipélarity
transition might heve.measurable half liveej The lifetime 1limits, there-
fore, eliminate these highef-multipolarity types from consideration as
p0351b111t1es for the 992-, 743-, and 40S5-kev transitions:

Identlflcatlon of -Positron Decay in Polonium-=207

A special experiment was carried out to determine whether the
510-kev gamma radiation obser&ed in the gamma spectrum could be identi-
fied as annihilatien_radiation, and --.if so --.to determine. the .amount
of poeitron branching. This was-done by taking advantage of the fact
that the two.annihilation‘rediefions'(Sll-kev photons)_are emitted et‘
'180° to each other.’ Coincidence.measuremehts,were.made.on_annihilatien»
radiations at 180°, with appreximately 20% geometry in the detectors,
.and then .changing the angle to 900 with‘the,same geometry; a sharp

change .in coincidence counting rate should indicate that .annihilation



 .required. In Po
.available is about .3 Mev.  The decay of .Po 207 to the- flrst .excited state

-Po

-3k ;

~radiation_ is présent . This was done, and, thé counting rate.dropped. from

& counting rate .of . approx1mately 50. counts/mln for the- 180 .arrangement

to. approx1mately zero.at. 9@ .To measure.the amount of positron branch-

207

ing, coincidence measurements were made on-a purified sample of-Po .

at .approximately 50%.geometry for -each .crystal detector. A very narrow

gate had been set by calibrating the instrument on the -511-kev gamma ray

(drnihilation radlatlon) of Na??. The actual coincidences measured give

-the .amount of contribution from annihilation radiation of -Po 207 to that
small portlon.(NSOO kev to . 520 kev)vof_the«total_gamma,spectrum° This
.amount,_when corrected for_couhting efficiency and compared to the in-

.tensity ofﬂthen992—kev gamma ray -~ which is present.in“lOO%vabundance

-- .gives the amount of positron branching. On this basis, the positron

.branching is .calculated to be O“Z%, with a possible error in determi-

nation of 50%.

The observatlon of p081trons in polonium is.of great 1nterest

-since they have not been prev1ously reported above mercury except for a

BM 26

very small positron branching in. Np _ The.electron~capturevprocess
becomes-dbminant.oVer‘thevpositron process -as the -atomic number. of the

nuclide increases. :The positron decay process. follows the -same selec-

tion rules as beta decay except.that a minimum of.1.02 Mev. energy is

207

, a8, 1s shown in the next section, the decay energy:

vaBi207

be”aVailable for the decay. A further study aimed at direét‘observation

would be.an "allowed" process,. and approx1mately 2 Mev would

of the positron spectrum will be necessary before.their existanéevin

207

_decay can be confirmed.

.Electron~Capture -Decay Eﬁergy_'

207

The-decay scheme presented for Po _reQuirés.an.electron:capture
decay energy of at léast-2°8:MeV° ‘This-decay energy can be.calculéted

by using a method of cldsed-enefgy cycles. This method is based on the

vprinciple.that_the‘énergy difference between_two;iéotopes.is the same
by any path between them. . Two . paths form a closed.decayenergy cycle

betwéen the two isotopes° .There are several different types . of closed_

207

energy cycles. .For Po the -best estimate of the- electron -capture

_-decay energy can be made by using the neutron and proton- blndlng energies
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in a .closed cycle. 'The general case .using this method, and the cycle

207

-specifically for.Po ”Aafe.shown”in_Fig. 5. . There are'two_paths through -
which the .electron-capture decay energy can be estimated by uée.of_this
cycle. If the neutron and proton binding energies df ZA_are known or

:can,bé,estimated, thé electron-capture decay energy for.ZAil is given by

oo (A 5 By (2hy - OBy (A - (mR)

A similar path giving the-same—decay energy requires.a knowledge of the
neutron and proton binding energies of (Z—l)Ail,and ZA-l, respectively.
‘Again, ‘

Bro (A7) = By ] B (A - (n-p) .

,If_the;neutron,and.proton binding energies have been calculated
or estimated correctly, the electron-capture decay energy will be the"

.same for both paths. The.mass-difference.betWeén the neutron and the

proton (n-p) is .equal to 0.78 Mev. The cycles.involvingbthe.electron

207 207‘requirefa knowledge of the binding energies

208 207

of the last neutron and proton of Po =, the-last neutron in. Po
207 '

capture of . Po and Bi

, and
_the~last,proton in Bi

POZQB:and”BiZO7

The neutron and proton binding energies of

, respectively, have been calculated through their use

08

in other cycles. The neuiron binding energy of-Po2 .and the proton

207

binding eﬁergy of Pb must ‘be estimated by_extrapolaiion_of the data

of Glass et al'.z7 _The values used for the calculation are:

‘Neutron binding energies:

312106—‘207 = 8.07 Mev (calculated)

.PO‘207—208 = 8.5 + 0.3 .Mev (estimated);
Proton binding energies:

Bs20T-208 _ 5 02 \ey (calculated)

_Bi206-207A= L.45 + 0.5 Mev (estimated).

The neutron binding energy cycle . used for estimation of the
electrbn—capture decay energy_is,shown in Fig. 5. The .value of the
electron.decay energy is calculated as 2.80 + 0.k45 Mev;;this,ié.closé
to or greater than the decay energy_required by'the decay scheme. .Many
gamma transitions.are, however, unassignable in the scheme; so thedecay

energy ‘is probably somewhat higher than is proposed.
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.Fig. 5. (Above) Neutron-binding ehergy cycle, general.

(Below) Neutron-binding energy cycle of P_020‘7..
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Decay Scheme and Discussion

The decay scheme.can now be further considered with respect to
population of excited states by electron capture. Using the multipolar—
ity assignments.and intensity data, we can find ‘the total intensity of
each transition by summing the gamma and electron intensities for each
transition. Analysis of this information gives a reasonable estimate
of the.amount of electron capture proceeding to each excited state.

Fig. 6‘shows the results for the more intense frénsitions. A few per-
cent of thePoZO7 electron-capture decay goes . to some .additional levels
that must be pfesent to explain the unassigned transitions. ,The largest

part of the decay must proceed as shown.

.This figure also-shows the population to each of the excited
states .and the corresponding log (ft) values for each transition. Log
ft values of around 6 are usually termed as "allowed" and are those ex-
pected for.a short half life. The data given abgve éll,correlate quite
satisfactorily. for the main paths of electron—capture decay of.P6207.
Therevare.many more transitionsfand levels that should be placed in a
complete decay scheme but ﬁave been.omitted here.

“In discussing the consistenoy of the data and the spin assign-
ments, we must first estimate the ground-state .spin and parity of the

207 207

and the daughter nucleus Bi

207

.two nucleiy, Po A reasonable esti-

mate as to the ground-gtate spin of Po

207

of its odd particle. Po “is three neutrons and two protons removed

from the double élosed shell. The two protons and two of the neutrons
each:pair off, with a resultant angular momentum of zero. Therefore
the spin of the isotope is the spin of the remaining odd neutron. This

odd, neutron is the same one as is in the ground state of Pb205

207

, and it

is.a T level, which would give Po a 5/2 spin and odd pafity.

5/2

.Bi 7.in ground state is composed of an odd proton and two . neutrons

beyond the closed shells. The spin here also is the spin of the odd

particle. . The odd proton in Bi207

209

, and it has been determined to be .an h

is .in the same level as the odd pro-

209 L7

_.ton in Bi
So Bi should have a 9/2 spin and odd parity: With 5/2- and 9/2- as

level in Bi

the spins and parities of the two ground states, andelectron-qapture

. : A .
decay between these two states would have a [A I = 2, No] beta decay.

~can be made from consideration
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Fig. 6. Suggested électron-capture decay scheme for P0207.

®
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This is a second_forbidden_casevand would_ha&e a half life that is too
.long for a 5.7-hr decay. TherefOre,_there would be no .electron capture
Adirectly_to,the-ground,state,of,Bizo7,

-The spin of the first excited state should correspond to the
first-level,availablé by promotion of the odd proton. Not too much is
.known concerning the order of . the odd-protonAlevelsﬁabovevtheu82-protoh
closed shell. Inelastic neutron-scattering éxperimenté,,however, have
shown that the first excited state iani209 is.a 7/2state, and it ap-
pears.at 895 = 25,kev;28 ;This-level,agreés qualitatively with an'as—
signment of 7/2-.f0r the -991-kev first excited state of P6207, This
spin assignment.and a multipolarity assignment of Ml for the 99l-kev
transition are also in agreement. .This.makes electron capture to this
level a [A.I =% 1, NoJ process, which is-"allowed" in terms .of beta
systematlcs 29 Such a process is fast and agrees with the short meas-
ured half life of Po 07, therefore -direct capture to this- level must
take place.

.The second excited state .is .at 1735 kev, and decays only to the
first excited state. .The inelastic neutron-scattering data on Bi 209
show a level at 1560 + 35 kev; but .it depopulates directly to the.ground
31

state, so that it must\not be_the.same;level; With no.other ihforma~
tion_available_concerhing/thevexcited levels of .an h9/2 proton,  the

gpin for the second state is rather difficult to .assign. A spin of,5/2-
-agrees the best with the experimental information. A state .of this

spin should depopulate only to the 7/2~lével,and shouidvreceive a.large
proportion of the direct electron”capture. .Reference to Fig. 7 shows
that .the stéte does both of these, so 5/2— may be taken as a tentative
-spin and parity assignment_for the second excited state. Such a state
is probably the .second level of promotion of the odd proton.

It‘is very difficult to say much more about the remaining ex-
cited states. The fact. that there are so.many excited states in the
1.8-t0-2.8-Mev region indicated that they must not be due to only the
ddd—proton”promotion. .They may arise from the promotion of the ‘neutron
pair to a highef energyfstate,-or.the—promotion_bf,one of the neutrons
out of the pair. Either of these .cases would then give-riserto,numerous

E
additional levels.
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The explanation of the complex level structure.above 1.7 Mev,
which cannot be explained by the single-particle model, may be quali-
tatively ekplained by the work of Pryce;4 Pryce considered in detail

the isotope that .is two neutron holes in the -126-neutron shell. This

.isotope has the same neutron configuration as.BiZOY,_the~product nu-

2 ' ' . - )
-cleus -of . Po O7_e1ectron—capture decay. He predicted a (p 1/2) 2 J=0
configuration for the ground state .of P5206° The configuration with the

-Z =2

next ‘lowest .energy was .a (pl/2 f5/2) J - p State with a (pl/2 fS/Z)

J = 3 state the next higher in energy. . The energy. separation between
the J = 0 and J = 2 states was 808 kev. .If one assumes that there is
-no interaction between the proton and a single neutron and that . all the
interaction takes place between the proton and the neutron pair, it

would ihen follow that these same neutron configurations should influ-
ence .the levels .in Bi207,
-On the basis .of this.assumption,concerning interaction between

2077

particles, the-levels expected in Bi can be qualitatively outlined.

. 207 =2 1
-The ground state for Bi" ' would be a (pl/z) J =0 )

and a (h
(o2
cconfiguration coupled together. These two stailescan be coupled

J =9/2 _
only to give-a resultant 9/2.spinvfor the ground state. The first ex-
cited,state.from‘énergy considerations is.most likely a (pl/z)m2 7 =0
configuration with a resultant 7/2 spin. The

J=2 9/2
configuration. This configuration would give rise to-11/2, 9/2,

1
and an (h9/2) J = 7/2

next levels probably arise from a (pl/ZfS/Z) and an (h

$/£,Té§2,,and 3/2 states, which would be -separated in energy owing to
jinteraction between particles. The next group of states would be from
the (Pl/Z'fS/Z)‘Z.J.=.3’and either,an_(hg/z)l I - 7/2.or.ar} (h9/2)l
J o= 5/2 configuration. These two states would also give rise.to many
~additional levels with half integral spin values between 13/2 and 1/2
and 11/2 and 1/2, respectively.” As one continues to}higher-energy neu- <.
tron configurations, the number. of le&els_availabie becomes increasingly
greater. ‘ -9
It is not possible to determine where .each of the -above energy
levels .would be expected, since the details of the interaction between
the neutrons .and proton are not known sufficiently for calculation .of

energies. -However, the fact that the model does predict a-large number
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of -levels that probably lie -above 1.7 Mev, and alsc giﬁes.a_reasonable
explanation for the first excited state.makes . the model gquite plausible.
The short outline given here does not attempt to .answer questions con-

cerning the population and.de-excitation bf the numerous.levels predi-

“cted. It does, however, show a.p0551ble.method“of more completely ex-

plaining t_he»l_evel_,structure.of,Bilzo7 than isdevailable with -the .strict .

single-particle model.

B. Polonium-~206

P0206‘was first identified by Templeton et.al. in the high-

- energy bombardment of bismuth metal with protons. and by bombarding lead

_enriched in. lower-mass, stable .isotopes with helium ions;22 They re-

ported a 9-day half life with 90% electron capture and lO% alpha decay.

