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ABSTRACT 

Alpha particle and gamma ray studies were made of the decay 

of neutron-deficient isotopes of astatine, polonium, and bismuth. 

Astatine isotopes were produced in Au (12 c, xn) reactions at the 

Berkeley Heavy Ion Linear Accelerator (HILAC). Polonium and his-

muth sources were obtained as products of astatine decay. 

Three kinds of experiments were performed: 1) alpha par-

ticle energies and branching ratios, 2) high resolution gamma-ray 

singles studies, and 3) gamma- gamma coincidence measurements. 

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

taining a mixture of isotopes with no previous chemical separation, 

primarily due to the short half-lives involved. Computer codes were 

developed to analyze the resulting complex multicomponent gamma 

spectra. 

Decay schemes were constructed for even-mass At isotopes, 

A= 202-206. Confirming evidence was obtained in alpha measure-

ments for an isomeric state of 202 At. Partial decay schemes were 
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deduced for 
205 

At and 
203 

At, characteriz:ed by intense direct pop­

ulation of a 9/2- excited level in the Po daughters followed by a 

gamma transition to the 5/2- ground states. For 
202

Po-
205

Po 

tentative decay schemes were proposed. The odd-mass polonium 

nuclei exhibit substantial decay to positive parity states in their Bi 

daughters. In addition, an alpha group at 5.37±0.15 MeV was at­

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

(0+, 4+, 4+, and 5-) were observed in the even- even :A> nuclei pro-

d d . th 1 t t d f 198B. 204B. uce tn e e ec ron cap ure ecay o 1- . t. 
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I. INTRODUCTION 

During the past seven years the development of high-resolution 

solid state detectors has led to the accumulation of huge quantities of 

experimental data in the field of nuclear spectroscopy, providing 

many advances toward a fuller understanding of nuclear structure. 

The shell model, in particular, has been very successful in explain­

ing and predicting much of the experimental information. Its suc­

cesses lead us to hope to .. understand the nature of the effective nu­

clear force inside finite nuclei from a detailed theoretical analysis 

of experimental spectra. As theoretical calculations have become 

more refined, detailed experimental information has become more 

important as a test of theory.· 

The greatest successes of the nuclear shell model have been in 

explaining low-energy properties of nuclei near the doubly closed 

shells. This group of nuclei is an important and suitable subject for 

obtaining information on the nature of the effective nuclear force in­

side nuclei. The low- energy properties of these nuclei ostensibly 

involve only a few nucleons outside an inert core which is assumed to 

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

the shell model description near closed shells is in its simplest and 

most basic form, detailed experimental information for these nuclei 

is extremely important in providing a check for theory. 

Due to their proximity to the doubly magic nucleus 208Pb, bis­

muth, polonium, and astatine isotopes with 83, 84, and 85 protons, 
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respectively, present a par~icularly interesting and important re­

gion for study. The higher-mass isotopes situated only one to four 

nucleons away from the doubly closed shells have been the subjects 
I 

f h t d 
(Pry52, Ers62, · Kim63, Per62, Gle62, Pru67, Tre68) o muc s u y. · · · 

In general, good agreement has been obtained between the experimen-

tal data and theoretical calculations. 

One of the most striking examples of the interplay of exper-

iment and theory is seen in the assignment of spin values to the ob-

. . . 210 ~. . . . 
served energy levels 1n the B1 nucleus. The ,nucleus has one pro-

. . . 208 
ton and one neutron beyond the Pb core. The lowest proton orbi-

tal is h
9

; 2 and the lowest neutron orbital g
9

/ 2 . One thus expects a 
. . '210 

low-lying multiplet of 10 levels with spins from 0 to 9 for Bi. 

Simple 'shell ~odel calculations with any reasonable attractive cen-
< • ' • • • •• 

tral force mixture acting between the two odd nucleons predicted that 

the 0 level would lie lowest. With the experimental determination 

(Ers 62) th t 210 B· ha. 1-- d ·t t -d 0- f" t ·t· .d 1 1. a 1 s a groun s a e an a . 1r s exc1 e eve , 

a difficult problem was posed for shell model theory. Kim(Kim 63) 

explained this troubling inversion by including a tensor force with a 

range of ""'2 Fm. 

However, untiljust recently, very little was known about the 

nu!=lear energy levels of the more neutron-deficient isotopes of bis-

muth, polonium, and astatine in the mass region A= 198-205. True, 

the results would be harder to interpret theoretically since the nuclei 

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

expect their low-lying nuclear levels could be described in terms of 
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coupling between the proton(s) outside the Z = 82 closed shell and 

the holes in the N = 126 neutron shell. 

This study was undertaken to add information about the decay 

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

about most of these isotopes had resulted from alpha decay studies. 

- (Hof63) . (For61) . · 
Hoff et al. . and Forshng et al. systematically deter-

mined the half-lives and alpha decay energies of the astatine iso-

. topes in the mass range 200-207 produced by heavy ion reactions. 

This study was extended in 1966 down to mass number 196 by 

T t 1 d k ( T r e 6 6) d . . . f d . th dd re y an co-,wor ers . an 1somer1sm was oun 1n eo -

neutron isotopes below 118 neutrons. 

Several investigations of the nuclear properties of neutron-

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

been carried out since 1947. (Tem47 • AttS 9a) However, the data 

published up until 1964 show many inconsistencies in the mass as-

signments of alpha lines. Recently, three independent systematic 

studies of the alpha decay properties of these polonium nuclides in 

(Tie67 Sii67 LeB67) . . the mass range 193-208 ' ' , earned on s1multan-

eously with this work, have resulted in definite mass assignments. 

The earlier discrepancies can be explained by" the occur renee of 

alpha-active isomers in odd-mass polonium isotopes below 
202

Po 

( 118 neutrons). 

Some early gamma studies had been carried out. The elec-

tron capture of bismuth isotopes in the mass region 202- ZO 5 was 

studied to give information about the nuclear levels of the 
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d . 1 · d d ht (Nov58, Sto58, Sto60a, McD57) E 1 correspon tng ea ·aug ers. ar y 

205 207 gamma measurements exist also for the decay of Po and Po 

· .· · (Lin57 Har62) · 
short-lived isomeric states ' and for the excited levels 

l
·n 206B. f th d ·· . f 206p· (Arb57, Wah57) 

1 rom e ecay o o. . 

In just the past two years, during the course of the present in-

vestigation, there has been an added wealth of information. · The 

electron capture decay of odd-rriass polonium isotopes to levels in 

203B. 205B. . d 207B. h b t d" d . d t "1 (Hop69, 1, 1, an 1 as een s u 1e 1n some e a1 

Alp69, Ast70) 
and theoretical explanations of the observed states 

h b d d (Alp69, Ber69, Bra70) y k" (Yam70) h· ave een a vance . amasa 1 as 

made a systematic study of isomeric states of polonium isotopes in 

the nanosecond range populated by Ph (a, xn) reactions. Results of 

these recent investigations will be discus sed more fully and com-

pared with the decay information gained in this study.· 
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II. ALPHA MEASUREMENTS 

Although the scope of this study is broad we began initially with 

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

198B. · 
83 l. 

Th · t f 198B· · t . "t . l b l d l e mass asstgnmen o 1 1s uncer atn; 1 1s a e e c ass 

D in the Table of Isotopes. (Ledb7) Evidence for its existence was 

first presented in 1950 by H. Neumann and I. Perlman(Neu50) who 

found a 5.81-MeV alpha activity that decayed with a half-life of about 

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

signed its mass number on the basis of excitation functions and 

parent-daughter relationships. The thallium fraction was milked 

from the bismuth at intervals and found to contain a small amount of 

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

198m . 197 · 
Tl (although not completely ruhng out 2.84-hr Tl and 1.84-

hr 196Tl). 

D . h f ·h. . . . . s·. l . t l (Sii64) unng t e course o t 1s 1nvest1gabon, nvo a e a . re-

ported a 5 .. 81-MeV activity with a half-life of 8.0 ±0.5 min in their 

k "th l h ti . f 201 B· d 199B. wor w1 a p a-ac ve 1somers o 1 an 1. They definitely 

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

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

did find an isomeric state of 
20 1Bi that decays with a half-life of 

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

idence for a similar alpha-decaying isomer of 199Bi with a half-life 

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

acti V:ity could belong to an excited state in 197 Bi. 
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198Bi is the alpha decay daughter of 
202 

At. The alpha decay 

of 202At has been studied by several investigators. Forsling etal. 

(For61) . · 
used mass separation to show that the two alpha peaks at 

202 6.23 MeV (36%) and 6.13 MeV (64%) belong to At. Latimer et al. 

(Lat60) measured the alpha branching ratio to be ,0 .12 for 202 At: 

· · (Hof63) . · · · 
Hoff and co-workers stud1ed these peaks by alpha-gamma 

coincidence techniques. The failure to observe any gamma rays i'n 

coincidence with the 6.13-MeV alpha group suggested that the transi­

tion(s) de-exciting the 198Bi state populated by this alpha are highly 

converted or delayed. The subsequent observation of the coincidence 

between L x rays and the 6.13- MeV alpha group indicated that less 

than 25% of the 6.13-MeV group is followed by a prompt converted 

transition, so the transition is probably delayed. 

This leads to the possibility of isomers. Since no clear differ-

ence in the half-lives of the alpha peaks was observed; it appeared 

that isomerism was more likely to occur in the daughter, 198Bi, .than 

in 
202 

At. More recently, however, this supposition of 198Bi iso­

merism was questioned by Tretyl and Valli(Tre 66) in their study of 

the alpha decay of astatine isotopes lighter than mass 205.made by 

. 185 187 . 20 . . 
bombardment of Re and Re Wlth Ne atoms at the Berkeley 

Heavy Ion Linear Accelerator (HILAC). Their measurements in-

dicated that the 6.13-MeV peak may have a somewhat longer half-life 

than the 6.23-MeV peak (3.0 ±0.3 min compared to 2.6 ±0.3min). 

This fact plus the mass-energy systematics and a systematic occur-

renee of isomerism in ,neighboring isotopes led them to conclude that 
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th · · · · 202At t "t 198B· d ht . e 1somer1sm 1s 1n , no 1 s · 1 aug er. Accordingly, 

they assigned the 6.13-MeV peak to the ground state and the 6.23-

MeV peak to an isomeric state in 
202

At. They also reported iso-

. · · 200At d 198At Th . . t b d mers 1n an . e1r mass ass1gnmen s were ase on 

excitation functions and genetic relationships with polonium electron 

capture daughters. 

The 198Bi for our present study was obtained by collecting al-

pha recoils from 
202 

At. Fast-chemistry methods were utilized to 

identify the alpha groups present in the resulting spectra. The rna-

jority of these were assigned to polonium isotopes. ·No alpha groups 

belonging to 198Bi were observed, and hence a limiting value for the 

alpha branching ratio was determined. Subsequent investigation of 

the decay of the polonium isotopes, using methods of gamma spec-

troscopy, immediately reopened the broad study to include the entire 

mass region 198-205. 

A. Source Preparation 

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

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

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

the beam eneq~y. There are many difficulties in this method. Among 

them is the fact that the astatine nuclides cannot be produced singly 

and the half-lives are rather short to allow rigorous chemistry. These 

astatine nuclides of mass 200-205 all decay by both alpha emission 

and electron capture, giving rise to a multitude of daughter activities. 
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The ratios of the various astatine isotopes produced can be 

changed by using different thicknesses of aluminum and gold in order 

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

produce primarily 201At, the full-energy beam (10.4 MeV/nucleon) 

was used, i.e., no Al degrader foil, whereas the 
205 

At concentration 

was maximized at a beam energy of 74 MeV, which required 5.25 mils 

of Al absorber. The desired thicknesses of absorber and targetfoils 

were determined from experimental excitation functions (Thob2) and 

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

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

the various astatine isotopes in different bombardments were helpful 

in assigning mass numbers to the observed radiations. ' 

This production by heavy-ion projectiles is advantageous since 

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

. . 209 * 
pound nucleus for carbon ion bombardment of gold is At as op-

. 213 * . . . . 
posed to At for helium bombardments of bismuth for example. 