-The energy of the alpha particle .was determined to be 5.2 Mev 23 An

0.8-Mev gamma ray was observed in the electron-capture decay by adsorp-

tion measurements. ‘Further WOrk;by Kelly et al. determined the branch-

.ing_as,96% electron capture and M%falpha decay;3o_'Rosenblum investi-

gated the alpha.decay with anualphamparticle spectrograph and reported
a 5.218-Mev group of 96% intensity going to.the ground state and a Wb

group of 5.064 Mev going to an excited state;3l No .work has been pub-

lished concerning the gamma rays or conversion electrons in the electron-

<captureadecay,

Alpha.Spectrum of Polonium-206
“When a complete study of.PoZO6 was started, it appeared that the

ualpha decay should be .re-examined. This. was determined from the fact

that when one plots the energies of the first excited state versus the

mass numbers. for even-even nuclides, the first excited states for .the

208, . 206, 20k, 202)

lead isotopes (Pb should be very high because of the

82~proton closed shell. .The .-first .excited state for PBZO4 from experi-

mental work on the isomer shows thﬁs state to_be-at-890 kev;w~Since,the

.curves of this type are régular and decrease in energy_as,one,moves

20z

-away from the - 126-neutron .closed shell, the first excited state for Pb™ ,

which.is the daughter of. Po206 alpha decay, should,come.between”500,and

700 kev. «The'l56-kev.va;ue determined by Rosenblum seems very unreason-

-able. For this.reason, a detailed examination of.the alpha decay of

po20®

was undertaken.
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The P0206 for -this._series .of experiments was obtained by "milk-

ing" it from'EleO,Awhich»wés”produced;by_high-energy_proton spallation

of thorium metal in the 184-in. cyclotron. The emanation fraction was
isolated by collecting it in a U-tube on a vacuum system at liquid nitro-

gen temperatures. -The.sample collecteﬁAwasﬂpredominantly-Em208,.Em209;
EmZIO, Elel, and ‘Emci?. ~Em208, Em209, andﬂEmzlz all have short half
lives, so_ the mixture was.allowed to.decay several hours before further

purification, and all isotopes except EleO.and:Eleluwill have -decayed.

.The~EleO,and Elel were_trahsferred_to‘a clean U-tube-and the-decay

_products.collected. =Em210 decays. by 95%‘alpha‘emiséion,to 9—dava0206

and_ﬁ% electron capture to AtZlO. \The—AtZIO decays. almost entirely by

electron capture,to_the4138—day,P62lo. Elelvdecays”by 75% electron -

211 211 207

‘capture to At™" ", which decays to Po "~ and then to.Bi""'. The -25% alpha
branching of,Em211
206,-P02O7, po210

two polonium. isotopes show alpha decay, and the alpha activity_of,Po

. forms the 5.7—hr:P0207. Out of these .decay products

and,B_i207 remain after several days. Only the

only Po

206
. . 210 L . . .

-1s 15 times that of Po when branching ratio and half life are taken

2063?0210 mixture was prepared for analysis

into consideration. -This Po "
~on the alpha-particle,spectrograph both by plating on a.10-mil silver
wire .and by vacuum sublimation.
-The first sample was plated on a silver wire -and contained 7.5 x
'105 a;pha.disintegrations/min_of_POZO6° .This sample .was exposed for 2
days in the alpha-particle spectrograph. -The resolution of the alpha
peak was .not good, owing»to.sample.thickness, and the tailing on the low~
energy side made it difficult to.look for low-inténsity alpha groups.
Only one -alpha group was observed; corresponding to the 5.218-Mev ground-
state tfansition as.seen by Rosenblum. -However, owing to. the large amount
of téiling, a.limit of only 3% could be set on the presence of alpha
fine.structure. ' ' .
. The vaporized sample:contained ébout 106 alpha disintegrations
per,mih° -Since the Em208 had not completely decayed out before purifi- -4
| cation, there was a small amoﬁnt ofVPOBOS,present in the sample. Pozo8
has an alpha group at 5.108 Mev which, if present to.a large extent com-

pared with P0206, might interfere in the search for the_préviously re-

206

ported 5.O6M4Mev group.ofvPo The first exposure of this sample. for
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2. days-did shoﬁ the main.P0206-peak.and“a_group_that was . probably POZO-S°

- Even though»PéEOB,was_present no alpha group was.seen at 5.064 Mev in

an abundance greater thanml%u A second 9-day exposure with thls sample

confirmed the assignment of_the.second,group tovP0208, and allowed. a

better limit of 0.5% to beiset on the second POZO6 group.at 5.064. Mev.

. The -alpha spectrum observed in the second run is shown in Fig.. 7.

Stephens, doing alpha-gammamray coincidences.on_P0206, sets . a
limit of‘l.7_xleéh photons per alpha for .-the presence of‘gamma radia-
tion in the 100-to-300-kev range below the.main.alpha,groupu36 Thﬁs,
it seems probable from thelalpha‘spectrum and alpha-gamma-ray coinci-

dence data just presented that the previously reported w% group in. P6206
202

" alpha. decay does not exist, and that the first ex01ted state of Pb

<

is not.at 156 kev above the ground state.

The sample containing both P0208 and,P0206 allowed,a convenient

206

.check of -the absolute energy of the Po alpha group. .With the .5.108-

Mev group of PCZOB,aSLa.standard,.the,two funs_gave-50216 and 5.219 Mev

for the P0206 aipha—part%cle energy, which .is in good agreement with

Rosenblum“s”value.of 5.218 Mev.

,Gamma Spectrometer Measurements of Polonlum 206

A study of the electron capture of Po206 to the excited;étates

,of.Biz 06 has been carried out. Several,gamma.rays;were}observed_in-the

206

Po decay on the scintillation spectrometer. The spectrum as observed

is shown in Fig. 8. . The intensities of the .gamma rays were determined

from several runs, and they are recorded‘in Table XII. -They are related

to .the 511-522-kev photopeak -which has been arbitrarily set at 100 wnits.

nThe dntensities. after correction for countlng efficiency are geodtot 20%.

Table’ XII- -
-206 -
Relatlve intensities of gamma. rays .of Po
Gamma -ray energy (kev) ~Intensity (relatlve)
1031 o ' 84k £ 16
807 57T = 11
511-522 ' , .100. £ 20
338 41 o+ 8
+ 7

286 . 32

Conversion Electrons of.Polonium-206

The.conversion,electrons.from Po206 decay have. been investigated
by use of the permanent-magnet spectrographs. The numerous electron
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.lines thatwere observed, and ‘their assigments, are.@mnarized V:In,_‘,l‘ableX;-]IVI .

_Table XIII

Electron _lines.'and assignments. from -permangnt—magnet

spectrograph experiments with Po20

b'_E’le,ctvE'on,_e)_nergy Conversion shell .Intensity* Energy (gamma ray)
kev ’ ) . :
1014.7 e W 1031 1031 +:3.0
k1.6 K M 1032
792 L CVVW 807 807 +:2.4
716 K sM 807
517.5 M VW 522
505.7 L M .522.1 522 % 1.5
49k, 5 L M 511.5
431.4 K B 522.1
h21.0 X Vs .511.5 511.5 +.1.5
" 3340 M M 338
321.5 I s 3379
294 .7 L; M .311.2 338.0 + 0.3
285.1 Ay W 286.0 -
282.0 ,MI M 286.0 311.0.%+.0.3
269.7 L Vs 285.7
- 247.8 X VVS  338.3
1220.3 X V8 '310.8 286.0 £ 0.3
195.2 'K ‘ RS 286.0
59.3 : . .-NII_,II_I M 60.0
56.8 | ’MIII' . o 60,0 60.0.+ 0.1
56.2 M 8 -59.9
46,5 Lyrp V8 .59.9
hk.3 Ly vS  60.0 |
372.6 K WM 463 L3 + 1.k
3815 K YW k72 h72 o+ 14
~ 890 ‘ ' K VW 980 980 + 3.0
*Visual intensities are tabulated by the.following scale;
-VVS= very, very strong ,SM:..stron_g moederate —Sw;_ strong weak W= weak
V8= very strong M= moderate W= weak VW=. very* weak

.S5= .strong .WM= weak moderate VW= very weak VVW=

very, very weak

B
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_ The possibility that some of these lines . might.be dueﬂto;BiZO6

daughter.activity_ordezq7>cogtamination in the sample was .checked by .
comparison with plates run with -sources.of these activities. .Thése.el-
ectron lines . which were only observed_invtheﬂhigh-field permanant-magnet
spectrbgraphs.PMIII and.PMIV,are'limited £0.0.3% energy resolution. .The
,~lower-energy,lines'below 300 kev,were.dbserved,onvother;permanent-magnet i
spectrographs where the resolution is O.@%. -The visual intensities_giveh
“in-.Column 3 in the table.are uncorrected for the efficiency of the film.

In Teble XIV all the additional electron lines are summarized that are
-definitely assignable. to P6206 decay, but which cannot be definitely

assigned to.a transition that may be placed in the tentative decay scheme.

Table XTIV

-

Unassigned:Eoze6ﬂélectrbn lines from permanent-magnet experiments

Electron energy - Intensity¥* Electron energy Intensity*
(kev) (visual) _ (kev) (visual)
| 80.0 VW 191.0 W
193.8 WM 193.6 W
107.8 VW - 402.6 VW
. 110.5 W .h89 VW
179.7 W 515 VW
180.7 VW

T *Visual intensities are tabulated by the,following_scaiez

VVS= very, very strong SM= strong moderate SW= strong weak W= weak
VS= very strong M= moderate W= .weak VW= very weak
S= strong weak moderate VW= very weak VVW= very, very weak

The intensities of the electron lines were determined by ana-
lyzing the .electron spectrum by use of the double-focusing beta-ray
' spectrometer. .The sample was.run at 0,3%_resolution, and it-is shown
in Fig.. 9. . The intensity data .are summarized in Table/XV. All ﬁhe in-
tensities are relative to the K conversion lines of the -286-kev transi-
tion. .For,most of,the;tranéitionslonly KZCOnversion,lines_were-obéerved,
) but K/L ratios were determined,fdr_those transitions where both lines -y

‘were seen. These .intensities are believed to be .accurate to within *

10%.
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‘ : ' 'Fig.' 9. Electron spectrum of po200 as obsérved on the double-
o ' focusing beta-ray spectrometer. ' :



_Table XV

P6206 electron lines .and intensities.from double-focusing
beta-ray spectrometer :

Eleétron_energy Shell assignment -~ Energy . - ._Iﬁtensity.K/L
(kev) ' _ (gamma ray) ratio

| '4%,3 : Lig . 60

, 46.5 'LIII ' | 60
564 MII,iII | 60
99:3 Npr %
195 X 286 10 + 10 5.4 £ 0.5
270 L 18+ 2
220 K 311 b+ 1.4 5.0 £0.5
. 248 K _ 2.8 £ 0.3
321 L 1338 f49 £:4.9
421 X 511 19 £ 1.9
431 X 522 10 + .1
716 K 807 . 5.7+0.6
9kl X 1031 . 3.2 + 0.k

‘Samples of-PéZO6,werevalso.run,ohgthe,magnetic-lens spectro-
meter in order_to.determine-K/L_ratio,for the high-energy transitions.
This beta-ray spectrometer has.only 3%,resolution, but .can be .very use-
ful when the transitions .are .spaced. so that,chVersion lines -do not.over=
lap, since .it has quite high transmission (1%). .The results.found by
USiﬁg»this'instrument.are summarized in Table XVI. 'K/L_ratios have been
.determined for-thé 807f and 1031-kev transitions and for the combined
511-522-kev transitions. _Also(the-K_conversion”line,for the 980-kev _
_traﬁsition,,whiéhvwas previously indicated in permaﬁént;magﬁet experi-
ments, was observed. A portion of. the electron spectrum is.shown in

_Fig..10.
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e . Fig. 10. High-energy electron spectrum of Po -~ as observed on

the magnetic-lens spectrometer -~ 700-to 1100-kev region.
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Table XVI
P0206,intensity data. from magnetic—iens.spec%rometer,experiments
Electron energy - shell Gamma—ray Intensity K/L ratio .