The high Coulomb barrier for carbon ions eliminates low nuclear ex-

citations of the compound nucleus, even when thick targets are em-

ployed. 

The 198Bi for this study was prepared by collecting alpha re­

coils from 202 At. The production of 202At was maximized by using 

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

siderable contamination from neighboring nuclei (ratio 
203 

At: 
202

At: 

201A f. 3 t == 1:1:0.25 a ter a -min bombardment). In order to assign 

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

• 
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maximize the amount of 
20

:1At present by decreasing the gold thick-

ness to 0.25 mil and using the full-energy beam. Under these condi­

tions the ratio of 203 At: 202 At: 20 :1At was :1.:3:20 after a 3-min born-

bardment. 

The HILAC :1
2c beam intensities were usually in the range of 

1-2 ~. although in some bombardments beams as high as 7 ~were 

used. The target and absorber foils were mounted on a standard 

copper tag target holder and were water-cooled during irradiation. 

The entire target assembly served as a Faraday cup for monitoring 

the beam. The bombardment time varied; generally it was equal to 

. . 202 
the half-life of the desired astatine isotope, e. g., 3 min for At. 

After bombardment, the target holder was disassembled in a 

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

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

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

products- -were collected on a water- cooled plate, either platinum 

or molybdenum, held in a cold finger. The activity on this plate 

served as a source for alpha spectra, for recoil collections and, 

later on, for gamma spectroscopy. In som'e cases further chemis-

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

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

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

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

ment and the start of recoil collection was typically ..., 2 min. 
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The alpha spectra were obtained by using a gridded ion chamber 

with a gas mixture of 93% argon and 7% methane in conjunction with 

a RIDL 400- channel pulse-height analyzer. Alpha particles had a 

counting efficiency of 42% and a resolution of 30 keV when counted in 

th. . t Al h d f l'b ·t' 252cf 1s sy~? em. ;.P a sources use or energy ca 1 ra 1on were 

(6.118±0.005 MeV), 244cm (5.805±0.001 MeV), and 210 Po (5.305 

±0.001 MeV). The 5.58-MeValpha of 202Po present in most of the 

spectra served as an internal standard as did the 6.085-MeV alpha_ 

203 ' 
group of At whenever it was present. 

1. Recoil Collection 

One can allow the astatine on the Pt source plate to decay for an 

appropriate time (depending on half-'life), heat the plate to remove any 

remaining astatine, and then measure the alpha spectrum ofthe daugh­

ters. This is fine in principle except that the dominant mode of decay 

of the astatine isotopes is by electron capture ( ~ 85%). The conse-

quent polonium isotopes which grow in are therefore present in much 

greater abundance than the bismuth alpha decay daughters, and their 

alpha energies are similar. Hence the Bi alpha groups may well be 

masked. 

In order to separate the polonium isotopes, a method of milking 

alpha recoils (Bi daughters) from the astatine source plate was tried. 

The source plate was positioned in a desiccator, which was then evac-

uated, and recoils were stopped on a platinum collector plate. The 

gap between the collector and source plates changed from 3/8 in. at 

,W' 
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the outset to 1/8 in, in order to increase the yield. A positive poten-

tial of +300 volts was applied to the collector in order to inhibit the 

accumulation of Po daughters that were positively charged as a result 

of their formation by electron capture. _The recoil effiCiency with a 
- . ' . 

1/8-in. ,gap was -ZOo/o and es~entially uniform over the area of the col-

lector plate. The collector plate was then removed and counted in the 

grid chamber arrangement. 

Ea·rly spectra 'indicated that considerable astatine was. reaching 
' . . 

the -~ollectpr plate. On~ ex-Planation for this could be that the astatine 

formed a loose crust on the surface of the plate which was swept over 

onto the collector· when the chamber was being evacuated. If this were 

so., subsequent recoil collections from the same source should con-

tain substantially less astatine. This, however, was not found to be 

the case. It could still be possible that the astatine was being depos-
,- . -

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

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

during evacuation and rotated out of the way before the recoil collec-

tion began. This procedure somewhat reduced the amount of astatine 

detected on the collector plate, but did not remove it entirely. 

This remaining astatine activity was probably vaporized over 

onto the collector by the radioactivity of the source itself. The same 

effect was observed by Thoresen. (Tho 63) Much of this astatine was 

removed by heating the recoil plates on a 450° C hotplate before 

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

This recoil collection technique was useful in yielding evidence 

for isotopic as sigrunents on the basis of genetic relationships. Three 

consecutive recoil collections from a given astatine source were made 

and their alpha decay followed. The activity of each alpha group was 

extrapolated back to the time corresponding to the end of recoil col­

lection and plotted versus that time to produce a decay curve for the 

parent (see Fig. II-1). 

Recoils were also collected with a negative voltage on the col-

lector plate and with no voltage. As expected, these plates showed 

more polonium (2-3 times as much). 

Recoil collection with a 4.5 fJ.g/ cm2 Zapon film between the 

source and collector plates was also attempted. This should stop the 

polonium nuclides (electron capture recoil energy . ...., 150 eV) but allow 

the more energetic bismuth isotopes (alpha recoil energy ""' 122 keV) 

to penetrate through. No activity was found on the collector plate, 

however. 

2. Chemistry 

Considerable effort was spent trying to separate polonium from 

bismuth by methods based on their evaporation properties. This 

worked well for the removal of astatine. It can be evaporated at 450°C 

and, although the yield is not quantitative, that which volatilizes is 

"t f f 1 . (Tho 63 ) H h h . qut e ree o po ontum. owever, w en t e temperature ts 

hot enough to evaporate a sufficient amount of polonium (>50%) some 

• 

• 
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bismuth also evaporates. Thus the results were not reliable or even 

reproducible. Similar inconsistent results were found by An. (Anb 5) 

Plates made of metals other than platinum were then used. It 

was found that molybdenum would preferentially hold the bismuth 

while the polonium and astatine evaporated, but even here the results 

were not consistent. Astatine was easily removed but again the polo-

nium evaporation was incomplete. The whole subject of vaporization 

properties is, in itself, worthy of more intense investigation. 

Clearly, a better method of separation was needed. Two wet-

chemistry methods were adapted for quick performance. The first of 

these was developed by Kimura and co-workers. (Kim5S) Since polo-

nium forms a number of complex halides in solution it was expected 

that some of these compounds could be extracted into organic sol­

vents. Kimura et al. found that polo~ium was extracted with isopro-

pyl ether or methyl isobutyl ketone from HCl solutions containing KI. 

The platinum source plate containing the astatine from the 

melted gold target was allowed to decay and was then heated to re-

move the bulk of the remaining astatine. The plate was washed with 

1 ml of a solution containing 0.25-M KI and 3!:! HCl. This solution 

was then added to 4 ml isopropyl ether. The polonium was extracted 

into the organic phase with gentle swirling while bismuth and lead re-

mained in the aqueous phase. The twophases were separated and the 

polonium was subsequently removed from the organic phase by shaking .., 

with two 1-ml portions of 3!:! HCl. The bismuth was washed with 1 ml 

ether to remove any remaining polonium. The two solutions were then 



"' •.W 

-15-

evaporated to dryness and their alpha spectra measured. 

212 B. · bt · db 11 t" . "1 f 224R 210 P and 1 o a1ne y co ec 1ng reco1 s rom a, o, 

202 . . . 
Po were used to test the method. The whole procedure required 

about 10 min and effected a good separation. However, the KI tended 

to leave a residue on the plates, which res~lted in thick samples and 

distorted alpha spectra. No bismuth alphas were observed in any of 

the actual At runs after the chemical separation. 

Another chemical separation which r.esulted in essentially mass-

free samples was then used. It was first employed by Brun and Le-

f . t(Bru64) · t.h · k "th th 1 · 1 · · · t Th or 1n e1r wor w1 e ow-mass po on1um 1so opes. e 

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

to remove the excess astatine after allowing for some decay. The po-

lonium and bismuth were dissolved off the plate with 0.5 ml HN0 3 

which was then extended to 25 ml with 0. 5N HCl saturated with hydra-

zine. The solution was maintained with stirring at 96o C and the polo-

nium deposited spontaneously onto a 1-in. -diameter silver disk. In 

effect the hydrazine prevents any oxidation of the silver while the de-

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

elevated temperature. 

The yield depends on the length of plating time, being 10.5% in 

·6min and ,..16% in 10 min (Fig. II-2) with no bismuth contamination 

( ~ 0.5% for any time less than 25 min). In later gamma experiments 

the total volume of the solution was kept to 10 ml. This was a great 

improvement since the yield depends not only on the length of the de-

position time but also depends considerably on the ratio of the surlace 
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Fig. II-2. Percentage of polonium sponta­
neously deposited onto silver at 96° C as. a 
function of plating time. 
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. (:j;f the plate to the volume of the solution. 

B. Results and Discussion 

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

activities. For 202Po, 204Po, and for the astatine and bismuth iso-
. . 
topes, there is excellent agreement with previous investigations. 

(Hof63 • Att59a) The data on 200Po to 203Po ~gree well with the recent 

results of Brun, Le Beyec, and Lefort(Bru67a, b) and those of Tielsch-

c l (Tie67) d s·· 1 (Sii67) b t d"ff f . . asse an nvo a u 1 er rom some preVlous ass1gn-

t 
· (Tem4 7, Att·59a) , 

mens. 

200 202 . A representative alpha spectrum of Po- Po 1s shown in 

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

taining all the irradiation products evaporated from the gold target. 

The astatine was allowed to decay 3 min. The plate was then heated 

to remove the remaining astatine and the alpha activity was measured. 

The resulting decay curves for each of the alpha groups is seen in Fig. 

II-4. 

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

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

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

ing energy. 

The assignment of the 5. 78-MeV activity to an isomeric state in 

201
Po required not only a mass determination but also positive iden-

tification of the element itself, which necessitated chemistry. Prior 

to this ~ork Hoff, Asaro, and Perlman(Hof63 ) found that 1.5-min 
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Table II-1. Summary of data obtained for all alpha activities observ­
ed in this work. 

Results of this work 

Alpha energy 
(MeV) 

Half-life 
(min) 

Alpha branching (o/o) 
This work Literaturea 

200Po 

201mp
0 

201Po 

202Po 

203Po 

204Po 

205At 

204At 

203At 

202At 

202m At( ?)d 

201At 

200 At 

f99Bi 

201Bi 

198Bi 

5.86 ±0.01 

5.78 ±0.01 

5.68 ±0.01 

5.58 ±0.01 

5.37 ±0.015 

5.375±0.005 

5.91 ±0.02 

5.96 ±0.01 

6.085±0.005 

6.13 ±0.01 

6.23 ±0.01 

6.34 ±0.01 

6.41 ±0.02 

6.46 ±0.01 

5.49 ±0.02 

5.25 ±0.01 

11.5 ±0.5 

8.9 ±0.8 

15.5 ±0.6 

43.8 ±1.5 

36.0 ±2.5 

213.0 ± 9.0 

25.0 ±1.6 

9.2 ±0.2 

7.3 ±0.2 

2.9 ±0.2 

2.6 ±0.2 

1.45± 0.1 

0.93±0.15 

24.5 ±0.4 

57± 5 

11.1 ± 0.4e 

1.90±0.11 

0.18±0.021 

2.75±0.29 

~.20 

12 

3 

1.1 

2.0 
b 0.02, 0.11 

0.75b 

t8 

4.5 

14 

0.01b' c 

0.02b,c 

0.05 

a . (Led67) 
All values not marked are from Table of Isotopes. 

b Ref. (LeB67b). 

c This is a ratio of a/K x rays. 

d The mass number is definite. The slightly different half-lives of 
the 6.13-MeV and 6.23-MeV 202At alpha groups support assignment 
of the 6.23-MeV group to an isomeric state. 

e Half-life value obtained from the ·gamma measurements 
(Chapter VI). 