(kev) _ assignment " energy '
9ko X 11031 100 + 20 6.5 + 0.8

1015 . L | 16 + 4 :
890 X 980 b o+
715 K 185 = 37 4.3+ 0.3

790 L 8ot - Lh £ 9
416 X 511-522 1000 + 200 5.0 + 0.5
500 . L 200 + 4O

Multipole Order Assignments

In any attempt to establish a tentative electron-capture decay

scheme for P0206, the muitipole orders of the transitions would be very
“helpful. For mény of the transitions the number of possible multipole
order.assignments may be reduced to only a few by investigating the L-
shell conversion pattern and the K/L ratios. The 26-, 311-, and 338-kev
transitions show prominent'LI, MI’ and NI conversion lines, which indi- .
cate that these transitions are predominantly M1 or El. A low limit may
be set on the.amount of admixture of any other multipole order that has
large LII or LIII conver;ion,“since neither of these lines was observed
in permanent-magnet exposures. For the 511- and 522-kev transitions L
conversion electrons were observed, but owing to the resolution (6{3%)
they could not be definitely assigned to a specific subsheil, The 807
and the 1031 kev transition conversion in the L subshell was‘observed,
but the energy resolution limited anyvfurther detailed assiénment., K/L
ratios fér the 286- and 338-kev transitions agree with Ml or El assign-
ments and rule-out al; 6ther possibilities. For the 511- and 5z2z-kev
transitions anly a combined K/L ratio vas obtaingd, and this was 5.0
0.5. This value favors Ml or EZ2, but since two K and two L lines are
vinclﬁded ihat may be from enﬁifely'different_transition typeé; this
ratio is subject to a very large'uncertainly in making a multipole.order
‘assignment. The'K/L ratio of 4.3 for the 807-kev transition makes an

E2 the most favorable assignment; The K/L for the 1032-kev transition
falls in a region where the K/L ratios converge, so that Mi, El, or

ML + E2 mixture are all plausible assignments.
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The K‘conyersion_coefficient.for these transitiohs can be used ;
to distinguish between the various multipole orders. A derived K con-
version coefficient can be calculated from the relative photon and con-

version electron_intensitiés.after,they have been normalized. The 286-

kev transition was:assigned as an Ml so . that its theoretical conversion

coefficient'éould_bevused to relate thé gamma.-ray . and electron intensit-
ies. .The derived K conversion coefficients for the remaining transitions
have.been,calculated‘and_are récorded in Table XVII. The results are

quite conclusive for an ML assignment for the 338-kev transition and an

E2 assignment for the 80T7-kev transition. The K conversion coefficient
for the 1031 kev transition agrees with the theoretical value for an E2.

_For the,5ll—522-kev transitions the combined K-~conversion coefficient

falls between that for a pure Ml and a pure EZ. .So about.all that may

be concluded'concerning the 511- and 522-kev transitions .is that each -

may be anything between a pure EZ2 and .a pure ML or an Ml }.EZ mixture.

Table XVII

Derived K conversion coefficients. for P6206 transitions

Gamma-ray  Photon  Electron - Photon Derived Theorétical
energy intensity intensity ‘intensity K-conversion K-conversion
(kev) (relative) (relative) (corrected)  coefficient  coefficient
' ' (assumed )
286 35 100 1200 © 5x107t
338 41 48 235  2.1:0.5 x 107" M1-2.8 x 107"
o E1-1.7 x 1072
"g%% 100 0 575 - 5.2£0.5 x 1072 M1=9 x,lQ_z
E2=2.4 x 10°°
807 57 5.7 - 328 1.7¢0.5 x 107° Mi-
o EZ2=assumed
1031 84 3.2 1480 6.240.5 x 1072 1
' )' - : : E2=6 x 1075
E1=3.3 x 107>

Table XVIII”summarizes_all_the,transitions observed in the dif-
ferent experiments and their most probable multipole order assignments.
All thése_transitions,may be placed in.a tentative decay scheme except

the.980~kev’transition, .The proposed decay scheme and tentative spin
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assignments_to,the,excited_staﬁes,are given in Fig. 11. The .sums .of . the
transitions by any path between levels agree with the experimental error
of the .energy determination.

. .Table XVIII

Summary of transitions,observed,invPozo6 decay

Energy Assignment Energy Assignment
(kev) _(kev)

1031 E2 463 : -
.980 : -- 338 ML
807 : E2 - o311 ML
511 M1,E2, or 286 ML
522" (M1+E2) 60 E2

bz --

Gamma -Gamma~Ray Coincidence Measurements

Gamma—gamma—ray coincidence measurements .were run to check the
.arrangement of(themtransitions. When the 1031-kev transition was used
as. the gating_photon; the-iow«energy gamma rays (286, 311, and 338) were
.bbserved_to,be in coincidence with it. Also,a,Weak.coinéidenee.wasﬂde—
‘teéted with €ither the 511- or 522-kev transition. The 807-kev_transit-
ion as the gating photon showed a very prominent-Sll—SZZ-kev coincidence
peak, with some additional weak coincidences in the 286-, 311- and 338-
kev regions. The resolution of the.scintillation spectrometr does not
allow one to distinguish which of these three gamma rays is in coinci-

- dence, so.the results cannot be considered conclusive aé_to'gamma-ray :
placement in the.decay'scheme, However, the over-all results agree with
the proposedvdecay scheme,except_that,theJinténsity of the coincidénce
between the 1031- and 522-kev transitions is weak. All thesé.measure-
ments were made with a 2 x lO-6sec{ resolving time. Additional coinci- -
dence measurements .were run with a much faster resolving time? By gating
on the K x-rays a limit .of less than. 2 x_ZI.O_9 sec for the half life of
the transition could be .set .for the-lO3l—,i8O7T,v511—, 338-, 311-, and

286-kev transitions.

Discussion of Spin Assignments

The.spin_assignments to the various .excited states are .very

tentative and were.assigned by intensity considerations.
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The ground-state spin of P0206,is zero with even parity by even-

even nuclide systematics. .The ground-state spin:of Bi?o6 has been tenta=
tively assigned 6 by Alburger and Pryce,with even parity by a detailed
analysis of its.decay to excited states of Pb206. 2 .In order to obtain

electron capture .to the higher excited states, the spin change must be
either [ AI =0, £ 1, No] between the .state and the P0206 ground state.

Any spin change greater than this can be ruled out. A "second. forbidden"
procesg [ AT =2, £+ 3 No] would require t00»longfa half life .to fit this
9

.decay. A "first forbidden" process [AI = 0, + 1, £.2, Yes] requires
-a parity change which is not plausible for this décéy. .This .is because
the transition types.which allow parity changes were not observed in the
experimental work. Since the spin change is eitherlolor.l between the
.EOZO6 ground state and the.Bi206 excited state, this excited state has
to depopulate .to the ground state (6+) by a series of transitions to
accomplish the spin change of”either 5 or 6 if no spin éhanges-larger
than 2 are present. .The decay scheme proposed .is .one possibility that
agrees with the experimental,datao The .spin assignments are rather rig-
idly Set.if,the ground-étate,spin”and the.multipolarities,of,the gamma,
rays .are correct. One weakness appears.in the population of the 1369-
kev i_evel° .This state has,béen”assignédua spin of . 3+ .and therefore it
cannot receivevany/difect electron capture. It'must get its population
from 9 kev EZ‘tranSitioﬁ from_thé.1378_keV~level; This .reguires that a
9-kev E2 compete with the 60 kev,transitidn,,which,ié,three‘times more

intense. .This is reasonable, but.it is considered a weakness since no

i transition: of this low energy has been . observed.

Estimation,of.Eléctron—Capture'Decay Energy of Polonium-206

. The electron-capture -decay for E6206 has been estimated by the

proton, neutron binding-energy closed cycle. An explanation of this

207

‘method was given -in the discussion on Po ~in this dissertation, and a

detailed explanation in an article by Glass, Thompson, . and Seaborg, which

a7

" constituted the original source. ~The neutron and proton binding ener-
gles required for,ﬁhis case were e$timated by extrapolatiqg bindingv‘
energy curves; . The binding energy for the-last proton in Eozo .was esti-
mated to be 4.8 + 0.3 Mev. The binding energy for the last neutron in

- p1206 20T Gere calculated to be 8.2 + 0.3 Mev and 7.2 .+ 0.3 Mev,

and Po



‘approximately equally intense alpha groups. .They populate excited

'f9/2

states of the same .configuration with different spin values which will
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respectively. These binding energies give.a value of 2.3 +.0.6 Mev for

the electron- capture decay energy of Pozo6° .With .this estimated decay

energy it is possible. to determine log (ft) values .for the electron-

capture process. to.the various. excited states of B1206° _The -log .(ft)

values .calculated are 7.5 for the .decay to the 1839-kev level, 7.9 to

the -1688-kev level, and 7.3 to.the 1377-kev level. These values are

.all high for what.is usually considéred,significant. The log (ft) value

when compared with the population. going to the same state shows the ex-:

pected relative,value_to,the,other_twoﬁelectron-capturé decays. -So.the

.complete decay scheme put forth agrees quite reasonably with the experi-

vmental,data.anthhe.other:information,derived,from_themo

It is.very difficult to determine what cohfigurations give rise

.to .the various excited states that were observed.viThé ground state of

206

Bi is -an odd-odd nuclear type with an h9/2 proton and an f_ neutron

5/2
hole in addltlon .to a pair of pl/2 -z neutron holes. _The odd proton and

"neutron will couple.and give the spin_ of the ground state, which was

>

considered to be a 6+ state by Pryce and Alburger. The excited_statés

can arise from the promotion of either the proton .or the neutron or both
.and the subsequent couplingminto different resultant Spins. .The number -

_of levels that.can be predicted in this manner is very great.

It is 1nterest1ng to note the alpha decay of At2 0 when con-

sidering the. exc1ted levels of B1206 At“lo.decays,to,Bi206 by three

states .82 and 164 kev above the ground state. In the study of the P0206 .
electron—éapture-decay no .transitions of these energies were observed,
and it must be assumed that they are not populated to,a«very'great.ex~

tent. The explanation must lie .in the fact that the h proton and

9/2

neutron in the ground state can couple .in several ways . to yield

be split by.a small_energy difference owing to interaction between parti-

cles. The-alphavdecay of-AtZlO,would be éxpected”to,pOPulate all states

.of the same,configurationﬂwhennone.state,is_populated if_the.energy dif-

ference is not too great. Alpha decay is essentially spin-independent,

and the partial alpha half life .for each group depends on the amount of
210

'.decay energy available. "For At the groups are very close together in
: . N\
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_energy,'so:that[equal_abundanCe.for,the'three grbups,isﬂéonéistent«with
what is known concerning alpha decay. Howéver, it.is .difficult to .assume

that these low-lying excited states are present.and are not populated by

BOZO6 decay, since,favbred,transitions.can be-postulated$for<any spin
that an h and . coupling can give.
_This example of states that are present but not populated in

.P0206 decay points .out. the great complexity that is expected for Bi 06

excited states. EFEach configuration should be a group of close-lying
levels that arise . .from the couplihg,of the _odd particles. .These levels,
when superimposed on the excited.levels of the neutron pair, make the

theoretical levels of B1206 very complicated.

C. Astatine-209
‘The isotope At209 was .first identified by Barton, Ghiorso, and

Perlmah,,who,reported that it decayéd predominantly by electronvcapture;9

They,measured:the»alpha emission to electroh.capture branching ratio teo
be 0.05 and an alpha energy of 5.65 Mev. A preliminary study of the
.electron conversion lines given by Mihelich, Schardt, and”Segré yielded

transitions .of 83.8, 91.1, 195.0, 545, and 784 kev.>S
209 '

_These .electron
lines were assigned to.At on ‘the basis of chaﬁge in relative intensity
of known‘AtZlO;lines,as,the.energy of the accelerated helium ions .was
'Vafied_to‘change.the.amount of At209 to At?lo present in the Bismuth
target. .This . is .the extent bfvthe,previously published information .on
_Atz.O9 decay. v _

The study of this isotope was undertaken with the hope of com-
pletely elucidating the .alpha and electron-capture-deéay schemes. It
fwanfirst nécessary'to,determineAif any alpha fine struéture:was present,
in'order to -determine 1if the reported gamma rays all belong to the elec-

209

,trbh-capture decay. .Samples'of At ,were,mEQe byjbombarding bismuth
metai_with Lo-Mev héliumiions in‘the 6Q-iﬁ, cyclotron at the -Crocker
Radiation -Iaboratory. Amline SOurce,wés_prepared by plating the astatine
.on”a 10-mil silver wire. .This source was then exposed in the alpha-par-
vticlevspectrogréph-for'B hr; a count of,the:élpha tracks in the emulsion
from this run .showed a peak, assignable to A£209;,which had a height of
.5600_£racks<above‘background.‘AThe.same.sample.wasAthen exposed for an

additional 14 hr and a peak height of 2000 tracks was .obtained. This



decay. Hence we can conclude that.all the transitions reported for. At

:must come .from the electron-capture -decay.

vtionvand”isolation of Ra—
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.decrease in intensity is .consistent with a 5.5-hr haif»life,.andumade it

certain that this peak could . be définitely assigned to Atzog. Since

210

At .wag .also produced in this bombardment, the three AtZlO groups -at
-5.519, 5.437, and 5.355 Mev (each peak”about.one-tenth that .of the At

209

peak height) and’POZlO group at 5 299 Mev were also present.. These groups

were used as internal energy standards, which gave . .the At2 9 group .an

energy of 5.642 + 0.005 Mev on each exposure. The .experimental error

arises.from the uncertainty in exact energies of the standards.and in

locating the peaks accurately on.a photographic_platen . The spectrum ob-

served on the second exposure with this sample .is shown in Fig. 12.

2
The presence .of the AtZlO,and‘Po 10 group obscures somewhat the -

.gearch for. low-intensity alpha groups of At209 decay. Avlimitvof-z,ﬁ%

- abundance .can be .set dbwn, however, to.an energy of’600,kev_below,the

209

"main At" 7 group.  This limit is not valid in the -immediate vicinities

210 210

of the At™ and Po groups; i.e., 5.53 to 5.50, 5.45 to 5.42, and

5.37 t0.5.26 Mev. »It does .seem highly improbable, however, that ahy
209

low-lying .complex structure .in large abundance exists in the At .alpha

209

N

Gamma-Ray Measurements on Scintillation Spectrometers

209

In order to.measure . the .intensity of the gamma raYs, pure At
was_preﬁaredﬂby_the "milking" procedure based on .a preliminary prepars-=
213,as,outlined”invthe section on experimental
techniques.  These samples yielded very exéellent photon spectra on the

scintillation spectrometer. A typical example .of such a”spéctrum is

_shown in Fig. .13. .The three peaks observed .are due .to -195-, 545-, and

T84 -kev gamma-rays. .The .intensities of the photopeaks when corrected

for counting efficiency are 24, 66, . and 100, respectively, on.a relative
scale of.100 for the T84-kev gamma‘ray. _These intensities .are good. to
‘at least +20%, and are probably much better than this. Any other gamma

.rays in.AtZQ9-decay.aboveleO kev in energy must be very weak.

-Conversion-Electron Studies of Astatine-209

209

The conversion-electron lines of, At were studied very care-

fully by several methods. The samples_used_for,these-runs_were.mixtures
209 210 211

.of At , At and At ", and were prepared by bombarding bismuth metal
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with.helium.ions, A mixture had to be,usedvbeCause_thisvis_the.only way

209

in which large quantities of At would be produced.  Samples were run
on the double-focusing beta-ray spectrometer.at-O.S% resolution. At this
high resolution the At209'coﬁversion“electrons,can easily be separated

* from the numerous AtZIO.lines, Table XIX gives a .summary of the results

.obtained_frOm,the double-focusing beta spectrometer. .

Table -XIX

At209 conversion electiron intensities.from double-focusing spectrometer

Gamma energy ' : Intensities
(kev) Camma. K electrons L electrons K/L ratio
195 2k 68 : 13.5 4.9 £0.5
545 66 11.5 3.0 3.8 £ 0.5
784 100 7.5 - | -

Samples ofAthe.mixed'astatine.isotopesiwere:also'exposed on
severalldf_the permanent-magnet spectrographs. From these runs exact
‘energies and assignment of lines to the correct isotopes were obtained.
-In conjunction with R. W. Hoff, samples of pure AtZlewere run and ctom-
pared with other samples, which ranuas,high.as'SO%'Aﬁ209. By'éareful
comparison of the .intensities observed, the conversion electrons from
At209'cén be picked out. .The lines that we.assigned to At209 are shown
in Table XX. .The intensities given,were,visually estimated .and are re-
lative.té;the;most«intense line appearing on the plate. .The gamma-ray
energies observed were,90.8 + 0.2 kev, 195.0 = 0.4 kev; 54ki.5 + 4.5 kev,
and 780 iFZ,h.kev. !The,value.ofv780 + 2.4 kev is just outside the ex-
perimental error of_the-previoﬁstéaSurement;:which recorded the.energy
as 784 kev. The 83.8-kev transition_that,wés reported by Mihelich,
.Schardt, and.Segré,tovbeiong to Atzog wasbséen in our runs. .We assign
this transition to AtZlO, however, instead of to Atzog. -In Fig; ik, a
photograph_ofvtwo.plates:of'exposures,made on the permanent-magnet
spectrograph'covefing_theAregidn 6f interesf shows our reason for this )
assignment. Thé-first exposure has a very high ratio,of AtZlO,to At209 N
activity, and thé.other plate,has been exposed to the same .amount of

210 209

At actiﬁity but also.an approximately equal amount of At activity.

. By comparing the intensity of the K conversion line of the 195-kev

209

transition of At one can very clearly determine the difference between
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_the plates, in the amounts of activity. .The intensities of the 83.8 kev
conversion.lines are about the same on both plates .corresponding to the
'1relativerintensity,betweéngplates.of the other knownvAtZlO,conversion

lines. .The .90.8-kev transition can .also be observed in the plate contain-

209

ing At . .From these observations concerning the change in intensity

of 'lines in the exposures of At209

to the Atzlo decay.

, .the 83.8-kev transition was.assigned .

Table XX

Summary of At 209 conversion electrons .observed in -
permanent—magnet spectrographs

Electron energy Intensity Conversion shell Gamma. ray energy
) (kev) (visual) ' (kev)
Th.5 M Ly . 90.8
77.0 M R . 90.8
86.9 WM Mo - 90.7
87.5 W Meyy ©90.7
.90.1 W . ’NII"’NII 90.8
90.7 W OO 90.8
.102.0 5 K 195.2
1%0.5 W - _
'178.1 M Lo 195.0
.190.8 w My 1194,8
451.3 s K 54k .5
527.3 M ”LI> 5hk,2
536.6 w - -
540.2 W M Shk.2
686.2 sM X 779 -4
695.8 W - -
Multipolarity Assignments : | | . ..

From the experimgntal_work"the}transitions observed can be .as-
signed to certain-multipole.ordersj -For the.9Q,8—kev gamma ray, the
.assigmment is very easy'and_unéﬁbiguousﬂbecause.thé conversion lines
uniquely determine.it_to,be-an.Ez transition. . The .conversion lines of
the 195-kev gamma ray indiéatévﬁhat_it i§ either an ML or El. .The El

possibility is eliminated by intensity considerations and the empirical
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20T \hich has no low-lying odd-parity state. The K/L ratio

relation to Pb
ffaﬁors ML, but the limits of error.are large enough that the possibility
of .an B2 admixture cannot be ignored. If oneraésumes that.the,l95~kev'
gamma ray is an Ml,transition, then by use of the theoretical converéion
coefficients by Rose, tﬁe:intensity bf the K conversion electrons can be
calculated from the photon intensity.v By normalizing_fhe.other K,cbn—
-version electrons to the .value for the 195 kev.transition, the ratio
between the .conversion electrons and the photon intensity yields .the K
_conversionacoefficients.for‘theISMS_and 780 kev transitions. 1In Table
vXXI_these.derived,values:havevbeen“caiculated and are compared with the
theoretical values . for pure transition types. This indirect procedure
1s necessary because our electron intensities are not,on,an,absolutel
basis. | |

Table XXI

Derived conversion coefficients for At209 transitions

Garma energy Multipolarity Intensity K=conversion coefficients
(kev) ‘Assignment K electroms Gemma Derived Theoretical
195.0 M1l 43 -2k .- » 1.8

545 M 8 66  1.2%0.5x107" 1.5x 107"

- . E2 - - - 2.3 x 102

780 M1 5 100 5.0 £ 0.5 x 1072 5.4 x 107

: T

- - - - - 1.1 x 10

Thé-780-kev,transition_agfees within the experimental error for an‘Ml
assignment. . The 545-kev transition falls within the experimental error
for an ML, but the low K/L ratio given previously (K/L_¥,3.8 t 0.8) lies
between thét‘expected_for a pure E2 (K/L = 3.0) and a pure ML (K/L = |
5.0).v.ThevK-conversion.coefficieht indicates,that the transition is
essentially Ml in character with only a small“amount»ofrEZ admixture.'
.These .considerations give the following multipole .order assignments which

-are consistent with, the data: 90.8, E2; 195, ML (+ E2); and 780, M.

\

Gamma—-Gamma-Ray Coincidence Measurements and Decay Scheme

With this information and some gamma,~gamma.-ray coincidence
measurements, a tentative decay scheme can be constructed. Such a decay

scheme,is,shown‘in Fig.-ls. .The spins and parities given are discussed
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At2°° s5hr

~(972-)

1610 kev

90.8 E?
' 1520 kev
545.
Ml (+E2)
5/2- — A 975 kev
195
3/2- Y 780kev
780
MI
1/72— = ‘209 - . 0]
Po ~100yr.
MU= 11794

o § ) 209
Fig. 15. Proposed electron-capture decay scheme for At .
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.later. Gamma—gamma-ray coincidence measurements. were made on pure At 77,

.the result .of a recent experimental measurement.

-state spinvhas.been.determined,to,be'1/2,,and this must arise from a p

266~

09
213

which had been isolated from Ra . -Coincidence measurements,using'the
780-kev photon .as. the gate have shown that the 545- .and 195-kev photon
are .in coincidence with it. Similar_measuréments on the 5L45-kev photon

showed both the .195- and 780-kev gamma rays to be in coincidence with it.

'_The.only unambiguous way of placing these three transitions so .that they

are in agreement .with the coincidence measurements is.in.a triple cas-
cade. The order was determined by the total intensity df_the_transitionso

The,ﬁotalwintensities are given in the following table.

. Table XXII
Total transition intensities for A£209
Gamma energy Transition intensity
 90.8 o 23
195.0 _ -6
5450 76
780.0 105

»These,weré.calculated_by’summing the photon and electron in-

,tensitieé,from Table XIX. .These.intensities .are good to within + 20%.
.. The 780-kev transition was put at the bottom because .it is the most in-

-.tense, but. the order of the 195.0- and 545~kev transition cannot be de-

finitely stated. -It is possible within the experimental .error that the

-195~, 545-, and 780-kev transitions .are all of equal intensity. If this

is the case, thevgréatest,amount of the electron capture goes . to.a level

~at 1520 kev and cascades down to the ground state. . The placement of the
90.8-kev E2 transition is .only tentative, and is’discussedAmoré.thor—
~oughly later. Approximatély 20% of the decay, however, passes through
this transition, so that ﬁts_plaéement.in the complete decay scheme is

very important.

209

The spin assignment of-l/2 for the ground state of "Po is

34 In.szo7 the ground-

"1/2
neutron vacancy in_the.doublefclosed.,sheil;35’47 Pb207‘and szog.differ

only by two protons, which should be paired‘off_to give no effect on -the
209

ground-state spin. .By analogy the ground state of PO must -also arise
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from this samevpl/é vacancy, s;nce gggh.isotopes,have.the same number of
neutrons. .The excited states of Po should then look somewhat like
.those,in.Pb207'except that they will probably lie at lower. energies,

' since the,isdtope is further removed”fromvthe'doublevclosed shells. . The

207

-.experimental levels.in Pb are,a.pl/z'ground state, a f state at

570 kev, a p3/2 stite qtv870 kev, an il3/2‘State agdéeé MZézand.a.f7/2
state at-2.35 Mev. The .first excited level in Po ~ appears at 780-
kev, and is .comparable with the p3/é state .in the szOY,leveléo A 3/2-
spin .and parity assignment to this.level also .agrees with all the .ex-
perimental data concerningiE0209 1evels; -It_alloWs the 780-kev transi-
tion to be Ml, and such a low spin rules out the possibility of .much
direct electron capture populating it. The other two. levels.at 975~ and
1520-kev have nolcorresponding‘states in the level sequence'ofAPVZOY, A
level at 1.61 Mev does appear in Pb207'with a.spin‘of.l3/2 and + parity.3
_This can be ruled out as being the same as the 1520-kev level_in P0209,
‘since the high spin would cause a very long half life for the depopula=-
- tion of,thevstaté, which is contrary to.thé experimental.datavfof the
1520-kev level. The two remaining levels- cannot be assigned spins .and
parities by a .comparison to PbZOY,levelsa

The ground-state spin of Aﬁ209

is 9/2, from simple shell-model
_theory.2 A£209 ground state consists of a neutron péir, a proton pair,
and an odd proton beyond the closed .shell. .The 0dd proton, most likely,
lies.in_the_h_g/2 state and since this orbit started filling with Bi209;
it needs 10 protons to be completely filled. If the ground state of
Atzo9 is taken as 9/2m, the spins of the.§75— and ..1520-kev levels can

_bé inferred ffoh the intensity data. ,The.two transitions have the same
intens;ty, so that all the population must go.to the.lSZO—kév level. A
_spingandiparity of T/2- can be assigned to this level, and a 5/2- assign-

ment can be made for the 975-kev level. Thevelectroh.capture probably -
goes by an "allowed" process_that has the beta-selection rule of [A I =
0, +1, No];29 This would account.for_the.electron capture'é going to.a
. 7/2- state and not to a 5/2- state. .The remaining electron capture,
which does through the,90.8-kev_transition, is,stiil.not placed invthe
.decay scheme. .The best:place for this transition appears.to be on top

of the 1520-kev level. .With a spin assignment of 7/2 for the 1520-kev
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theoretical . calculatlons,but they report no 6 + stateo
in Pozlo,ls»that.ln,Bo

levels that(agrees_with the observed levels in Po

-lished. .The groundtstate.of Po

the (h

=68

level, the new level at 1610 kev can have either a 3/2 or ll/2,spinsand

~agree with an E2 multipolarity assignment of . the 90.8-kev tfansition,

.The 3/2vassignment can be ruled out on_the,basis.that,the.transitions to

the 1/2, 3/2, and 5/2 levels are not observed. This leaves.an assign-

‘ment of.ll/2“forfthe»l6lo-kev level. .This makes the electron capture -

process "allowed," by beta-selection rules, to both the .11/2 and 7/2

levels, and electron capture.to both levels should be expected. From

- consideration of the intensity of the transitions, it appears that 20%
‘of the .electron capture goes to the 11/2 level and the remaining 80% to
‘the -7/2 level. ' -

209

-.The deécay scheme for At presented agrees quite favorably with

all the experimental data. However,,the.excited-level,structure deduced

209

for Po .differs greatly from what is expected from .a comparison with

the .excited states in_POZlO, The-excited.levels_in,POZIO arise from a

(h9/2)2.configuration, .The .experimental data of Mihelich, Schardt, and

Segrd show that the 2 + and 4 + states agree quite closely with the

33 A further

~study here shows that the 6 + state does .appear at approximately 1500

.43 209 and tbe level structure .observed.

kev The difference between Po

209

a neutron hole must. be coupled to the proton

configuration, which results,ln,half—lnteger spins. One possible set of

209

can be easily estab-

209 2 -1
must be from a (h9/2 J=0 (Pl/z)

configuration, which can couple to give only a resultantvl/2 spin.