.. 
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Fig. III- 3. Alpha spectrum of 200 Po-
202

Po measured 17 min 
after end of bombardment. 
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201 . . . 
At was the parent of both the 5.78- and 5.68-MeV activities. This 

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

lections indicated that both alpha groups had a 1. 5-min parent {Table 

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

5.68 and 5. 78 MeV remained constant whenthe bombarding energy was 

varied-- see Table II- 3. This also suggested that both alpha groups 

have the same astatine parent. However, since the two alpha groups 

have different half-lives this means that either the 5. 78-MeV activity 

is due to an isomer of 20 1Po or to 197 Bi- -the 201 At alpha decay 

daughter. In order to resolve this ambiguity, wet chemistry was 

used-- spontaneous deposition of polonium onto silver. 

Table II-2. Parent half-lives determined from successive recoil col­
lections. 

Observed 
daughter 
activity· 

204Po 

203Po 

202 
Po 

201Po 

201mp
0 

200Po 

E (MeV) 
a 

5.375 

5.37 

5.58 

5.68 

5.78 

5.86 

Parent half-life Parent 
{min) identity 

9.0 ±0.3 204At 

6.8 ±0 .. 4 203 At 

normalized to 

3.0 202 At 

1.6±0.2 201At 

1.8 ±0.3 201At 

0.8±0.2 200 At 

The astatine evaporated from the gold target was collected onto 

a platinum plate, allowed to decay 3 min and then removed by heat-

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



Table U-3. Relative amounts* of 
200

Po-
202

Po when bombarding energy is changed. 

Relative abundance of alpha activities 
Au Al Energy 

5.86 MeV 5.78 MeV 5.68 MeV 5.58 MeV 5. 68/ 5~78 thickness thickness range 
200Po 201~Po 201Po 202 

f:mil} (mil} (MeV) . Po 

0.5 0 126-108 0.03 0.17 0.45 1.0 0.37 

0.5 1 118-97 --- 0.12 0.29 1.0 0.36 
I 

0.25 0.2 123-120 2.17 0.97 3.0 1.0 0.33 N 
N 
I 

* Relative rates at end of 7 minute bombardrnents-~not saturation amounts. 

~ , 
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of each isotope present. The activity was then dissolved off the 

source plate with concentrated HN0 3; the solution was diluted to 25 

ml with 0.5~ HCl saturated with hydrazine, and the polonium spon­

taneously deposited onto siiver for 5 min while the solution was stir-

red and maintained at 96° C. The original source plate was again 

counted and when decay corrections were made the exact amount of 

each activity going into solution was derived. The alpha activities 

on the silver plate were measured; the percentage of each activity 

which actually plated out was calculated, again including decay cor-

rections. A 10-min deposition was also made orito a second silver 

plate. The results are shown in Table ll-4. There is no doubt that 

all five alpha groups belong to polonium isotopes. Bismuth does not 

plate out ( ~ 0.5%) under these experimental conditions. Thus the 

5.78-MeV activity must be assigned to an isomeric state of 201Po. 

. . · (Att59a 59b) 
In contrad1cbon to other repol;"ts, ' no 5.48 MeV alpha 

group could .be assigned to 
203

Po. However, an alpha radiation of 

energy 5.37 MeV and half-life 36::1:2.5 ~in was attributed to 
203

Po. 

This line is degenerate in energy with a significant 
204

Po contamina-

tion but it could be identified in the decay curve (Figs. TI-5 and IT-6). 

Successive recoil collections showed that this 5.37-MeV activity was 

genetically related to a 7-min parent--203 At (Table IT- 2). In addi-

tion, the 5.37-MeV activity followed polonium chemistry in deposit-

ing on silver (Table IT-4). The 36-min half-life was later verified by 

following the gamma rays emitted in the 203Po electron capture de-

cay. A half-life of 36.7 ::1:0.5 min was found. This agrees with the 
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Table ll-4. The percentages of the observed alpha activities that 
spontaneously deposit on~o silver. 

E (MeV) o/o activity remaining o/o plated onto o/o plated onto a 
on source Elate Ag in 5 min. Ag in 10 min 

5.37a 37.1±7.4 11.9 ±4.1 11.6 ±4.6 

5.58 55.5 ±0.8 9.8 ±0.6 12.0 ±0.7 

5.68 58.1 :!=f.? 9.2 ± 1.9 12.9 ± 1.6 

5.78 53.8±3.2 11.1 ±2.3 16.4 ±3.2 

5.86 48.1 ± 1.9 9.0 ± 1.4 10.3 ± 1.7 

210Po 10.7 ±0.6 18±4 

212Bi 'oi~\15±0.02 0.18±0.03 

aThis lin8 is due primarily to 203 Po but contains a small admix­
ture of 2 4Po; it is about one-tenth as intense as the other lines. 

recent result of Tielsch- Cassel(Tie67> but is less than the 45 min 

t d . 1 (Att59a, 59b, Kar51) quo e preVlous y. 

The weak 5.49-MeV line seen in the present spectra was found 

to have a half-life of ""'24 min and was ascribed to 199Bi on the basis 

f . . · . f t' (Neu50,Sii64) o preVlous 1n or:rna 10n. . 

203 203 Using the measured activities of At and Po and the alpha 

branching ratio of 203 At listed in Table Il-1, a value for the alpha 

branching ratio of 
203

Po was determined: 

a/total = 0.00184 ± 0.00021. 

The discrepancy between the present value and the alpha branching 

ratio listed in the Table of Isotopes is not surprising- -the published 

value refers to the 5.48-MeV alpha previously assigned to 
203

Po. 



~-r 

~--
50 

203Th (+2MPo) 
s.rrM&Y 
' ·fi 

• ~ • 
• 

-25.:.. 

f 
t 

2DZ.Po 

5.;aMeV ..,. 
r 
I ~ 
! I 
I 

• 

• I 

I l 

I ·1 
• 

• 

I 
• 

f .. 

,. 
I 

/i • t • 

\ t 'J~' 

~I • • 

• 
• I . .. 

'• .. 

• 
\ 
.\'\. . . ' . . . . ,...-. .. , .. - :-"t , --.. • 
·~ . . .. .• / ........ l 

~ . . . . . . ' 

~-· • .!.<.• 
\ . . . ~"\ " .. ' . ./ 

, _.!.. •• 
yr •• 

fOO f'O 21J0 
Chm\tttC~ 

203 204 
XBL 7011-7118 

Fig. II- 5. Alpha spectrum of ·· Po ( + Po contamination) 
counted 24 min after the end of bombardment. The target was 0.5-
mil Au with 1-mil Al absorber bombQ.rded for 10 min. These con­
ditions maximize the production of 202 At and produce sufficient 
203po activity while keeping the 204At and hence the 204Po contam­
ination at a minimum. 
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Fig. II-6. Resolved decay curve of 
203

Po (35 min) 
and 204po (3.45 hr). · 
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In the same run the alpha branching of 199Bi was determined 

to be 2. 75 ±0.25o/o, which assumes all the 
203 

At undergoing alpha de­

cay leads to the 199Bi state emitting the 5.49-MeV alpha. However, 

there are some indi~ations (Sii 64) that the 5.49-MeV alpha belongs to 

the isomeric state 199mBi and that the 199Bi ground state decays 

·only by electron capture. If this is so the calculated branching ratio 

must be regarded as an upper limit for the true value. 

Figure II- 7 shows the alpha spectrum of the lighter astatine 

isotopes. The decay of the two 202 At alpha groups is shown in Fig. 

II- 8. The half-life of the 6.13-MeV alpha was found to be slightly 

longer than that of the 6.23-MeV alpha group (2.9 :1:0.2 min opposed 

to 2.6±0.2 min, respectively). This would indicate that the 6.23-

MeV alpha belongs to an isomeric state, but the experimental errors' 

do not definitely exclude the possibility of identical half-lives. 

Hence the question mark in Tablell-1. The tentative assignment of 

the 6.23-MeV alpha line to 202mAt is consistent with the results of 

Tretyl and Valli. (Tre 66) 

No alpha groups could be assigned to 198Bi. Consequently 

only a limiting value for the alpha branching ratio was determined 

by using the half-life obtained from gamma measurements-- 11.1 :1: 0. 4 

min (see Chapter VI): 

a/total ~ 0.002. 

In the same runs a branching ratio of 1. 90 :1:0.11 o/o was found for the 

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

viously published values. (LeB67b, Led67) 
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Fig. Il-7. Alpha spectrum of light astatine isotopes, mass 201-203, 
obtained 5.5 min after the end of bombardment. 
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Fig. II- 8. Decay of 6.13- and 6.23-MeV astatine alpha groups 
assigned to mass number 202. 
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No information was gained about the nuclear levels of 198Bi. 

The polonium isotopes in the mass region 200-203 were definitely 

identified and were present in substantial quantities. Thus attention 

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

gamma rays emitted in their decay. 
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III. GAMMA RAY MEASUREMENTS 

In order to gain more information about the polonium isotopes 

observed in the alpha spectra and to obtain some knowledge about the 

electron capture decay o( f 98Bi, gamma measurements were made 

on a source containing the daughter activities of 202 At. The 202 At 

parent was prepared as previously described and allowed to decay for 

3 min to enable the bismuth and polonium daughters to grow in. The 

source plate was then heated for iS sec on a 4soo C hot plate to re-

move the remaining astatine. 

A gamma spectrum was obtained with a 5 cm
3 

Ge(Li) detector 

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

Subsequent gamma spectra were obtained to follow the decay of the 

source and many of the gamma lines could be identified by their half-

lives. However, there were many uncertainties and the possibility 

of many isotopes being present. Comparison of the ratios of the ac-

tivities produced under various bombarding conditions provided an-

other means of identification. Each new bombardment answered 

some questions, identified some gamma transitions, introduced more 

unknowns, and broadened out the mass region of interest. 

At the higher end of the mass scale, A= 204 and 205, where the 

. 205 204 
half-hves are longer (e.g., 1.8 hr and 3.5 hr for Po and Po, 

respectively, and ""'27 min for 205 At), there was much less interfer-

ence from undesired transitions. The spectra were much cleaner and 

meaningful gamma-gamma coincidence measurements could be made. 

. .... 
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Consequently the most detailed decay data were obtained in this 

higher-mass region. 

It is worthwhile to look first at the experimental arrangements, 

particularly the setup used for the coincidence measurements, and 

at the computer codes developed to analyze the resulting spectra. 

A. Experimental 

Isotopes of astatine were again prepared by carbon ion bombard­

ments of gold targets. The astatine was evaporated onto a molybde­

num or platinum plate. The activity on this plate was then used im­

mediately as a gamma source to obtain the astatine spectra. In sep­

arate runs the astatine on this source plate was allowed to decay for 

an appropriate length of time (one or two half-lives) and the remain­

ing astatine was then removed by heating. The gamma spectra of the 

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

1. Gamma Ray Singles 

In the course of the singles experiments two very similar Ge(Li) 

detectors were used. Most of the gamma singles measurements were 

made with a .... 5 cm3 Ge(Li) crystal capable ofa resolution of .... 2 .. 1 

keV (FWHM) under ideal conditions. The resolution was actually 2.3 

keV (FWHM) for gamma rays of 122 keV, and 2.9keV(FWHM) for gamma 

rays of 1332 keV, owing to compression of the spectrum to about 0.9 

keV /channel and operation at fairly high counting rates (""8000 counts/ 

sec). The data were accumulated in a SCIPP 1600-channel pulse-
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height analyzer and read out onto magnetic tape for subsequent com-

puter analysis. The other Ge(Li) crystal used for the singles spec-

tra was also -s 3 .. 
em , but had a slightly better resolution of 2.0 keV 

(FWHM) at 122 keV and 2. 7'keV(F.WHM) at 1332~keV under the actual 

o,perating. condition·s. lt was used with aS~IPP 4096-chan:nel pulse-

height analyzer and again the: spe.ctr.a w'ere read out onto magnetic tape. 

Absolute photopeak efficiency curves were obtained for both 

detectors at the experimental geometry through the use of primary 

gamma standards obtained from the International Atomic Energy 

Agency in Vienna (Figs. ill-2 and ill-3). 

A high-resolution Si(Li) detector--0.7 keV (FWHM)--was used 

to obtain the low-energy portion ( < 100 keV) of the 
205

Po spectrum. 

2. Gamma- Gamma Coincidence' Measurements 

Gamma-gamma coincidence measurements were made on the 

mass 204-206 isomers with Ge(Li) deteCtors by using a bi-dimension­

al coincidence setup of 1600X 1600 channels. The electronics ar-

rangement used for performing and recording the coincidence mea-

surements is shown schematically in Fig. Ill-4. 

A leading-edge discriminator was employed to extract timing 

information from the detector pulses. A coincidence was then per-

formed between these signals with a resolving time for the two detec-

tors of 0.5 J.LSec. If the fast-coincidence requirement was met a sig-

nal was sent to the linear gates, allowing the two analog signals 

containing the energy information to pass. These signals were then 

J' 
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XBL 7011-7122 

Fig. III-2. Absolute photopeak efficiency determined at the exper­
imental geometries for the -s cm3 Ge(Li)-I detector used in the 
gamma ray singles measurements. 
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XBL 7011-7123 

Fig. III- 3. Absolute photopeak efficiency determined at the exper­
imental geometry for the second ""'5 cm3 Ge(Li)-II crystal used in 
the gamma ray singles measurements. 
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Fig. III-4. Block schematic diagram of the electronics used 
in the coincidence studies. 
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read serially into the buffer memory of a multiparameter pulse-

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

ory were automatically dumped onto magnetic tape. 

To analyze the spectra it was necessary to process the raw 

data with a computer code which sorted the information into desired 

gamma ray energy intervals. This code (POLLY) is described in the 

next section. 

The geometry of the experimental setup was determined from 

the following considerations. In general, coincidence spectra exhibit 

:the usual Compton backscattering components found in singles spec-

tra, but in addition the Compton scattering from detector to detector 

can produce false coip.cidence~. The effect is most pronounced when 

· .. ~:e •,4etector s can. "seei•. each other as in Fig. III- 5(a). A false coin-
, . ;. . ~ . . ' 

?~··· 

cidence 'will be· registe:r;ed wher a gamma is Compton- scattered in 

crys~al 1 and the scat~er~d photon: is detected in crystal 2. As the 

'crystals are moved,farther apart the false coincidence peaks become ., .. ' . 

weaker owing to the srpaller angle through which the gamma ray may 

be .scattered in one detector and still reach the other detector. In-
~· . ' ~ 

·' ·~:rea.sing the source-to~detector distance is no solution, however, . ·r . . 

since the coincidence. ra.t~ decreases as fast as the scattering. 

There are some standard anti- Compton shields. False coin­

•<=idence·s can be avo'ided m the geometry shown in Fig. III-5(b) but 

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

vorable energies the arrangement shown in Fig. III- 5(c) can help 

without unduly reducing the efficiencies. 

/! 

. .. 

\, 

. i 
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Fig. III-5. Detector geometry in coincidence measurements. 
(a) Two detectors at 180°. False coincidences will be seen 
owing to coincidences with Compton scattered photons. (b) 
A Compton shield to prevent the detectors from 11 seeing'' each 
other. However, there is a resultant decrease in efficiency. 
(c) Low- energy gammas can be detected in crystal ( 1) and high­
energy gammas in coincidence with them will be seen in (2) with­
out accidentals caused by Compton scattering. 
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We could not afford the loss of efficiency inherent in the ar-

rangement of Fig. ill- S(b). The increased source-to-detector dis-

tance with our 2. 7-cm-diameter Ge(Li) crystals results in an effi-

ciency for each detector 50 times smaller than that in a linear ar­

rangement [Fig. III-S(a)]. This means the coincidence effi~iency 

3 
has decreased by a factor of 2.5X 10 , and we could not make up the 

difference by increasing the source strength. Since we were inter-

ested in coincidences between gammas in a wide energy spectrum, 

the geometry in Fig. III-S(c) was not satisfactory. 

Instead we used the anti:_ Compton sample holder shown in Fig. 

III- 6. It was modified from one designed earlier by Dr. E. Browne. 

The source on a 1-in. platinum disk with the activity confined to the 

center of the disk in a circle of 6 mm diameter was sandwich~d be-

tween.two lead plates. Each of the identical lead plates has a 6-mm­

diameter orifice in the center. The thickness leading out from this 

hole toward the gamma detectors was tapered from 0 at the hole to 

0.53 cin (the thickness of the lead plate) at 1.23 em from the center of 

the hole. This provided a cone for a gamma emanating from the ori-

fice to reach one of the detectors. The scattered photon had to strike 

the hole in the shield in order to reach the other detector. The tap;. 

ering allowed a greater thickness to confront the backscattered pho-

tons of higher energy found at larger scattering angles near the crys-

tal edges. 

The lead plates were, in turn, sandwiched between two 0. 7-mm 

silver absorber plates in order to stop some of the copious polonium 

~ I 

>'; 
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(a) 

o.S3cm Pb foJ.ts 

(c) 
XBB 7011-5340 

Fig. III- 6. Sample holder used in the coincidence measurements. 
(a) Schematic diag r am of holder. (b) View of dis as sembled holder. 
(c) Bottorn view. (d) Top view, with silver plate removed. 
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and bismuth x rays and thus allow the detection system to handle a 

hotter source. This thickness of silver transmits only 18o/o of the 

79.29-keV Po K x rays while still transmitting 71o/o of the 150-keV 
. a1 . 

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

300 keV. The whole assembly of the two Ag and two Pb plates fit 

down into a well on top of a hollow sleeve (Fig. III- 6) which was then 

mounted on one detector. The other detector was positioned adjacent 

to the front end of the sample holder. The whole arrangement could 

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

A 182 Ta source was placed in the holder to obtain photopeak 

ff. · · f both d t t 182Ta (115 days) h · e 1c1ency curves or · e ec ors. as many 

prominent gamma rays ranging from 67.8 to 1231 keV. The 182Ta 

was made by reactor bombardment of an 8-mg natural Ta target 0.5 

em in diameter and 1 mil thick. The absolute intensity of each gam.­

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

efficiency curve is shown in Fig. ill-2). The tantalum was then 

mounted in the sample holder and its gamma spectra measured with 

each of the detectors used in the coincidence setup. The efficiency 

curves obtained in this manner are presented in Figs. III-7 and III..; 8. 

The resolution of the gating or "y" Ge(Li) detector was 2.0 keV 

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

keV (FWHM) at 661 keV. 

The second curve in Fig. III-8 represents the efficiency curve 

obtained for the x detector with the same total source-to-detector 

distance but without the 0. 7-mm Ag absorber. The maximum 

.,, 
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XBL 7011-7129 

Fig. III- 7. Absolute photopeak efficiency determined at the ex­
perimental geometry for "y" or gating Ge(Li) detector of coin­
cidence setup. 
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Fig. III-8. Absolute photopeak efficiency determined at the exper­
imental geometry ( 1) for "x" Ge(Li) detector of coincidence setup. 
The second curve (2) represents the efficiency in a sample holder 
with the same geometry but without the Ag absorber plates. 
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efficiency has been cut by a factor of -3.5 with the addition of the 

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

B. Data Analysis 

1. General Considerations 

The advent of high"'resolution semiconductor detectors has 

made possible the rapid acquisition of multitudes of nuclear data. A 

typical"run, 11 e. g., the singles measurement of the gamma transi­

tions seen in the decay of the daughters of 
202 

At, results in - 30 

spectra counted for periods ranging from 4 min to several hours and 

encompassing a total time span of perhaps 3 days. Each of these 

spectra contains from 20-120 peaks, each of which must be inte-

grated to yield intensity and for corresponding peaks, half-life infor-

mation. Quantitative determination of these quantities was possible 

only by utilizing several computer codes. 

The spectrum of a single gamma transition measured in a spec-

trometer under specified ~onditions is characterized by a response 

function. A complex spectra is the sum of many such response func­

tions. Most computer analyses of Nal scintillation spectra (NASb2) 

are performed by using the measured or calculated response func-

tions corresponding to the individual components of the spectra. 
! 

Such response 'functions are not generally available for solid state de-
\ 

tectors and it would be extremely difficult to interpolate between the 

functions to account for responses from crystals of different charac-

teristics and sizes. When the number of peaks and channels in a 
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spectrwn becomes large, the mathematics associated with stripping 

the response .functions quickly become horrendous. With the high-

resolution semiconductor detectors, most of the useful information 

is contained in the photopeaks (full energy and escape peaks), and it 

is possible to confine the analy-sis to studying photopeaks only. This 

method has an advantage in that, although it does not use all the sta-

tistical information in the spectrwn, it is free from the accwnulation 
.. 

of errors that greatly reduces the accuracy attained with spectrum-

stripping techniques. 

As a first approach, the continuum under a photopeak can be 

approximated by a smooth curve through points on both sides of the 

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

above the continuum, and, the center of gravity is tak~n as the cen-

troid of the peak. This method is only applicable to well-defined 

single peaks and does not use any statistical information in the peak 

itself to define the continuwn. 

A better approach, which can be extended to overlapping peaks 

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

use an exponential approximation for the background. The continuwn 

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

higher energy. Without detailed knowledge of the composition of this 

spectrwn we can only observe that the continuwn in a short interval 

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

cept for statistical fluctuations. As such the background can be ap-

proximated by a polynomial or, even more accurately, by a polynomial 

_, 

..... 
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on a log scale, i.e., an exponential with a polynomial exponent. 

I~ Gaussian peak shapes with an exponential background were tried 

and found to give good fits to -the experimental data. The method was 

developed into the computer code MAGIC. Before describing the code 

in detail it is important to point out that there are limitations to this 

method about which the user should be forewarned. First, photopeaks 

can exhibit low-energy tailing and thus deviate from Gaussian shape. 

Also the width of the Gaussian should vary smoothly with energy, but 

in regions of low intensity peaks with poor statistics the width may 

vary randomly unless extra conditions are imposed. These limita-

tions were considered and did not cause significant error in the pres-

ent spectra. 

To understand when these limitations become significant it is 

necessary to examine some of the factors that determine the photo-

peak width. These factors affecting the performance of a Ge(Li) de-

. (Cam67) 
tector system are d1scussed by Camp. The basic factor de-

termining the width of a photopeak is the statistical fluctuation in the 

division of the absorbed energy between ionization and heating of the 

crystal lattice. This gives rise to a Gaussian distribution with a 

small specified width. The extent to which this distribution is seen 

in experimental data taken with a particular crystal depends primarily 

on the inherent quality of the detector, i. e. , its resolution. The im-

purities in the detector as well as its material properties affect the 

charge collection and the electronic noise associated with leakage 

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

give rise to low-energy tailing of the photopeaks. 