J=1/2
- The .first. and second excited states can be con51dered as arising from
l
~ the (h9/2 _ 2 (pl/2 | l/z_obnflguratlon° _This configuration, due

.to 1nteractlon .between the particles, would be split into two levels -~

one with a 3/2 spin and the other with a 5/2 'spin. The third and fourth

excited levels .could be a doublet due .to the 9/2 N (pl/2 -1 =1/2
conflguratlon, which would glve a 7/2 and .a 9/2 state° -Here .the lower
: l '
spin state. (11/2) of the (h9/2 _6 (pl/? 7 -1/2 state would have

to fall below the 9/2 state in order to explain the order in the experl—

mental,levels. . This does not seem to be .too great a dlscrepancy, since
2 . : 2 ‘ . '
9/2) J =Lk and-th¢ <h9/2) J = 6 state are .separated by only 4l kev

in Pozlo,levels. -In tbis_manner,therorder.of_the excited states may be



 es-

outlined if it is assumed that the eXcitationvenergy goesﬂihto,the pair
of protons and leaves the neutron in the Pl/é stete.‘ o ’

The bad,feature.of,this.method of predicting the excited states
mainly comes . from the assumption that had to be made. .It seems thaigthe

neutron hole (bl/z)_l,would be excited to the (f -1 state before the

5 5/2)
(h9 2) T =2 state would be .formed, since the .former requires 570 kev in

Pb .while the proton pair requires 1100 kev to be excited in POZlO.

This -same excitation of the neutron hole (pl/2 > f5/2 should also be
seen as the first excited statevin_the-strict single-particle model. The

failure of this (f _l .state .to appear near the expected energy in

5/2

 either model tends to.mske the assumptlon concerning excitation of the
‘proton pair before the neutron hole more feasible.

- If both types of conflguratlons .are ex01ted.(1 e., single-parti-
vclerlevels,superlmposed on the different nondegegerate-levels of the pro--

ton pair), the number of levels expected in the decay scheme would be
o the (by /)% )2 |
9/2 5/2 =5/2
would give rise to 1/2, 3/2, 5/2, 7/2, and 9/2 states, which would be

very great. As-one example the configuration

split into different energy levels by particle interaction. As one con-
tinuesvthrougﬁnthe possibilities;that-lie'rether'closejto,this group in

energy, it soon becomes apparent that the level scheme becomes quite com-
plex. -Since.so,many states of the same .spin would appear within-a 1l-Mev

range, it is hard to state why some are seen and others are not; .The

209

simple'levelvstructure found experimentally for Po indicates, I be-

lieve, that one of the two types of excitation is dominant-over the other.
If the single-particle excitation is dominant, then the levels are ex-
plained by showing that the order of filling these levels has .changed.

.If the excitation of the paired protons is dominant, then.the neutron
—l
)

~hole must remain a (pl/2 .state. If one of these two.models is

=1/2
not .correct, then it becomes very difficult to explaln the extreme s1m— .,

plicity of the level structure when such a complex,structure is predicted.

.The two things that stand out .from this study of At209 decay are
209

..that the sequence of levels in Po is .completely different from what:

207

is expected from a - comparison with Pb , and that the decay scheme is

so. simple. A gquantitative, theoretical consideration of the interaction
between a neutron and a proton pair. would be very interesting, and might

help explain the decay scheme of At209
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D. Astatlne 208

it

The isotope AtZOS was found by Hyde, Ghiorso, and.Seaborg_in a

study ofvthe decay scheme of Ferz,‘which shows .branching decay to AtZOB :

212 208

.and Fr . .The At daughter isotope was shown to have a 1.7-hr half

life.lo At208 emits .alpha particles with an energy of 5.65. Mev, but the

208

principal decay.is by orbital electron capture to 2.9-yr Po . .The

branching ratio was_estimated_to,be-lBO *+ .20 by comparing the initial
_alpha-counfingvrate of a pu;e.sémple of At208 with the final alpha-
eouuting rate due .to the P0208 déughter.

At about .the same time, Barton and Perlman found indirect ev-
idence for At208 that indicated that this isotope had a half llfe of
6.3 hr.9 .These authors prepareduastatine.isotopes byubombarding bismuth
with high-energy protons.  The astatine.fraction from such bombardments
contained a complex:mixture of astatine.isotopes wéth similar half lives,

' 20

and it was impossibleAto[learn_anything“about At " by a direct exami-

nation of the,astaﬁine fraction. However, by removing polonium daughter

.activities at timed intervals and and measurlng the P0208 alpha activity,

it was possible to deduce a half life of 6.3 hr. for At2 8. .These ex-

perlments,by'Barton and Perlman were completed before .the work of Hyde
et al. had been done 10 .The diserepancy in the two half-life values is
explainable in terms of isomerism, but it seemed desirable .first to con-

Tirm the. experlmental flndlngse

208

The assignment .of the l.7-hr At can be considered definite
' 212 212

.because of the well-established genetic relationship of Fr ~ , Em 5

208 : 208

and At .to .the well-known 2.9-yr Po ~ . .The properties of the-l.?-hr'

daughter Atzo-8 are unambiguous so.farvas reported, because pure samples
of the .activity could.be,"milked”~from:Fr212@ It seemed desirable, then,
to repeat the experiments.by'Barton and Perlman to determine whether the
6.3 -hr half life .could be reproduced and if, in addition, evidence could
be found for the 1.7-hr form of At208 in bismuth targetsn

The. experiment: was . carrled out under oondltlons similar to
Barton's "milking" experiments. ‘Theuastatlne.wasvproduced by . bombarding

bismuth metal in the internal beam of the -184-in. cyclotron with 100-

- to 120-Mev alpha particles. All the astatine .isotopes from 206 through

211 are formed. .These isotopes.and their polonium daughters are shown

in Table XXIII.
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Table XXIII

Astatine isotopes and their polonium daughters

Astatine isotopes in solvent phase Polonium daughtefs stripped
giving rise to polonium daughters. into HCL-HNO, phase.

3 v
211 BC po2ll Tz
ab o . 3 =0.5 sec ~
:AtZlO ___EEE_, POZlO 138 dayé 5.30
209 . '___E%L%, P02097 100 yr 4.86
21,208 C__EC po208 2.9y  5.10 '
at207 __EC | po20T no o |
w26 _EC - pe?%® g aay 5.21

’

The chemical purification of the target and the chémistry used

in the "milking" experiment are as follows. .The bismuth target was dis-

solved in concentrated hydrochloric acid, and the solution was evaporated.

to dryness .after excessvhydrochloric_acid_had been added. Excess hydro-
chloric acid was .again added and the.sclution taken down to .dryness to
remove all the nitrate ion. Thefreéidue.was then taken up in 6 M hydro-
chloric acid, from which the astatine wa.s extracted into a diisopropyl
ether layer. .The,organic layer‘was washed several times with 6 M hydro-
chloric acid and then diluted with tributyl phosphate until it was-zo%
tributyl,phosphate solution..-It was then washed with a.2M nitric .acid
and 4M hydrochloric.acid_solution;/ These solutions were.immediately
analyzed for a short-lived activity (astatine) to determine if any was .
removed from the organic fraction. ‘No short-lived activity was found in
any sample; therefore, it was certain that the polohium activity present
represented only the decay of the parent during a certain time_inter&al.

.The polonium isotopes present and their decay properties are given in

‘Table XXITI. Portions of each polonium sample were analyzed in the alpha-

pulse analyzer to .determine the ratio of POZlO to Poz.o8 alpha activity.

In addition to these two activities, the .alpha group of P0206, which is

the daughter of At206 decay, was observed. o
-In milking experiments the amount of activity of the daughter
plotted versus time gives directly the half life of the parent. However,

~this requires that,thefchemicalvseparation'bevquantitative. In this ex-

2

x
'y
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periment a much better method, which depends on"AtZlO,as,an_internal

standard for the chemical yield, can be utilized. The half.life of

AtZlO is well known, so that POZlO,activity can be arbitrarily put on an

v8.3—hr half-life . line.  Then from the ratio ofAPOZOB,to POZIO_activity
208 I
-activity can be

determined. . From these P6208 points the half life of At208 can be di-

in each milking fraction, the correct amount of Po

rectly determined. .The same procedure can be used to determine the

At206 half life from the ratios of P0206.to.Pozlo. The results of such

an experiment .are shown in Fig. 16, The .curve shows -a complex decay curve,

‘which can be resolved into a 1.6 = C.2-hr and.a 6.2 + 0.3-hr half life.

~

must be. an isomeric state,present in.At

Also, to.further verify the accuracy of the .experiment, the half life of
206 .

" At was -determined.to be 2.9 £ 0.4 hr. This is within .the experimental

error of the only other previous determination,'256 hr. .These results
indicate very strongly that both half 1ives_are_correct.and that there
208 ' 1t cannot be stated whether
the -1.7-hr or the 6.2-hr isomer constitutes the ground state. Furthér
studies on the 6.2-hr isomer must be deferred until some better method

for its preparation is devised. The.heavy-ion_linear,accelerator that

is being built at this laboratory may be very useful in_m.a.kingﬂAtZO8

209 210

with only small amounts of At and At~ present.

A study of -the alpha and'electfon-capture decay of At208 has

been carried out as completely as possible with the small amount of pure

At208 activity that can be produced. Only samples . that were prepared by
208 ‘

.milking the At from Frzl2 gave.anyvsignificant results. Samples pre-

pared in this)mannér.rule.out.any possibility of observing any radiations
of the isomeric transition, since .only the.l,7-hr half 1ife is .found as

the daughter of Ferz alpha decéy.’ In all the other present methods of-

208 206

preparation of large quantities of At , all the isotopes from At

through Atle"are produced, and the large number of gamma faidations

 present completely mask At208 gamma rays. The gamma-ray spectfum-of

At208,as observed on the scintillation spectrometer is. shown in Fig. 17.

.The energies of the gamma rays .are 660.t 20 kev and 175 + 10 kev; the

Oother peak at 75 kev is assigned to the K x-rays .of polonium. When cor-
rected for counting efficiency, the 610-kev photon is.approximately_4
times as intense .as the 175-kev gamma ray. Gamma—gamma-ray coincidence

measurements .show that the two gamma rays.are in cascade. The coincidence
1
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measurements also.show a .weak 250 * 15-kev gamma,ray_in,coincidence_with
the,660-keV'gamma'ray, This gamma ray was too weak to be observed in R
.the,straight gamma -ray spectrumas.seenpn_'the.s‘cin.tillationspectrometer°
.The above radiations are all that,were,observed,in the electron-capture
decay, and they all decayed with a 1.7-hr half life.

,The;alpha decay of AtZQ8 was investigated by alpha-gamma coinci- d
’dence-measureﬁents. -It-was,shown that there was .a gama-ray of 120 = 10
kev in coincidence with some of the alpha particles. The intensity of
the gamma ray was determined to be .0.03 £ 0.03% of the total alpha decay.
Hence .the lower-energy alpha group could not be seen in ion-chamber méas—
urements. A calculation”of the alpha population going.to this level de-
pends”onrthe.multipole order of the . transition, which is not known. One
would expect either an E2 or Ml; so, assuming these,twovpdssibilities,
the population will be either ~0.2% (E2) or.~1% (M1). In either case
the population of this excited state is quite .small, and .a limit.of 107%6
éan be set for any other gamma transitions .in coincidence with alpha
.particles.

A tentative decay scheme for At208, using £he.above experimental
data, is.showri,i\n,Fig° 18. .The déughter nucleus of the electron capture
is POZOS, which is an even-even nucleus.  The excited levels .of this nu-
clear_type,have been guite extensively studied, and a definite pattern
of levels has .been observed.  The ground-state spins of all even-even -
nucléi'have been found to have zero .spin and even parity. .The first ex-
cited state has been shown to be a 2 + state and the second excited state
either a 4 + or 2 + state. The energy separation between the ground and
first excited states and between the .first and second excited{states de-~
pends very strongly on the nearness .of the particular isotope,to}a closed
shell. The.spacing_bécomes progressively larger with a néarer_approach
to .a closed shell, and in_the.immediate.vicinity of a closed shell the
separation becomes quite large for the ground to first,exéited state.