The contribution to the resolution from preamplifier noise is 

important at low energies and the instabilities of the amplifier and 

pulse-height analyzer begin to affect the peak width at higher energies, 

particularly when long counting times are involved. At high counting 

rates, random summing of pulses also broadens the peaks and gives 

rise to tailing. 

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

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

area of any photopeak when the low- energy tailing effect is included 

(by hand analysis) is less than 5o/o and more like 1-2o/o for well-defined 

peaks. This is probably due in part to the intrinsic quality of the de­

tectors and also to the compressed energy scale, which co.nfines the 

peaks to only a few channels. As a result the peak widths are small 

(FWHM,.., 2-3 channels) and fine details of the peak shape (i.e., tailing) 

are lost. 

The Gaussian width was free to vary within certain limitations. 

As stated previously, the width should increase smoothly with in­

creasing energy. This was generally found to be true except when 

low-intensity peaks were fit singly. Then the poor statistics could re­

sult in a random fluctuation of the width. This problem was avoided 

by fitting several peaks simultaneously and requiring the width to be 

the same for all of them in the chosen energy region, which was ,_ 40 

keVin the actual analysis. This tied down the width parameter and 

.. 

.. 
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constrained it to vary smoothly with increasing gamma energy. 

Since the program was run on-line by means of the cathode ray (CRT) 

display system, the user was able to make the final decision on ac-

ceptance or rejection of the fitted spectra. Any u,ndue variation in 

peak width was seen immediately and the energy region in question 

was refit. 

It should be noted that a more general and very comprehensive 

computer code, SAMPO, was developed at this Laboratory by Routti 

and Prussin(Rou68• Rou69) for the determination of photopeak ener-

gies and intensities. This code contains provisions for fitting peaks 

with significant tails. The central part of a peak is described by a 

Gaussian and the tails by simple exponentials which join the Gaussian 

so that the function 'and its derivative are everywhere continuous. 

The empirical peak shapes and p.olynomi~l backgrounds are fitted in 

a least- squares sense over a limited energy region. The three shape 

parameters- -the width and the two joining points-- vary smoothly 

with energy. The values of these parameters for any peak in a spec-

trum may be found by interpolation between parameters of neighbor-

ing peaks. Thus intense single lines in the spectrum are fit as inter-

nal standards and the values of their shape parameters stored in an 

array for interpolation. 

SAMPO contains many automated features including peak search-

ing and error analysis. It provides various options for obtaining en-

ergy, efficiency, and line- shape calibrations, and allows for on-line 

use. Output consists of printer plots of the fit alorig with tabulation 
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of results and allows the option of CalComp plots or photographs of 

the CRT displays. It does require good standard shapes and peaks 

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

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

up to six components. 

Wilhelmy (Wi169) has used SAMPO to analyze the complicated 

gamma spectra d,erived from the unseparated fission products 

formed in the spontaneous fission of 
252

cf. He has found that fo!' 

reasonably good germanium crystals the peak area is increased by 

between ""0.5-10o/o when the tailing effect is included. 

2. Peak Fitting--MAGIC 

The present experimental spectra were all analyzed by using 

the computer code MAGIC, which minimizes the weighted sums of 

squares 

x=x . 
m1n 

where x = channel number, 

( 1) 

x . , x specify the fitting interval(~ 250 channels), m1n max 

n = counts in channel x, 
x b 1 - b2 x - b3x2 

B(x) = e background function, 

np = number of peaks in the fitting interval ( ~ 18), 

. 2 
. _ [ (x-a2 j) J f(x, J) - exp a

2 
._

1 
- 2 . 

· J 2cr 
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The parameters b
1

, b
2

, and b
3 

define the continuuxn, e a 2j- 1 is the 

height and a 2 j the centroid of the j!:h peak, and rr is the width of the 

Gaussian, constrained to be equal for all peaks in the interval 

(FWHM = 2.354rr). 

The minimization of the sum in Eq. ( 1) is performed by the sub-

routine VARMIT, which is an iterative gradient method using a vari-

bl t .. (Dav59) a e me r1c. This routine uses x2
, its gradient in the param-

eter space and the inverse of its second-derivative matrix. The first 

two quantities are calculated for each iteration step and the third is 

constructed during the minimization by the method of successive ap-

proximation. The size and direction of the next iteration step are 

determined by all this information. The minimization is terminated 

when all the components of the next step are less than some preset 

minimuxn, here 10- 8 , or if four successive values of x2 
are the same. 

2 
The results include the best values for x and the parameters 

along with the error matrix. The peak locations are expressed di-

rectly by the best values of the parameters a 2 j and their errors by 

the square root of the appropriate diagonal elements of the error ma-

trix (d ) i/2
. The peak areas are obtained by integrating the 

a2j a2j 
resulting Gaus sians: 

()() 

I =area= S. 
x=-oo 

Coz.J· -1 e . 
-1/2 (x- a2 ./rr)

2 soo 
e J =A 

-1/2 (x- a 2 ./rr) 
2 

e J , 

x=-oo 

where A = e a 2j-i is the. maximum amplitude of the Gaussian above 

the continuum. The integral can be readily evaluated since the 
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expression for a normal or Gaussian distribution is normalized, i.e, 

00 00 

P(x) dx = S 
-co 

and the area, I, is expressed by 

I = A· u..JZTT. (~) 

The uncertainty in the parameters aZj-i and hence in the areas can 

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

a2j-1' i.e. • 

then 

~I= 
8I 

a a2j-1 
(3) 

= I . (d ) 1/2, 
a2j-1, a2j-1 

where d , is the corre'sponding diagonal element of the 
a2j-1 a2j-1 

error matrix. 

The energy calibration was obtained from the calculated cen-

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

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

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

1200 the nonlinearities were less than 0.8 channel. The energy was 

therefore expressed as a linear function of the channel number in 

MAGIC. More c~reful calibrations were subsequently performed on 

individual spectra, however, using some of the identified strong lines 

as internal standards and making a polynomial least- squares fit of 

I 

• 

·, 
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their energies. This compensated for any drift in the detector sys-

tern owing to a change in the dead time between spe.ctra. This final 

energy calibration resulted in uncertainties of ~ 0.1o/o at all energies . 

• 
In most cases this calibration uncertainty dominates the total uncer-

tainty in the energies of the photopeaks. 

The code has been run on the CDC- 6600 machines at the Law-

renee Radiation Laboratory. It was operated on-line with the remote 

cathode-ray tube (CRT) display system. The magnetic tapes contain-

ing the experimental spectra provided the input data. Each spectrum 

is displayed in 250-channel segments, one segment at a time, with an 

overlap of 25 channels ateach end [Fig. III-9(a)]. By light-pen inter-

action it is possible to indicate the fitting interval, three background 

points, and the photopeaks to be fitted. The resulting fit is then dis-

played [Fig. III-9(b)] and if it is not acceptable it can be rejected by 

the user and another attempt can be made to improve the results. 

Peaks missed in a first trial can be detected and added immediately 

and the interval refit. 

. 2 
The values of X and FWHM are also displayed on the CRT 

screen after each fit to help the user judge the goodness of the fit. 

If the fit is accepted, the values for the peak centroids and intensities 

are sent to an output array. The program requires an average of 

about 0.8 sec per peak. A typical "run" (-30 spectra each with an av-

.. erage of -100 peaks) requires about 12 hr of actual on-line time for 

complete analysis which corresponds to about 1 hr of central process-

ing time. 
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Fig. !II-9(b). Same 205 At spectrum with the photopeaks fit by Gaussians, 
using the computer code MAGIC. The resulting fit is then. displayed on the 
CRT screen. 
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In addition to the numerical results, the output also includes 

photographs of the CRT displays of the .final fitted spectra. Optional 

output includes punched cards, one for each peak, containing energy, 

intensity, and time information. These cards were subsequently 

used as input data for a program to calculate half-lives for the gamma 

transitions. 

3. Half-Life Determination 

The computer code TOYL (Time of Your Life) was developed 

to calculate gamma ray half-lives. Input data were the punched out­

put of MAGIC containing the intensity of each peak as a function of 

time (the midpoint of the counting interval). TOYL was also an on-

line program; the data were displayed on the CRT screen on a semi-

log plot. 

The half-life of a given gamma ray that represented only a 

single component was determined by a least- squares fit to the well-

known decay law 

N = N° e- >..t, (4) 

0 . . . 
where N = number of atoms at time t and N = number of atoms at 

time = 0 (end of bombardment). This can also be expressed in terms 

of activities, 

A= A 0 e ->..t 

since A = A.N. 

Again the operator could indicate the fitting interval with the 

light pen and could also exclude ahy obvious bad points from the fit. 
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The resulting calculated decay curve was displayed and the fit ac-

cepted or rejected by the user (Fig. III-10). 

Composite decay curves of species not rel<l,ted genetically and 

with well- separated half-lives could be handled by first fitting the 

linear section of the plot. This occurs at times long compared to the 

half-life of the first component [Fig. III-11(a)] and is the result of 

being able to ignore its decreasing exponential terms. The values ob-
f 

tairied by extrapolating this linear portion back to the origin are sub-

tracted from the original data and the resulting activities_then fit 

to obtain the half-life of the shorter-lived component. The sum of 

the resultant decay fits was then displayed and could be rejected if not 

satisfactory. Although the program can handle five such components, 

in actual practice no more than three were ever seen. 

Photographs of the final decay fits [Figs. III-10 and H(b)] 

were included in the output package. The output also consisted of nu-

merical values for the half-life and the extrapolated activity at the end 
0 . . 

of bombardment (A ) for each component at a given gamma ray energy. 

Statistical errors for each of these values were computed from the 

appropriate diagonal element of the error matrix. 

Half-life calculations for daughter radiations observed to grow 

in and then decay were performed according to the following parent-

daughter decay relationships. Radioactive decay follows the prin-

ciples of first-order kinetics, i.e., the decay rate is proportional to 

the number of atoms present, namely 

•·,, 
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Fig. III-10. The decay curve of the 836.3-keV gamma transition 
assigned to the decay 205po-+ 205Bi. Thepoints are experimen­
tal data and the solid line represents the least- squares fit per­
formed by computer code TOYL. 
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Fig. III-11(a). Composite decay curve of two independent activil;i.es 
with only the long-lived component (linear portion) least- squares 
fit by TOYL . 
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Fig. III-11(b). The values obtained by extrapolating the linear 
portion of the decay curve back to the origin are subtracted from 
the data points. The resulting activities are least,. squares fit to 
obtain the half-life of the shorter-lived component. The sum of 
the resultant fits is then displayed (solid line). 
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=-X. N, . 1 1 

where N
1 

and x.
1 

in this case refer to the number of atoms and decay 

constant, respectively, of the parent. This, of course, is the rela-

tionship which, when integrated, gives rise to Eq. (4). The second 

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

x.
1 

N
1

, and, in turn, decays itself at the rate x.
2 

N
2

. Thus 

dN
2 
~ = X.1 N 1 - X.2 N2 

or 

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

- X.z t 
= Ue 

Upon differentiation this gives 

Substituting (6) and (7) back into (5) we obtain 

or 
0 

X.1 N1 

x.2 - x.1 
u = 

(5) 

( 6) 

(7) 

After substituting back into (6) and imposing the boundary condition 

that N
2 

= N~ 0 at t = 0 to evaluate the constant C, we have 
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~X. t 
2 

e (8) 

In most cases where growth was observed there was no equilib­

rium attained; i.e., the parent was shorter lived than the daughter. 

Since the daughter radiation was observed to grow in and decay, its 

half-life could be determined byusing TOYL and fitting Eq. (4) to 

only the decay (linear) portion of the curve (Fig. III-12). It was also 

desired to obtain the parent half-life; primarily as an aid for gamma 

identification. In the case of no equilibrium the parent half-life can 

be obtained from an analysis in terms of t . , the time required for . · max 

the daughter to reach its maximum activity. 

Differentiating Eq. (8) we find that 

. -X. t >...1 >...2 ·. 0 '- X.2t 
e 1 

+ X. N 1 . e 
>...2- 1 

since N2 ° = 0 if we start with an initially pure parent. Then, re-

quiring that d N
2
/ dt = 0 when t = t yields max 

or 

t 
max 

(>...2- X.1)t max = e 

2.303 = x2- x.1 

(9) 

Once the daughter half-life and t were, obtained with the 
max 

I 

use of TOYL, the parent half-life was approxi?;riated by finding the 
<>...2- >...1> t ~ 

root of the function f(X.
1

) = >...
1 

e max - >...
2 

obtained from 
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Fig. III-12. The decay curve of the 836.3-keV gamma seen in 
the decay of 205po; .. The hal.f'-life, t 1 12 , was calculated from 
the least- squares flt of the hnear portion of the curve as car­
ried out by the computer program TOYL. 
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Eq. (9). This was performed by the subroutine ZERO. (Mei6S) 

Given a function f and two points A and B such that f(A) and f(B) have 

opposite signs, ZERO finds two points X and Y such that lx- Y I is 

less than a specified tolerance and f(X) and f(Y) have opposite signs. 

This is done ·by a combination of the false-position or secant method 

and the midpoint method. The two points A and B were generated 

within the code by successive approximations and the requirement 

that the function have opposite signs at the two points. The difference 

lx- Yl wasrequired to be less than 1 X 10-
7

and the final solution "-
1 

was taken as the midpoint of (X, Y). 

A separate computer code PDDK was developed to obtain val­

ues for the parent and daughter half-lives as well as the initial par­

ent activity A 1 ° directly from Eq. (8). They were obtained by min­

imizing the weighted sum of squares 

[

log At- f(t)l
2 

w(t) j · 

where t is the time, 

t . , t specify the fitting interval, 
m1n max · 

At = activity at time t with error at (from MAGIC), 

f(t) 

w(t) 

= log ("- N ) = lo A(2)e. . (e -A( 1)t _ e -A(2)t) 1 A(3) . J 
. 2 2 . A(2) -A( 1) · . ' 

= log (At+ at) - log (At- at). 

Again this assumes N
2 
° = 0 at t = 0. The initial p~'rent activity is 

obtained from the parameter A(3) defined by A
1
° = A

1
N

1
° = eA( 3). 

. 
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The decay constants X-
1 

and x.
2 

are equal to A(1) and A(2), · respec­

tively. 

The minimization is again performed by the VARMIT routine .. 

Initial guesses for the three parameters were supplied by cards. The 

activity and time information were again provided by the punched out-

put of MAGIC. 

Output included a photograph of the fitted decay curve as well 

as numerical printout. Figure III-13 shows the complete fit of the de­

cay curve of the 205Po 836-keV gamma shown in Fig. III-12. 

4. Coincidence Sorting--POLLY 

To analyze the coincidence data stored on magnetic tape it was 

necessary to sort the information into desired gamma ray energy in­

* tervals. This was done by the computer code POLLY. All the coin-

cidence data were stored event-by-event in a 1600X 1600 matrix. In-

dividual window sorts were performed by summing slices of the rna-

trix over .the number of channels in the window. The windows or en-

ergy gates were chosen from the y data and the coincidence spectrum 

D(x) then obtained by stripping the x data according to 

~:r: 

Yf 

D(x) = I 
y = yi 

D(x, y), 

This code represents the work of many people. The initial impetus 
and constant surveillance is due to Duane Mosier. He was aided by 
D. Harrell and the late Jo Drake in the development of the code. D. 
Gorman has added many refinements. In the course of the present 
work it was necessary to do a thorough revision to correct several 
elusive bugs. 
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Fig. III-13. A complete fit of the decay curve of Fig. III-12 per­
formed by the computer code PDDK using Eq. (8). The parent 
and daughter half-lives as well as the initial parent activity are 
indic~ted. The half-lif~ values Sl.!J!Port the assignment of the 836.3-
keV hne to 205po growtng from 2lT5At. 
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where yi and yf are the initial and final channels of the window. 

Each spectrum was listed and CalComp plotted. The photopeaks were 

hand integrated in order to calculate coincidence intensities. 

The code also allowed the option of obtaining a two-dimensional 

printer map of all coincident gammas within desired energy limits. 

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

A. Even-Mass Isotopes 

205 
In the course of measuring the gainma spectrum of At, sev-

206 . 204 eral gamrna rays of At and At were.also observed. The spec-

trum is shown in Fig. IV-1.. On the basis of their half-lives, four 

gamma lines were definitely assigned to 
206

At decay and two others 

. 206 
designated as probably belonging to At. Table IV-1 presents the 

relative intensities of these observed 206 At gamm~ rays. 

Using the lifetime values found from the three strongest transi­

tions, the half-life of 206At was determined to be 31.4:::1::0.7 min, in 

good agreement with previous values. (Led67) The assignment of some 

of the weaker gamma lines observed in the spectrum was made diffi­

cult by the fact that 
205 

At has a very similar half-life: 27.2:::1::0.6 min 

(results ofthis work). This leads to earmarking the tentative assign-

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

206 
Since electron capture accounts for ""'99o/o of At decay, the 

observed gamma rays must be transitions between levels of its 206Po 

daughter. Gamma-gamma coincidence measurements (see Table IV-2) 

showed that the three most intense gamma transitions form a triple 

·cascade and their relative intensities led to the ordering shown in the 

206
Po level scheme proposed in Fig. IV-2. 

' + + + The assignment of spins 2 , 4 , and 6 to the low-lying excited 

states was made by analogy to the first excited levels found in both . 

. 
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Table IV-1. 

Energy 
(keV) 

146.5 ± .3 

394.7 ± .4 

476.2±.4 

699.7±.6 

206 Probably At 

360.7 ± .5 

383.5±.5 
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Relative intensities of gamma rays assigned to 
206At-+ 206po decay. 

Half-life 
(min) 

31.4±2.0 

31.1±0.7 

30.5±0.7 

32.6±0.7 

31.0±3.2 

32.1±3.5 

Relative 
intensity 

6.8±0.6 

53.0±2.6 

89.1±6.3 

100 

14.9±1.3 

15.3±1.5 

Table IV-2. Coin~b'tence re~ults for transitions observed in the de-
cay. At-+ 20 Po. . 

Energy 
(keV) 

146.5 

360.7 

383.5 

394.7 

476.2 

699.7 

Energy of gate (ke V) 

360.7 383.5 394.7 476.2 699.4 

X X 

? X X 

X X 

210p (Pru67) d 208p (Tre68) o an · o. Using known single-particle en,. 

209 (Hof58) ergies of the odd proton in Bi, Hoff and Hollander calcu-

lated the two-proton level structure of 210Po with a delta function 

force. It was assumed that the two protons beyond the closed 82-

,, 
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proton shell occupy the h
9

; 2 orbital in the ground state. Their cal­

culations clearly predicted a ground state band of levels due to the 

coupling of the 83rd and 84th protons in the (h
9

; 2>
2 

configuration. 

. . . + + +. 
The calculated energy values of these low-lying levels (2 , 4 , and 6 ) 

were in good agreement with the energies observed experimentally. 

The same low-energy ordering was established in 208 Po(Tre 6S) by 

measurement of gamma intensities and conversion coefficients. It is 

bl t . t' th (h ) 2 f... t' t . 20 h reasona e o expec e same 
9

/ 2 con 1gura 1ons o occur 1n 'Po. 

The ground state spin of the 206At parent has never been re-

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

ing of the subs hells near the closed shells at Z = 82 and N = 12 6 is 

shown in Fig. IV-3. The ground state of 206At (Z = 85, N= 121) should 

. . 3 -2 -3 
then have the conf1gurahon 1T'(h

9
; 2> , v(p 1; 2> (£5; 2> . The cou-

pling of the unpaired h9/2 proton and the f5/2 neutron hole results in 

a probable ground state spin 7+ according to Nordheim's weak rule. 

(See Ref. May 55.) 

A ground state spin of 7+ was, indeed, found to be consistent 

with the log_!'! values obtained for 208 At electron capture decay(Tre 6~ 

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

ured .spin (Lin59> of the Bi isotone of 206At (204Bi with N= 121) is 6+, 

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

state only that the 206At ground state has a high spin, probably 6 or 7. 

206 The Q value for At electron capture decay has been esti-

d 6 . . (Mat65) 
mate as .02 MeV, by us1ng the mass table of Mattauch et al. 
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Because of the high intensities of the three prominent 206At 

gamma lines, it can be concluded that the triple cascade is involved 

in the majority of decay events ( ~ 53o/o). Consequently these lines 

have been assigned to the 2+-o+, 4+-2+, and 6+-4+ level transitions. 

Due to the high spin of the 
206

At ground state, direct decay to the 

ground or first few excited states of 206Po (spin< 6+) is very improb-

able. In order to explain the observed relative gamma intensities 

there must also be considerable electron capture decay to higher -lying 

states in 206Po that subsequently de-excite by a series of gamma rays 

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

more detailed study of the high-energy gamma rays emitted in 206 At 

decay must be made before these higher-lying states will be seen. 

Certainly no other gammas of> 10o/o abundance were observed in the 

current experiments, which included the energy region up to 1500 keV. 

+ 206 . If we assume that the 1570.6-keV 6 Po level duectly re-

ceives a maximum of 53% of the total 206At electron capture decay, 

we obtain an estimate for the log ft value: 6.4. This value seems 

reasonable since the transition 

is forbidden because D..£ = 2. 

The 146.5-keV gamma transition has not been placed in the de-

cay scheme. It was not observed to be in coincidence with any of the 

three intense. lines in the triple cascade and may be a transition be-

tween some of the higher levels. 

Previous information on the nuclear levels of 206Po was obtained 
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by Yamazaki (Yam70) in an (a, xn) reaction on 204Pb artd by Thore­

sen (Tho 66), who observed the three cascade gamma transitions in 

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

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

+ + . 4 , and 2 members of the ground band) follow a decay of 160 ±40 

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

transition which was unobserved in his spectra. [In 
208

Po this 8+-6+ 

transition is -10 keV and highly converted; this 8+ level is directly 

populated (Tre 68) in 208 At decay (7o/o), supporting the 7+ astatine 

ground state spin assignment.] 

More intense study of this nucleus- -particularly the high energy 

levels--should certainly prove to be interesting. Conversion studies, 

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

so be informative. 

2. 204At 

The gamma transitions assigned to the decay of 204 At have been 

labeled in Fig. IV -1. Their relative intensities are listed in Table 

IV-3. ·The best value of the half-life was determined to be 9.2 ±0.5 

min. Half-life values found previously are 8.9 mi~ (Tho 63) and 9.3 

. (Hof63) 
m1n. 

Gamma-gamma coincidence measurements (see Table IV-4) 

showed that the three intense gammas form a triple cascade ci.nalogous 

206 to that observed in At. Gamma singles intensities indicate that 

the 425.0,..keV transition is the first of the chain as shown in Fig. IV-4. 

' . ' ; 
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Table IV-3. Gamma rays observed in 204At decay. 

Energy Half-life Relative 
{keV} (min~ intensity 

425.0 ±0.3 8.8±0.3 75.7±6.9 

515.2 ±0.3 9.9±0.4 96.5±6.7 

608.0 ±0.6 8.9±1.0 19.3:1:2.2 

683.3 ±0.5 8.8 ±0.4 100 

Table IV-4. Gamma-g__amma coincidences observed in the decay 
204At _,. -zo4p0 , 

Energy 
(keV) 

425.0 

515.2 

608.0 

683.3 

Energy of gate 

425.0 515.2 683.3 

X X 

X X 

X X 

608.0 

? 