The -levels of P0208,would be expected to show this.type of level pattern,
since .it 1s an even-even nucleus .and the energy separatidns would be
rather largé, as .the isotope .is vefy near a closed éheli (two protons
from the 82-proton shell and two neutrons from . the 126-neutron shell).
It is partly on this empirical relationship that the spin,and_périty as-

signments have been made.
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. 18, Tentative electron-capture decay scheme for AtZ'OS. _
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In addition to the general case of even-even nuclei for assign-
ing the first two excited states,,one may reasonably expect .the pattern .
of excited states iﬁ,Po to be .very similar to that in.POZlO, which
has been carefully determined. POZlO.lies.two protons .above the 82- .
prdton_closed,shéll and_has.a closed shell of neutrons. Since both iso-
topes are .even-even, the.same'levels,should_appear in P0208vasﬂinuP0210, o
but at.a smaller energy separation between ground and first excited
.state, since Po2 is further removed from the closed shells.. Mihelich,
Schardt,‘and'Segré have published a very complete study of the energy |
levels in.PleO. By angular correlation measurements in addition to
- complete characterization of the transitions, they assigned spins .and
paritiésvof.2:+ and 4 + to the first and secbnd'excited étates; The
first excited state (2.+)‘is.at-ilBS,kev‘and_the.second (4 +) state at
1431 kev in POZlO° . Therefore, if the 662- And 837nkev levels in P0208
are,assighedv2.+_and.h + spins .and paritieé, respectively; they show the
expécted energy'ldwering. .Thus these states in Atzo decay are assigned
on the basis of even-even nuclei systematics .and by comparison with.POZlO
excited states. ' .

.. On the basis of the above spin assignments, the two observed
gmmm; rays must be EZ-transitions. vAséuming this, and using the ratio
of photon intensities, we can calculate the .total intensity for each
transition. With .the assumption that there is no electron capture direc-
.tly to the ground state of POZOB,‘the.amouht of electron .capture pro-
ceeding to each level can be determined as ~T2% to the 2 + state and
~28% to.the 4 + state. ,Froﬁ,this the ground-state spin.of AtZOB.can be
éstimated. Since Ai208 captures directly to a 2 + and a 4% + level and
has a short half life, the process must be "allowed" and obey the i;x1,=
O, + 1, No ] beta-selection rule.?? This requires that the spin and

208 t2Q8

parity of the ground state of At~ be 3.4. A is .an odd-odd isotope, c

with the odd particles .an h9/2 proton and an.f neutron, from strict

'5/2

shell-model considerations. . The 3 + spin.assignment agrees'wi&lenihemlb

:ruleaof ground-state spins for odd-odd nuclei, which predicts .that the

coupliﬁgvof an proton and an f neutron hole can given any spin

, 9é2 5/2
from 2 + to T +. o' . However, it disagrees with a thecrum by Kurath that
the lowest state of a configuration of one proton in a level j and one

neutron in a-level j' is.1l, with I = j + j' - 1, which is 6 + for the
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208 38

At™"" nucleus. This spin would require an [ A I = +2, No] type of beta

decay to the 4 + state and a much higher spin change for the capture to |

a2 + state. Such large spin changes would require.a long half life, and

.can be ruled out of this .electron-capture decay.

'E. Emanation-211

Elel_was.first identified_by‘Momyer,and'Hyde,in the bombardment

of thorium foils with 340-Mev-protens.8 ‘This isotope tes a 16 + 1-hr half

.life .and decays by electron,capture-andealpha emigsion; the branching

ratio of electron capture to alpha emission is 2.8 £ 0.3. The mass as-
signment was made by observing the growth of At 211 and Po211 .alpha gnmps
from the electron- capture«decay. Momyer, Asaro, and Hyde. 1nvest1gated

the alpha spectrum on the alpha-particle spectrograph and observed . two

‘alpha groups.of 5.847 and 5.778 Mev, with abundances of 35% and 65%,

respectively.uz Gamma rays of 65 % .10, 150 + 30, 400 * 30, and 600 * 50

kev were assigned to Elel 8 This is.all the published information

211 -

- concerning Em

Alpha-Decay.Study

. The alpha decay was studied again to determine if there were

any addltlonal alpha groups. Thls,was,flrst done by alpha partlcle—

gamma ray coincidence measurements. In .addition to the 69-kev gamma

ray between the ground and first excitation state, two additional gamma
rays were observed at 169 and 234 kev. Fach gamma ray had an intensity
of approximately 6.5% of the 69-kev peak. TFig. 19 shows the spectrum

observed. The small peak justvbefore.the_69—kev peak 1is.an escape peak,

~which is eaused_by an iodine K x-ray escaping from the sodium iodide

crystal. The two higher-energy gamma rays observed may arise from a

single additional level and be de-exciting to the ground. and first ex-

‘cited state, or they may arise from two additional excited levels popu=

lated by low-intensity alpha groups. This can be most easily determined
by a dlrect observatlon of. the .alpha group or groups. '
Large samples of Em 1l were prepared by the glow discharge tech—

nique on 10-mil platinum wire and run on the,alpha—partlcle.magnetlc

spectrograph. The region below 5.778 Mev was . carefully scénned for alpha

groups .that could give rise to. the two observed gamma rays. A peak was

Observed at 5.615 % 0.00S kev, and .careful scanning of the plate_sﬁbwed

?
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no other alpha groups between 5. 778 Mev and an energy 350 kev lower. An
alpha group at 5.615 Mev may depopulate . to.the ground and first excited

state, and the tvanqltlons expected agree with the. observed gamma rays.

Including this group, the Em211 alpha decay has alpha groups of the

following energies and intensities: 5.847 + 0.005 Mev, 33“9%; 5.778 %

0.005 Mev, 6h.5%; and 5.615 £ 0.005 Mev, 2%.

.The conversion electrons of_the.69—kev transition have been ob-
served in a,permanent?magnet spectrograph exposure. The conversion lines

B
cbserved were L. Mit’ MIII’ N’I’ and . Q”I {they are recorded in

;~—' T2
TablevXXVI)f Thio,paitern of lines uniquely determines the transition
to be an E2 of 68.7 £ 0.1 kev, No.conversion lines were .seen correspond-.
ing to the less intense transitions, therefére nothing can be said con- .
cerning their multipole order. . The alpha spectrum observed on the alpha-

particle .spectrograph, and the alpha-decay scheme, are shown in Fig. z0.

Gamma-Ray Study

The electron-capture decay has been studied as completely as
possible with the instruments available. . The gamma rays ohserved on the
50~channel scintillation spectroﬁefer_are shown in Fig. Zl:and“recorded
along with their intensities in Table XXIV. Additional runs were made
in order to investigate the high-energy and low-~energy regions of the
photon spectrum. In the highwehergy region one gamma ray at 1.8 Mev wa.s
cbserved. - In the low-energy region a 32-kev transition was cbserved on

the scintillation spectrometer and in .a proportional counter. Because

.of low abundance due to high conversion and the high Compton hackground,

the .intensity data on the lower-energy radiations are not included in
the table. These data disagree with the previously feported gamma rays

by Momyer, and no explanaticn of the .discrepancy has been discoveredo

Table XXIV
Gamma—rayvintensities observed on the.scintillation.spectrometer
Gemma-ray energy (kev) A Intensity (arbitrary)
32 £ 2 -
220 t 10 . -
320 £ 10 - ) . -
3455+ 15 39+ 8
675 £ 15 .100. £ 20
870 + 20 : 2k + 5
950 = 20 29t 6
1140 + 20 _ 31z 6
1300 £ 20 : 52 + 10
1800 + 25 ' ~0.8
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Coincidence .Studies

Coincidence measurements .were run by using,theAprominent peaks
in the gamma-ray spectrum as gates. These resultis are somewhat ambigpous,
- owing_to the.backgrounduof.Comptqn—scattered;radiation under the peaks
below 1.0 Mev. .This scattereduradiatibn“gates_the,coincidence.circuits
. to count gamma rays in coincidence with it. Then, the gamma rays . that
are .in coincidence .with the scattered background radiation are counted
vin addition_to those in coincidence with -the phgton,being,usedﬁas.a gate.\
All the gamma rays .in the spectrum aré,actually observed,'but their in-
tensities change as the gating photon is changed. Comparing the -dif-
.ference Between the.iﬁtensities of the various peaks as the gating photon
was changed permitted a reasonable estimation of the true coincidences
for each éamma ray. The results are summarized in Table XXV. This table
-shows .only the coincidences.meaéured, ahd some results that are not
readily interpretable have been omitted. ,The,observation.of a 670-kev
gammd.ray in coincidence with itself is.of special interest in construct-
- ing the decay scheme, as is.shown later. . The coincidence data does not
clearly indicate whether there are two transitions of nearly the same

.energy or whether the coincidence is due to the Compton background effect.

Table XXV

Gamma—gamma. ray coincidence .studies on,Em211
Gating_Photon Gamma. Rays in Coincidence
(kev) . . (kev)
435 1230, 670, 1140, 1360 ¢
670 . o 430, 670, 960, 1140, 1360
865 - 9u6 ' 670, 865, 946
11&6 232, 4&5, 670
1360 ks, 670

Conversion Electrons of Emanation-211

_ The internal conversion electfons in the range 20 to 250 kev '
were observed on the-permanept-magnet spectrographs. Table XXVI lists”
.the convérsion_electrons seen, togethér with their intensitieé.and_éon~
.version shell assignments. .The intensities,are relative .to the total L
.conversion of the 168.6-kev transition. This.was .done so that these in-

‘tensities can be related through this_peak,to the rest of the.conversiqn
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electrons, which were observed in the,other_variable.field.spectrometers°

.The:68,7-kev E2 transition has been already assigned to the alpha decay.

The other two transitions, 168.6-kev.E2 .and 113.9 kev, are both in the

electron-capture decay. The 168.6-kev transition is toc intense to be

assigned as the transition from the second to the first excited state

(167 kev energy difference) in the alpha decay. Also the excellent agree-

‘ment achieved by using astatine conversion_edges cannot be'obtained,with

polonium convercsion edges. These two.facts were the bagis of assigning.

the 168.6~kev transition to the electron-capture decay.

.Table XXVI

Internal conversion electrons .of Em

from permanent-magnet spectrograph exposures

0

Eléctron energy Assignment Photon energy Relative intensity.
(kev) - (kev) '
46 . 4 - - ~ 45
52.5 Po Loy 68.7 . 120
54,9 Po Lirr 68.7 : 110
 64.8 PO My, - 68.6 : 33
65.5 PO My 68.7 : 3k
67.8 Po NII' ' 68.7 ' . 17
68.6 Po Opp 68.7 <10
73.2 At X 168.9 - Lk
151.1 At Lo 168.6 <10
151.9 At LII 16876 : 34
154 .4 At Lopg _ 168.6 - - 33
164 .4 AL M Moo 168.5 <10
93.4 At L. 113.9 : <19
59-62 . K-LL Auger - _ <10
75-78 ‘ K-LX Auger - <10

It would have been highly desirable, at the same time as the ..

- above exposures were made on parmanent-magnet spectrographs, to make ex-

posures to cover also electrons of higher energy, but unfortunately the
high-field magnets were not in operation.- Consequently, the conversion
electron lines above 200 kev could not be investigated.on the permanent

magnets. Samples .of Elel coulid be prepared only large enough»for’ex—

amination on the high-transmission low-resolution magnetic-lens spectro-
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meter. .The conversion electron spectrum obtained in one .run is .shown in

Figs, 22 .a, b, and c. .The spectrum was followed through two half lives
211

in order to.verify the assignment to Em decay. A summary of the elec-

tron lines and their intensities is given in Table XXVII. The .intensi-
-ties .are relative to.the L conversion peak of the 168.6-kev transition,
and this . forms the basis)for.thelover—allUapproximatevintensity relation-

ship between this andvtﬂe.permanent-magnet_exposures, The energy de=

#erminations on this instrument are good only to * 3% .and the intensities

to + 20%.
Table,XXVII
Internal conversion electrons of Elelvfrom.magnetic lens Spectrometer
Electron energy .Assigﬁment Gamma-ray . Relative .intensity |
(kev) - .at edges _energy
. (kev)
155 L 170 - .70
200 X 296 48
217 L 232 10
256 - - 6
168 X | 26k 33
249 L 264 T
237 K- 333 ' by
318 L 333 1.5
349 X w5 31
433 L 445 N
584 X 680 100 |
665 L 680 ‘ 29.5
767 K 83 7
852 L 867 10
X 948 -
931 L L6 2
1035 X 1131 4
1118 L 1131 1
1278 K 137k 1
L 1374 ~0.1

1359

ey
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Multipolarity Assignments

From the data given, experimental K/I ratios can be calculated
for several of the.transitionsf These,gxperimental_ratios,areflisted in
Table XXVIII along with the theoretical K/L ratios .of the more reason-
able pdssible,assignments. The last .column contains . the most reasonéble
.assignments as determined by comparison with the theoretical and experi-