The orde'r of the 515- and the 683-keV gamma rays, however, re-

mains rather ambiguous since both have the same intensity. A com­

parison with the decay scheme of 206 At suggests the order shown in 

Fig. IV-4. Yamazaki in 204Pb (a, xn) reactions (Yam 70) observed 

the same three transitions in 204Po and placed them in the same ten-

tative order. He found that all three followed a half-life of 190±20 

nsec, which he attributed to the unobserved 8+ level, identical to the 

206p "tu . o s1 atwn. 

Tht1 608·lteV gamma line haA v<~ry tentatively be(•n ast;igrwd to a 
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level at 2232 keV. There are no coincidence data to support this as-

sigmnent. Lacking evidence to the contrary, it is reasonable when one 

takes note of the 5 {two-neutron) level in 
202

Pb which is fed directly 

by 
202

Bi electron capture decay. 

The spin of the 204 At nucleus has not been measured. The shell 

model predicts a ground state configuration 1T(~/2 )3 v(p 1;2 f 2 (£5;2 >- 5 

which would lead to a spin~ 7+ The bismuth isotone, 202 Bi (N = 119), 

h · d · · · f 5(Lin59) 'th . 't' 't · f d as a measure sp1n o W1 pos1 1ve par1 y 1n erre . It is 

reasonable to expect the same sort of coupling to occur in 204 At. 

Assuming there are no gamma transitions of intensity > 10% 

from higher-lying u.r{observed 204 Po levels, the estimated log ft 

values are certainly good approximations. The estimated Q value 

for 204At electron capture decay (95.5% of total decay) is 7.08 MeV 

(Mat65 ) If we include 19% decay to the 2232-keV level, there is 

56.4% direct feeding of the 6+ 1623.5-keV level (log ft = 6.0), and the 

remaining 24.3% of the decay leads directly to the 4+ 1198.5-keV 

level (log i!_ = 6.4). If we assume the 608-keV gamma ray does not 

feed the 6+ level then this level must receive 75.7% of the 
204

At de-

cay directly; this leads to a log ft value of 5. 9. These log ft values 

are consistent with an £ forbidden transition, i.e. , 

where an h
9

; 2 proton is converted into an f5/ 2 neutron and 6.£ = 2 . 

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

no substantial feeding of this level from higher-lying 204Po states to 
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account for the observed intensity of the 515-keV transition, then. 

this is evidence for a 5+ ground state in 204 At. If the ground state 

spin were 6+, the transition to the 4+ level would be second forbidden 

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

3. 202 At 

Three gamma rays were assigned to 
202 

At (and/ or 
202

m At) de­

cay on the basis of their half-lives. They are labeled in Fig. IV-5. 

The best half-life was determined to be 2.9±0.3 min--not accurate 

enough to make any distinction between 202 At and its possible ·isomer 

202mAt Th ·t t· fu t· · · t ·t .·· f t• f 12c . e exc1 a 10n nc 1ons or 1n ens1 y as a unc 10n o 

beam energy varied in the same manner as that of the 
202

Po gamma 

rays. 

The relative intensities of the three g~mma lines are shown in 

Table IV-5. These three undoubtedly represent the same triple cas­

cade seen in the decay of both 204 At and 
206 

At. Intensity arguments 

indicate that the 441-keV gamma represents the 6+-+ 4 +transition as 

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

biguous since their intensities are equal. However, in analogyto the 

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

reasonable. 

200 Bi, the isotone of 202At (N= 117), has a measured ground 

state spin of 7 +. (LinS 9) This is difficult to explain on the basis of 

the extreme single-particle model. With a two-particle configuration 

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

. '! .. 
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Table IV- 5. Gamma rays observed in 202 At decay. 

Energy Half-life Relative 
{keV) (min} intensity 

441.3 ±0.3 3.2 ±0.2 33 ±2.5 

569.7 ±0.4 2.7±0.3 94±5 

675.3 ±0.5 2.8±0.2 100 

occupy an h
9

; 2 level. Therefore if the f
5

; 2 neutron level is empty, 

the odd hole must be in one of the levels i 13; 2 , h
9

; 2 , or f 7; 2 · A 

more probable explanation is that there is an irregularity in the fill-

ing order of the neutrons so that there is a single neutron in the f
5

; 2 

level and two holes in another level, e. g. ; the p 3/ 2 level. The spin 

value 7 would then be in agreement with Nordheim's weak rule. A 

similar configuration might be expected for 202 At, i.e., 

However, one must keep in mind that the extreme single-particle 

model cannot really be expected to be a very good approximation so 

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

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

4. Discussion 

A similar decay pattern was found for all the 'even-mass asta-

tine isotopes investigated. This is shown clearly in Fig. IV- 7 where 

the excited states observed in their even-even polonium daughters 

are plotted as a function of neutron number. 
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Fig. IV -7. Excited states of the even- even polonium nuclei, ob:.. 
served in the eleCtron- capture decay of their astatine parents. 
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All the levels seem to exhibit very regular behavior. As the 

126-neutron closed shell is approached, an increase in the energy of 

the first excited states is observed as one would expect. 

The 2+, 4+, and 6+ levels are all attributed to the coupling of 

the 83rd ~nd 84th protons in the (h
9

/
2

)2 configuration. Calculated 

values of the energy of these levels in 210 Po (Hof5S) using known 

single-particle energies of the odd proton in 209 Bi were in good agree­

ment with the energies observed experimentally. (Pru67) Unfortu-

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

B .. Odd-Mass Isotopes 

Previous studies of the excited states of the 
205

Po nucleus 

(Lin57, Har62, Yam70) 
resulted in the level scheme shown in Fig. 

IV- 8(a). Earlier this year Hopke et al. (Hop70) inves.tigated the elec-

. 205 205 
tron capture of At to Po and observed only a single gamma 

ray- -the 718.8-keV transition. They deduced that the decay pro­

ceeded entirely to a 205Po 9/2- level at 718.8 keV with an estimated 

log ft value of 6.1. 

In this present study several gamma transitions were assigned 

205 d . to · At ecay on the basis of their half-lives. Figure IV-9 shows 

the decay curves of these gamma rays. The best value obtained for 

the half-life is 27.2±0.6 min, compared to a value of 26.2 min re­

ported previously. (Hof63) Again, positive identification of the 

weaker transitions was uncertain due to the similar half-lives of 
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Fig. IV- 8. Decay scheme of 
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daughter based on previous information derived frorn Ph (a, X'l) 

(Yam70) and 209Bi(p, 5n~(Har62) reactions. (b) Decay scheme 
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Po based OJ} the results of this study. 

(c) Level scheme of 20 Pb (N::: 121)~Sto60b, LJoeb8) included for 

comparison: 
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205
At and 

206
At. The observed spectrum is displayed in Fig. IV-1 

.. and the results summarized in Table IV- 6 . 

Table IV- 6. Ener~ies and intensities of gamma rays observed 
, in 20 At decay. 

Energy 
(keV) 

143.3::1:0.3 

154.2::1:0.4 

160.9::1:0.3 

310.6::1:0.3 

628.0::1:0.7 

658.7::1:0.5 

668.5::1:0.6 

718.5::1:0.6 

782.0::1:0.6 

1031.3::1:1.0 

205 Probably At 

203.0::1:0.4 

447.6::1:0.4 

519.4::1:0.5 

527.5::1:0.4 

616.7±0.6 

672.0::1:0.8 

Half-life 
(min) 

27.8::1:1.0 

27.6±0.4 

28.5±0.7 

26.6±0.4 

24.8±0.5 

26.4::1:1.8 

27.6±0.5 

27.6±0.4 

26.3±3.0 

28.0::1:2.0 

30.0 ::1:3.5 

27.2::1:1.8 

28.6::1:1.0 

25.1::1:3.6 

24.8±1.6 

29.8::1:1.3 

Relative 
intensity_ 

2.5::1:0.2 

7.6::1:0.4 

3.3::1:0.2 

13.1::1:0.7 

14.8±0.7 

7.6::1:0.5 

28.6±1.7 

100 

6. 7::1:0.5 

7.6::1:0.5 

1.8::1:0.2 

5.0::1:0.4 

12.5±0.8 

3.0::1:0.3 

6.9::1:0.8 

9.6::1:0.7 

1,1 
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Gamma- gamma coincidence measurements showed that the 

310. 6-keV gamma was in coincidence with the intense 718.5-keV 

gamma. Both of these were also in coincidence with K x rays. It 

seems likely that the 1031.3-keV line, which was in coincidence with 

K x rays only, represents the crossover to·. the ground state. The 

proposed decay scheme is presented in Fig. IV-8(b); the level scheme 

of the 
205

Po isotone 
203

Pb (N = 121) is also shown for comparison. 

Results of the coincidence experiment are summarized in Table IV -7. 

TableiV-7. Coj.nciden8~ results for transitions observed in the decay 
205At _ 2 5p0 • · 

Energy of Gate (keV) 
Energy K 
(keV) x rays 143 154 161 311 519 628 65~ 66.8 ill 71'8 '782 1031 

143.3 

X 154.2 

160.9 

310.6 · X 

628.0 X 

658.7 

668.5 X 

718.5 

782.0 

1031.3 

447.6 

X 

519.4 X 

527.5 

616.7 

672.0 

203.0 

K x rays x 

X 

X 

? X 

? 

X X X X X 

X 

X 

? X 

X ? ? ? X ? X 

'""';' i 

.. . 
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. . 205 205 
Electron capture to Po accounts for 82% of At decay; the 

remaining 18o/o is due to alpha decay to 
201

Bi. Only one alpha group 

has been observed. (Hof63) It is presumably the ground state transi­

tion since both 205 At and 
201

Bi have an odd h
9

/ 2 .proton. Conse-

. . . . ' . 205 
quently all the gammas observed m the decay of · At must be tran-

sitions between levels of 205Po. 

The transitions included in the 
205 

At-
20 5Po decay scheme in 

Fig. IV- 8(b) were all observed in coincidence ~ith polonium K x rays. 

Some gamma lines, notably the 143.3-, 160.9-, and 519- keV transi-

tions, although iri coincidence with the K x rays, have not been placed. 

in the decay scheme. The only intense gamma line not included in Fig. 

. 205 
IV-8(b) is the 668.5-keV transition. It seems to belong to Po but 

could not be fit into the level scheme. Conversion studies are def-

inl.tely needed to determine the multi polarity of these transitions. 

· · . · 205 (Axe61) 
The ground state sp1n of Po has been measured as 

5/2 and negative parity has been inferred. This is consistent with the 

2 -2 -3 
ground state configuration n-(h

9
; 2> v(p 1; 2 > (£5; 2> predicted by the 

· · 2o5 I - · 
shell model. The ground state spin of At should be 9 2 due to the 

unpaired h
9

; 2 proton. Therefore we would expect no electron capture 

decay directly to the 
205

Po ground state or to the previously observed 

ii;3/2 excited state. 

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

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

situation in 
203

Pb, this 310-keV line is probably an M1 transitionfrom 

a 9/2- (or 7/2-) level to the 9/2- level at 718.5 keV. Using the 
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conversion coefficient of 0.46for a 310~keV M1 gamma(Sli6S) and a 

Q value of 4.88 MeV for 205 At electron-capture decay, obtained from 

the Mattauch(Mat 65) mass tables, we can estimate log ft values. The 

values obtained, 6.2 and 6.5 for decay to the 718- and 1030-keV levels, 

respectively, are not unreasonable for allowed transitions. 