>

mental K/L_ratibs by Pryce -and Alburger.” The 169-kev gamma ray is un-

doubtedly an E2 transition, because of the .characteristic pattern.of the

L-shell conversion elgctrons observed on the permanent-magnet .spectro-
gfaph._ Assignment of the-other>gamma radiations cannot be made unambig-
uously. The K/L ratiosrsuggest that the 445- and 680-kev radiations
-are .also EZ transitions, and the other gamma rays are either ML or ML +
E2 admixtures. From the relative intensities.Of_tﬁe conversion coeffi-
3cien£svfor transitions of various multipole ordérs .the theoretical in-
'tensities,of.the gamma rays .can be .calculated and compared*with;experi-
mental values.. Because only relative intensities are-known,_and;uﬁensity
ratios,must be used, only those gamma'fays.whose intensities .are listed
in Table XXIV can be compared. . The only seemingly consistent results
,obtained_by‘thié.method,are.these: iflthe.445-kev gamma, ra& is assumed
to:be.an?EZ transition.(a probable assignment oh the basis of K/Lxetﬂxﬂ,
then the 865- -and 113l-kev transitions are E2 élso,jand“the k6 -kev
transition is an MLl ( + E2) admixture. >The_680—kev gamma transition: is
vprésumably.an Mz if only one gamma ray of that energy is present. 1In
.the decay scheme to bebpresented,‘however,‘there.are two‘sgparéte differ-
ences between excited levels of 680 kév, and -- since the coincidence
data indicate the 680-kev gamma may be in coincidence with itself -- it
is entirely possible that there are two.gamma rays of approximately the
same energy. .Thislwould[maké_the-assignment of a multipole order to the
680-kev gamma ray impossible until the .electron lines are resolved,‘ An -
alternate assignment is possible if one assumes that only one 680-kev
~transition is présent and .that the,coincidénce with itself arises from
the high Compton backgroundAgating the”coing:id:ence,counter° Then if

the 680-kev gamma ray is assumed to be pure ML, the 865-, 946-, and
.hhS—kev radiations are all ML (+ E2)vtrénsitidnse .This, however, is
_rather unsatisfactory,,as it would require a much higher K/L_ratio,for

the Wi5-kev transition than is measured. All the other possible

et
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assignments, i.e;, the ones of higher multipole order, were ruled out by
delayed-coincidence measurements. Lifetimes-fof all the gamma rays ob-
served in.the gamma-ray spectrum have been shown to be less than 5 x 107
second. The M2 assignment for the 680-kev gamma ray cannot be ruled

out by these measurements, since the half .life .for an M2 of this energy
is 6.7 x lO second according to Weisskopf's .single particle formula.

.This .formula should be valid this near.a closed shell, where many of the

transitiens,are believed to . be single-particle chaﬁges; _The present

data do not uniquely determine the multipole anerf'&Ef%ﬂﬂl@.tﬁ%mittms,

Table XXVIII

K /L conversion electron ratios

Gamma.  K/L . ' . .
energy (Exp.) | Theoretical : Tentetlve A351gnmept
(kev)’ Bl E2 ‘E2 M M2 M3

169 0.6 5.2 .0.kh
26k 5.0 5.9 1.1
333 6.3 5.9 1.65

0.08 5.7 2.b -
0
0
ks 1.9 5.4 2,24 1,
2
2
3
3

5.6 3.5 1.9 ML/ML (+E2) or El
5.7 3.8 2.b MLor ML (+ E2)
5.4 3.9 ~2.7 E2

b9 k.2 3.4 E2, M2

5.0 4.6 3.9 E2, M

680 3.5 5.6 3.5
863 ~5 5.3  b.h
9k6 ~5 5.2 4.6 5.8 4.6 k.3 E2, M
1131 3.6 6.5 4.6 5.8 . 5.2 L.6 ‘E2.
1374 ~T ~6.8 ~6.5 - 6.4 - - -E2

oo o wm b

‘Decay. Scheme

In attemptlng to present a decay scheme for Em‘all for the elec-

tron- capture branching decay, it would be well to point out that the

following sums- of:. tran51t10n,energ1es are very nearly the same:

1820 + O - 1820
C137h + 445 = 1819
11131 + 680 = 1811

865 + 946 = 1811

These .all agree within the limits of experimental error, and coincidence
measurements have been shown between appropriate gamma rays . to.substan-
tiate this summing. Also, coincidences have been determined between

‘these gamma rays -and the intense 680-kev radiation,' A tentative decay
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scheme consistent with these data is shown in Fig. 23. The order.qf the
[865i-aﬁd‘tﬁe 9h6-kev transitions may be reversed, since they are of ap-
proximately the same intensity. The total intensity for each transition
arrived at by summing the electron and photon intensities.is consistent
with the assumption that_appfoximately 73% of the electron-capture events
lead to the 2488-kev.level.

2ll is most probably 1/2, with neg-

The ground-state spiﬁ of Em
ative parity. This is because it falls -in the 125-neutron group with
four coupled protons beyond the 82-proton closed shell. The spin would
be that of the 125th neutron, which has been measured.as 1/2 in both
P6209 and Pb207. 34747 The largelamount of electron-capture decay that
proceeds_to,thé 2,h90-Mev level in Atzll‘is expected, since not much
would go fo;the ground and_firstfexcitedﬁstates,whichAprobably have 9/2
and 7/2vor 5/2 spins. The numbef'of transitions depopulating this high
energy level suggests that there are many levels with similar spins’
lower in the .level structure. A more complete descriptibn of the ex-
cited states of Atz;l will have to wait ﬁntil additional experimental

data .are availablé.

Electron-Capture Decay Energy

The total electron-capture .decay energy of Emzll_can_only be
estimated by use of neutron-binding energy cycles. - The cycle used to

calculate this decay energy utilizes the neutron- and proton-binding

energies of Emzlzvand_Atle, The proton-binding energy of Em212 and the

211

neutron-binding energy of At have been calculated throﬁgh their use

in other cycles. .The other two binding energies required must be esti-

mated from binding—ehergy systematics. .Based on the data compiled by
Glass et,al,,27 the vaiues'used in the calculations .are: '
Neutron-bindiﬁg,energies
AtZlonll, 7.72 Mév (calculated);
B2t %12 79 4 0.5 Mev (estimated).

Proton—binding energies: .
Al --Em212,74.63 Mev (calculated);

» : Atzlo - E 2112 4,22 + 0.3 Mev (estimated). o
The estimated electron-capture decay energy available for.Emzll, on the

basis_of.theéeAdata, is 2.6't_0.3'Mev. This is.very close to the total
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vdecay.energy of 2.5 Mev . required in the .tentative decay scheme. The
main conclusion from the rough estimate of decay energy is that the
tentative decay scheme is not unreasonable from the standpoint of total

‘decay energy.

Summary
__In,discussing the decay schemé.of.Emzll-with the single-part-
icle model in mind, one would expect .the excited,states of Atle to

come from the promotion of the odd proton. Two of the protons beyond
the .closed shell of 82 protons would be paired off to give zero angular
‘momentum, and the third proton should give .the excited states starting
with h .
9/2

neutron closed shell makes the configuration for this isotope very st-.

The neutrons .cannot be excited very easily, since the 126-

able. The great number of levels that must be present tévexplain the
numerous transitions are closely spaced and very difficult to fit into
a singievproton-excitation_scheme. -If the ground-state is considered
to have a-9/2~spin_and.parity, the first excited state may be either
7/2— or 5/2-, depending,on'the order of filling‘of the proton orbits
beyond the 82-préton,closed,shell. .This . first excited,state'can be
considered the excitation of_the odd proton, but this is the only ten-
tative.assignment that .can be made. '

The numerous levels ofﬁAtzll_abdye 700 kev may be explained
qualitatively by consideripg the coupling of the~proton pair in d4dif-
fereﬁt energy sﬁates with the odd proton, The,type of,inﬁeraction_has
previously been discussed for both Bi207 209 excited levels. .For

N . 1
At e ground state would consist of the (h9/2) 7 =0, §h9/2) I =_9/2

and Po

configuration, which can give only_9/2 as.thé<spin of the state. The

first group of excited states may arise from a (hg/z)zJ _ 2

for the paired protons, coupled with either an (hg/z)l or (f7/2)l state

energy state
for the odd; proton. This would give a great number of half-integral
spins from.l3/2 through 1/2 for the configuration, depending on the
state taken for the odd proton. Interaction between the particles would
split the various spin states into levels with different,energies. In
this manner the great number of levels in Atle.required to explain the
.transitioné, which are too numerous for the single-particle model, may

be_explaipéd. It is of interest to note that the .energy required.tb
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raise the proton pair to.J.= 2 state (i.e., ~ 1000 kev) is approximately

the .same .as .that required to excite .the h proton to a f state.

\2 9/2 7/2

2

‘This suggests strongly that the (h9/2 ", .state should be uséd in

some manner to.explain the . levels of Atle

Further investigations of the levels of Atle, by both experi-
mental and theoretlcalmmethods, will be of great 1nterést in determining
if thisvqualitative,method.of establishing the level schemejcan be -used

to explain the observed levels.

' Part II
Iv. INTRODUCTION
‘Bince .the .very early days.of the study of natural radioactivity
the question of the interrelationship of alpha-particle .energies, half
lives, and neutron and proton numbers has engaged the attention of those

interested in systematization.of the empirical facts so that clues to

their basic meaning would be more readily predicted. Such correlations
-have in recent years come to be known as "alpha.systematics". One of .

the chief generalizations concerning the relationship of the alpha dis-

integration energy and the mass number of the isotope ‘of .a particular

.element stated that the disintegration energy decreased in a nearly

linear fashion with increasing mass number. This generalization holds

dquite well for most of the heavy elements, as.can be:seen_by inspection

‘of Fig. 24. However, in those .elements having alpha-emitting_isotqpeé

covﬁering the region immediately above and below the neutron number 126,
this relationship breaks down and .a very sharp discontinuity of about U
Mev occurs in,the‘alpha-disintegration enefgy, .The points for astatine,
polonium, and emanation isptopes in Fig. 24 indicate this discontinuity
most .dramatically. .The break is quite understandable.in terms of the
Mayerl and the Haxel, Jensen, and Suess2 single=particle model of the -
nucleus, and is related to .the closed shell at 126 neutrons, as is dls-
cussed more fully by Perlman, Ghiorso, and Seaborg. 39 The last ref-
erenceiralso cites considerable past and recent literature.bearing on
the general subject .of alpha systematics; Recent developments in alpha
radioactivityv(uﬁ.to,mid - 1954) are reviewed by Asaro and Perlman.uo
' Momyer and Hyde.discuSSed,the influence .of . the .126-neutron

shell on the alpha-decay properties of several emanation, francium, and
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radium.isotopes.,8 Their work extended the curve of alpha-disintegration

energy versus mass number to the neutroh-deficient side of,thev126fneu— .

tron shell. Their article included a summary of the résults of the work

to be reported here, and these data are ‘included in Fig. 24.. It Gas the

chief purpose of . this study to further exténd_the.curve.by,a new method

of production. for neutrbn-deficient‘emanation isotopes. ’ )
The emanation isotopes .were .produced by Ebmbarding,gold foil |

with +6 nitrogen ions. The nuclear reaction that tookﬂplace.tofform

Em208,was:

197 14 208 1
M o s sefMan t 3Ny

Additional neutrons were emitted from.the.compoundvnucleus, in,mény
cases, and subsequently Em207, Em206, and EmZOE were .formed. These
isotopes .were .identified by half lives, alphaeparticle energies, and
-genetic relationships. Information concerning the half life of Atzo7
fand the branchlng ratio. of POZO2 was also obtaihed by watching these
activities grow 1nto a purlfled emanation sample. The advantage in
using nitrogen ions to form the emanation isotopes is that no :isotope.

v,heav1er than Em208 is .formed. Thisvallows the study of the neutron-

deficient Isotopes.of emanation without any interference from Em209

._EleO, Emzl;, Em212, or Em ?21, -Previously the method of production --
i.e., spallation of thorium”with 3MO-Mev protons -~ formed all emanation

isotopes, which made the study of the short-lived ones very difficult.

V. EXPERIMENTAL

The,emanation,isotopes were produced by bombarding gold (mass
number l97)_with.nitrogen;ions, which were accelerated_in,the 60-in.
cyclotron of Crocker Rad-ir:mtion.Labon;'a’cory..“8 Only the +6 species of
nitrogen,ions_were-acéelerated_to high'enbugh.energies to cause nuclear
reactions in gold. The +6 nitrogen ion is not produced . in the primary T
ionization source for the beam particles, but it is.formed during the
.acceleration. Nitrogen ions with a + 2 charge are introduced into the
cyclotron from the primary ionization source, and these undergo a pre-
liminéry harmonic acceleration. During this initial acceleration some

.of the +.2 ions are stripped of additional electrons, and ions with all

possible charges. are.formed. The design parameters of the cyclotron
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Fig. 24. Plot of alpha disintegration energy versus mass number
of the alpha-emitting isotopes. :
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allow only the + 2 and + 6 ions to be accelerated; the remainder are de-
flected from the acceleration orbit. The beam achieved in this manner .
is a mixture of + 2 and + 6 nit}ogen with a continuous.variation up to
‘a maximum of approximately 140 Mev for the + 6 ions. .The gold target
is,mounted,so that it intercepts this entire beam at the outer edge .of"
the cyclotron dees.

Two different target . assemblies were used for bombardment of
the gold foil. In the first experiments a‘S-mil_gold foil was.placed
on a holder in front .of the beam. However, this was unsatisfactory
‘because the .gold was heated to such.a high temperature.by.%he beam that
a.water~-cooled target was needed to feduce,the loss.ofﬁemanation; The
gold foil was then placed on .a semiciréular water-cooled .probe. .This
probe,allowed the target to intercept the same beam but still be cooled .
.on the back by a stream of water under pressurer This cobling is re-
quired because.of.the high intensity of + 2 nitrogen“ions,‘which.are
not énergetic enough to .cause nuclear reactions But afe completely
stopped by the gold foil. The,target assembly was designed so . that it
could be dismantled rapidly in order to,étudy products of short half life.
, The emanation waé'extracted,from the gold foil by amalgamatipg
the gold with mercury. .The gold foil, after bombardment, was. placed in
.a pool of mercury in a vacuum system. .The system was pumpéd down to
lo—avmm Hg, then was heated with an induction heater for several minutes.
As the gold dissdlved_in the,mercury,'the emanétion was freed and sub-
sequently collected in a trap in the vacuum system at liquid nitrogen
fempérature. .The sample was_then mounted on aluminum foil by the glow-
discharge,technique(*) Briefly, this téchnique is as follows: the
emanation_is.introduced,}at.between,lOO,and 1000 .microns pressufe, into
‘a special chamber, which has two electrodes. A potential of several
‘huhdred Molté is placéd acrosé the electrodeé; this ionizes and,accel- .
eratés,the-emanation into the metal lattice of the negative electrode.
A detailed deécription of thevglow-discharge.technique.is given by

Momyer and Hyde;8 .The separation, purification,'and-mounting,of.an

¥ The name for the process is .derived from the’bluish4purple glow

that accompanies this ionization.
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'strated by .this work are givenvin‘Fig.»25.
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.emanation sample .was .carried out in a very short period:of time. Samples

were ready to be counted between 15 and ZO,minutes after the .end of the

bombardment.
‘ Thevemanation‘samples.prépared_in_this.manner.consisted_of a
mixture.of,Em208,,Em207, Em206, and“Emzou alpha activities. After a

period of timeé the electron-capture and alpha-decay daughters grew in.
Table XXIX is.a summaery of the information_deduce&,from this research
on these isotopes. This work constiﬁﬁtes the first determination of the

properties of these .isotopes except for some data on.EmZOB,obtained by‘

Momyer and Hyde, and information obtained independently and at the same

time on the emanation isotopes by nitrogen bombardments by Burcham.

The genetiC'relationships of the emanation isotopes.that.werevdemon—

3

Table XXIX

Summary éfAexperimental data from this work

Isotope.v .Half 1ife - Alpha-particle energy Branching

i (min) : (Mev) 5 ‘
1,208 21+ 3 6.k x 0.05 -
ol 102, 6.12 + 0.05 - b a, 96 BC
Em206 ' 6.2 £ 0.5 6.25 £ 0.05 65% a, 35% EC
Em 0% 3+1  6.28 & 0.05 -
at®T 107 £ 5 5.75 £ 0.05 -
S 5.60

0.05 C o 2%h.a; 98 EC

VI. -RESULTS

.Let us now review the experimental data from which these prop-

erties were deduced. .It will be noted from Fig. 25 that the alpha-

particle.energies for these emanation. isotopes fall in the range from

6.2 to 6.4 Mev. - Hence for caréful,study_bf the deéay~ofithese,alpha

activities,‘fhe,alpha pulse-height analyzer was set to.expand the 6.2-
to-6.5-Mev‘fange,over the“entire.48 channels.  The .alpha spectrum thus
observed in one bombardment is,shown_in_‘Fig,.26° .This spectrum shows

the two‘main,pééks-at‘6,12,and 6.25 Mev, and also small .shoulders on

these peaks at 6.14 and 6.28 Mev, all of which were identified as.alpha
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decay of,emanation_isotppes° :The.decay_of these peaks.was . followed, and

the-decay of the.6.12-Mev_peak”waseresolved:into 21~ and ll-minute com-

ponents. ,The.6.25-Mev peak,and_its.6.28—Mev shouldef were resolved into

6.2-minute énd 3-minute half lives. The assignment of these half lives -

to certain emanation isotopes, as shown in Table XXIX is justified in

detail in later sections. . : ' | ‘ .
The alpha energy of the astatine and polonium activities covered

a much wider energy range. In separate runs the alpha pulse—height ana-

lyzer was set . to . cover a larger energy range, so that the growth-ahd

decay of the alpha peaks due .to.the daughter isotopes could be followed

and correlated with the decay of the emanation alpha peaks. In.Fig. 27

“the alpha spectrum .of the emanation and daughter actiyities that were

observed is shown. This alpha-pulse analysis was made 1 hour after the

sample had been prepared. Much better statistics.were obtained on

Pozo8 and P0206 by counting the eample_for the long periods of time

seQefal days after the.short activities had decayed away.

Mass Assignment of Emenation-208

( Em208 has previously been observed by Momyer and Hyde.8 They

~assigned to it a 23—m1nute half llfe, .and based their mass ass1gnment
.on the growth and identification of Po 204 ‘and Po 208 in an emanation
fraction. Momyer, Asaro, and Hyde measured the alpha—perticle energy
in the alpha—partlcle spectrograph, and. found it to be 6.138 £ 0.005
'Mev.uz In thlS experlmental work .on alpha peak at 6.14 x 0.05 Mev was
observed w1th a 21+3-m1nute half life. On the basis of the .agreement

‘between half lives and alpha—partlcle energy, this peak was . as51gned to
208

.Mass Assignment .of Emanation-207

The alpha group at 6.12 Mev. was .observed to.decay with a lO—

. 207

minute half llfe. ,Thls,act1v1ty_was assigned to Em by Observ1ng o~

‘the growth of At207. Figure 28 shows the growth curve of AtZO7 that
was obséerved in one run. .The two . isotopes were related by calculating -
207

the time after purificaﬁiqn that the maximum amount of At ‘activity

had grown in. This maximum.time.depends on the half lives of both the

parent .and daughter activities, and ip determined experimentally from

207

the Atzo? growth curve. By comparing the time of maximum At activity
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calculated wusing each possible half 1life .for the parent.andathe.experi—

mental_value, one .can establish the correct parent-daughter relationship.

.The equation that represents.this relationship is

t = 1 ln . AB
Mmoo

where XB is the characteristic decay constant for the daughter,activity,

AAA the decayfconstant for the parent activity, and "tm” the .time .at
maximum activity of the daughter. Using the measured half life of 10 _
minutes for Em?o7vandhlo7_minutes for At207, one calculates the time at

maximum activity to be 40 minutes. This corresponds to the experimental

value of 39 + .4 minutes that was taken from the growth curve in Fig. 28.

The .two dotted growth curves shown in Figi28 represent calculated curves

.based on the assumption that the half life .of the parent is 8 minutes or

13 minutes. .These two. curves aid in showing that the lO—mlnute half.

life for the parent gives the best agreement.

207

The branching ratio for Em can be calculated from_the.alpha

decay of EmZOY‘and the alpha decay of Atzo7. The_At207

207

is the product

, and its aipha.act1v1ty gives a

207

measure of the amount of electron capture Em undergoes. fhe,alpha‘

207

branching of At has  previously been measured as approx1mately 10%.

Taking the At207 alpha activity at any known time, one. can easily calcu-
207

late the number of atoms of Fm that are required to give rise to this

Atzo7 activity: By'comparing“this riumber with the number of atoms of

207

Em™ " required to give.the.alpha.disintigration”rate, one can determine

the amount of alpha and electren—capture decay of Em207. _The average

of two experiments gave a value .of M% alpha and 96% electron-capture

decay for Em 07. .These values are based on a lO% alpha branch;ng for
At207, and should be recalculated when a better value for At?'o.7 is

,avallable.

" Emanation-206 - Mass Assignment .and Branching Ratio

The assignment of the 6.2 minute half life and the 6.25 + 0.05-

Mev:alpha.group to Em206 was .achieved by observing the growth of the

alphsa daughter, POZOZ. The nuclear properties‘of Po202 have previously

23 202

been reported by Karraker and Templeton. The growth curve for Po

.8
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alpha activity that was observed in one experiment is.shown_in'Fig.,29.

2
The .time .of maximum Po Oz.activity was calculated with 6.2 minutes for

_ the.Em206 half life and 52 minutes as.the Po202 half life. This calcu-

lated "t " value of.19.5 minutes agrees with the experimental value from -
the.PoZO growth curve in Fig. 29. (The dotted growth curves show what

the curve would look like wiﬁh 4 minutes or 10 minutes used as the half 4

life of the parent of Pozo2 ). The growth of At 206 could not be observed

_for further checking of the mass assignment because of the -low alpha

branching of At206

206

The alpha electron-capture branching ratio for Em ‘was deter-

mined by comparlnglthe Em206 alpha activity with the Po 206 alpha activity.

POZO6 is the .electron-capture product of At206, which is the .electron-

capture.daughter.of,Em206. .This decay chain is illustrated in Fig. 25.

206

Since no alpha branching of At has been determined, it may be con-
sidered very small. The.Po206 activity, when corrected for its.electron-
capture branching, gives a measure of the amount of electron capture of

2
Em 06. .The number . .of.atoms .of Em 206 required to produce a certain num-

ber,of'Pozo6 counts .can be .determined and compared with the number of

2 "
Em 06 atoms giving rise to ‘the alpha d1s1ntegratlon rate. A comparison
of these two values ylelds a branching of 69% alpha and 35% - electron-

capture.

Branching Ratio fof_Polonium—ZOZ

<The.branbhing,ratio of Pozoz,can be determined from these ex-

perimental data. The POZO2 is .produced only as the .daughter of the

"~ alpha decay of Em206. From the alpha disintegration rate of Em206 the
- number of atoms . of Pong.atdany time .can be calculated.  The observed
.alpha disintegration"rate.of-Pozoa can then be used to determine the
number of atoms undergoing alpha decay. This fractional part of the

Po 20z atom gives the branching ratio. A value of 2% alpha and 9&% elec-

tron capture was .determined in thls manner ..

3

Emanation-204 Mass Assignment

2
The assignment of the 3-minute 6. 28—Mev alpha group to Em Ok

is.only,tentative. ;The-properties,of'the-daughter activities are -shown
in Fig. 25. .1t is not«possible,to_observe the growth of POZOO’ because

the activity will have completely grown in by the time the first .alpha-
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pulse analysis is made. The AtZOh has no .alpha branching,fand;POZOh

has only 1% alpha branching. The amount of EmZOLL probably undergoing
electron capture is.so small that the alpha branching of Po204 would
not be detected. The mass assignment of the activity is made by using

alpha systematics. .If one compares the branching ratios for the odd—

,.207‘and En209

mass .emanation isotopes ~-- i.e., Em —-.the amount~of.alpha

branching is observed to be getting smaller as . the mass number decreases.

For the even-mass isotopes of emanation the alpha branching,ié observed
to be getting larger as. the mass number decreases. Therefore,,by com-
paring,Emzosiwith.the alpha branching_ofvEm207_and Em?o9, one .concludes
that En0? should have very. low alpha branching, (less than 1%). Enizo)1L
b'wouldvbe.expected, from the trend in the even-mass isotopes; to have a
very high alpha branching. With this as a basis for aSsignment,_thé ‘
3-minute alpha half life was .assigned to EmZOh.

Additional evidence for the assignment comes from a close .in-
-spection of the plot of alpha-disintegration energy versus mass number
in Fig. 24. The graph shows a very pronounced dependence on the odd
- neutron for emanation, astatine, and polonium isotopes .below 126 neu-
trons.  The alpha energy for the .odd-neutron isotopes is lower than the
previous.even—neutron isotdpes,,and about equél_to the next higher even-
neutron isotope of the same element. This effect is.qdite pronounced '
for all isotopes between 119 and 126 neutrons -- a region where mass
vassignmehts.are guite .certain. With this.used as .a criterion for the

‘emanation isotopes, the assignment of the 6.28-Mev alpha group to Emzoh '

205

is in agreement with the trend. If the alpha_group belonged to.
itﬂwould be expected to have .an alpha energy of 6.22 Mev. Therefore, on
the basis of alpha-energy systematics.and alpha-branéhingAconsiderations,

the 3-minute 6.28-Mev alpha group is.assighed to Emzoa.

VII. DISCUSSION

, ‘The results of these experiments were .summarized in Table -XXVII.
In addition to the results previously discussed, the half life for At207
that was measured in several experiments is reported. This value of
107 + 5-minutes .is .shorter than the previous measured half life by ap-

proximately lO%. At about the same time these experiments were being
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he did not observe the 3-minute'Em“ou or the 2l-minute Em"

been appreciated.
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carried out, a similar investigation was under way at the .University of

_Birmingham, England by Prof. W. E. Burcham,,u2 ‘His work has already been

published, and the agreement between the two works is quite excellent.

20T gnd in that

The only differences -occur in the branching ratio for Em
208

This information on the emanation isotopes .extends the .alpha

systematics in the region before the 126-peutron shell. It .also extends

.the odd-isotope effect in the alpha dlSlntegratlon energies that was

207). From the short half -

previously discussed to one more isotope (Em
life .found for these isotopes it may be summarized that‘any lower-ma.ss
isotopes of emanation will be even shorter-lived and very difficult to

detect.
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