In estimating these log ft values, feeding of the 310- and 718-keV 

states by the decay of higher energy levels, as well as the direct 205At 

electron-capture decay to other energy levels have been ignored. The 
. . .\ 

intensity of any of these transitions must be small and their effect on 

the log ft values will likewise be ~mall. For example, if we include 

some direct electron capture decay to the 782.0-keV level and balance 

the intensities accordingly, the log ft values change to 6. 3 and 6. 6 for 

decay to the 718.5- and 1030.2- keV levels. 

If we assume that the first excited level is one of the low spin 

. I - I - 2o3 states, 1 2 or 3 2·, seen in Pb, there will not be any direct decay 

to this level. Intensity balance at the 154.4-keV level demands that 
. . . . . 

the total intensity of the 154.4- and 628.0-keV transitions must be 

equal (since no feeding from higher levels has yet been observed). 

Reference to Table IV- 6 shows that since the singles intensity of the 

628-keV gamma ray is approximately twice the intensity of the 154.4-

keV gamma line, halfofthe 154.4keVtransitionmustbe converted (total 

conversion coefficient .... 1). This corresponds to an E2 transition (cal­

culated total conversion coefficient:::: 1.2(Sli65) for a 154-keV gamma 

transition). A spin of 112- is thus indicated for the 154.4-keV level. 

Again referring to the 203Pb level scheme, the 
205

Po 628-keV 

-• I 
I 

; 
.~ ' 

i 
'"' ' 
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transition is more apt to be an E2 than an M3 transition, supporting 

the spin assignment 5/2- to the 782-keV level. 

Conversion electron measurements are needed to confirm (or re-

fute) these arguments. Both qigh-energy and low-energy ( < 100-keV) 

gamma measurements should be fruitful in filling in the remainder of 

205 . the At decay scheme. 

2. 203At 

. 203 
In the course of gamma measurements of the decay of Po and 

20 2p ·1· . . · d t th . t t' t N o, some gamma 1nes were ass1gne o e1r as a 1ne paren s. o 

coincidence studies were made, so decay schemes are very tentative. 

An intense gamma line at 637.8 keV was found to decay with a 

half-life of 7~3±0.3 min and was, therefore, assigned to 
203

At. A 

shoulder on this gamma line, at 640.5 keV, (Fig. IV- 5) was found to 

decay with approximately the same half-life and it was also assigned 

to 
203 

At. Two other gail1I'lla transitions were also identified as be-

l . 203A 203p d Th d f 11 f . d ong1ng to t-+ o ecay. e ecay o a . our ass1gne gamma 

rays is shown in Fig. IV -10 and their relative intensities summarized 

in Table IV-8. The intensity of each gamma varied as a function of 

bombarding energy in the same manner as did the 
203

Po gamma inten-

sities, thus supporting the mass assignment. 

A tentative decay scheme is shown in Fig. IV-11. The estimated 

203 . (Mat65) Q value for At electron capture 1s 5.82 MeV. · The astatine 

ground state most likely has spin and parity 9/2- due to the odd h
9
; 2 

proton; the ground state spin of 203Po has been measured to be 

II 
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Table IV-8. 
- 203 

Gamma rays observed in At decay. 

Energy Half-life Relative 
(keV} ·(min) intensity 

415.3±0.4 6.1±0.8 23 ±3 

637.8±0.5 7.3±0.3 100 

640.5 ±0. 7 7.3±0.6 52± 5 

736.7±0.6 7.4±1.0 35 ±4 

5/ 2 .. -. (Axe61). 
6 The 37.8-keV gamma probably represents the E2 

transition from the 9/2- excited level to the 203 Po ground state--the 

analog to the 718-keV gamma observed in 205 At decay. The other 

three gammas cannot be placed in the decay scheme without further 

. information-- coincidence and conversion measurements. 

3. Discussion 

The decay of the two odd-mass astatine isotopes studied, 205 At 

and 203 At, is characterized by direct feeding of at least one 9/2- level 

in thepolonium daughters. This level is then de-excited by an intense 

gamma transition to the 5/2- ground state. 

The information obtained is summarized in Fig. IV -12 where 

the observed energy levels are plotted as a function of neutron num-

ber. The 9/2- level of the odd-mass Pb isotopes is included for com-

pari son. 

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

203 - 205 . 
levels of Pb (N = 121) and Pb (N = 123) are only 5 and 26 keV, 

respectively, above the 9/2- levels, whereas in polonium these levels 

·- ! 
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Fig. IV -12. Experimentally observed excited states of odd­
mass Po and Pb isotopes. 
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are seen to be more widely spaced. 

C. Lower Mass Isotopes 

Due to their short half-lives, no direct studies of the astatine 

isotopes with mass A< 202 were. made. However. the decay of their 

daughters was measured. In the course of measuring the gamma spec-

trum of a target irradiated with a beam energy of 119 MeV, a 571.0-

keY gamma was observed to decay with a half-life of ""1 min. It must 

201 200 belong either to At or At decay. 

Reference to Fig. IV -12 indicates that the 9/2- level of 
201 

At 

might be expected at about 570 keY. The first excited state in 
200

At--

+ ' 
the 2 level- -will probably appear at about 650 ke V (Fig. IV- 7) if the 

regularity of this level continues down to 116 neutrons. On this basis 

we would propose that the observed 571-keV transition represents the 

9/2- to 5/2- ground state transition in 201At. Since these nuclei have 

so many neutron holes, however, we cannot be completely sure that 

the level energies determined for the heavier isotopes can be legit-

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

A. Odd-Mass Isotopes 

1. 205Po 

205 ·. 
Po has a sufficiently long half-life (1.8 hr) that it can be made 

without many interfering radiations. Two kinds of runs were made. 

In both, a 0.25-mil gold foil target was bombarded with 74'-MeV 12c 

ions (5.25-mil Al absorber)' to maximize the 205 At concentration. The 

astatine was evaporated from the target and collected. In the first 

runs the gamma singles measurements were begun immediately and 

the growth of the 205Po radiations could be observed. In later runs 

205 
the astatine was allowed to decay for an hour to allow the Po daugh-

ter to reach its maximum growth. The remaining astatine was re-

moved by_ heating; the polonium was dissolved off the plate with HN03 

and deposited onto the center of a 1 in. Pt disk (within a circle of di-

ameter 0. 5 em). 

The Pt disk was then mounted in the sample holder described in 

Section III and both singles and gamma-gamma coincidence data taken. 

The singles spectrum measured 1.4 hr after bombardment is shown in 

F . v 1 204p . th . t . t. h'l 1 1' d b' 1g. - . o 1s e pr1mary con am1nan , w 1 e onger- 1ve 1s-

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

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

the 25.3-keV gamma which decayed with the half-life of 
205

Po. 

The 205Po data obtained from these singles spectra are given 

in Table V-1 and the coincidence data are summarized in Table V-2. 
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1g. V-1. Gamma spectrurn of Po(+ Po). The target was 0.25-

mil Au foil bombarded with 74-MeV 12c ions. The sample was al­
lowed to decay 1 hr to allow for maximum growth of the 1.8-hr 205po 
from its - 2 7 -min At parent. The remaining At was re!noved by heat- '<it 

ing; the Po was dissolved off the plate with HN03 and transferred to a 
Pt disk for gamma n1easurements. 
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Table V-1. Engrgy and intensity of gamma transitions observed in 
20 Po -+ 205Bi decay. . 

Energy I K-conversion K/L Multil?tolar- IT 
c 

{keV} 
y· 

coeff. a ratio a ity 

25.3±0.15 0.7±.15 --sb. (E1) 0 6.8±1.4 

129.4± 0.4 2.9±.2 5.6 ±1.2 6 M1 21.8±3.5 

151.6±0.4 3.0±.2 3.1 ±0.6 6 M1 13.8±2. 5 

211. 9±0.4 8.0±.5 0.25. ±0.03 2.0 E2+ 15o/o M1 11.6±1.5 

245.8±0. 7 2.0±.3 0.25 ±0.15 (E2) 2.7±0.9 

260.9±0.3 9.4±.6 0.59 ±0.06 5.5 M1 16.0±1.9 

472.0±0.6 2. 7±.3 0.031 ±0.006 E2 2.8±0.6 

511.0±0.5 5.3±.5 ""5.4±0. 7 

598. 9±0. 7 6. 3±.4 0.014 ±0.003 E2 6.4±1.3 

613.0±.0. 7 4.0±.2 0.065 ±0.009 5 M1 4.3±0. 7 

623.9±0.7 2.4±.2 0.15 ±0.02 4 M2 2.8±0.5 

836.3±0.5 so. 7±2.0 0.0034±0.0003 E1 51.0±2. 6 

849.9±0.5 71.0±2.8 0.020 ±0.002 6 M1+ 8o/oE2 72±8 

872.2±0.5 100 0.007 ±0.0007 6 E2 101 

1001.1±0.5 78.6±3.2 0.012 ±0.001 6 M1+ 7o/oE2 79±7 

1183.5±0. 7 2. 7±.2 0.011 ±0.002 M1 2. 7±0.4 

1239.1±0.6 12. 6±. 6 0.0066±0.0010 M1+ E2 12. 7±0. 7 

1336.6±0.8 3.1±.4 0.002 ±0.001 E1 3.1±0.4 

1514.9± 1.0 5.2±. 7 5.2±0. 7 

1552.9± 1.0 6.9±.6 6. 9±0. 6 

1652.0± 1.2 2. 7±.5 2. 7±0.5 

1730.6± 1.5 4.1±.6 4.1±0.6 

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

bThe total intensity of the 25.3-keV gamma required by intensity bal­
ance was 7. This implied an E1 transition and the K-conversion co­
efficient is a theoretical value from Sliv and Band. (Sli65) 

ciT = ( 1 +aK+ aL + aM + · · . ) Iy wher~ O:'L were theoretical values obtained 
from the table of Sliv and Band, (Sh65) and aM+ aN+ · · · = 0.3 aL. 

., 
' 
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Table V-2. Summary of observed gamma- gamma coincidences in 
20 5Po -+ 205Bi decay. . 

Energy of gate {keV} 

Energy 
(keV) 129 151 212 261 472 511 599 624 836 849 872 1001 1239 -------- -- --- -- -- -- -- ---- ----

129.4 ?· X 

151.6 X 

211.9 X X 

245.8 

260.9 X ? X X X X 

472.0 

511.0 X X X X X X X 

598.9 

613.0 

623.9 ? ? 

836.3 X X 

849.9 X 

872.2 X X X ? X ? X 

1001.1 

1183.5 

1239.1 

1336.6 

·The best value obtained for the half-life of 205Po is 1.80 ± 0.04 hr-the 

same value listed in the Table of Isotopes. (Ledb7) The relative inten-

sity of the 25.3-keV gamma line is only approximate, since it was cal­

culated from the relative intensities of the Bi K x rays in the low- and 

higher-energy spectra. 

No conversion-electron studies were made during the current 

workL Two simultaneous investigations, however, have included con-

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

V -1 have been taken from the results of Alpsten and Astner. (Alp,69) 

Identical multipolarities w~re assigned to these 
205

Po transitions by 

Hopke, Naumann, and Spejewski(Hop 69) on the basis of their measured 

electron intensities. 

The 205Po decay scheme constructed from the data in Table V-1 

is shown in Fig. V-2. It is clear from the coincidences that the 261-, 

836-, and 872-keV transitions form a triple cascade. Both singles 

and coincidence intensity considerations require the sequence to be as 

shown in Fig. V -2. 

Th 205B. d t t . h b·. . d 0 9/2.:. (Lin59) e 1 groun s a e sptn as een measure as . 

Level spins have been assigned from multipolarities and by analogy 

"th th 207p d h (Arb58, Hop69, Ast70) Th th 1708 4 Wl e · o ecay sc erne. us e . -

keV level is assigned spin and parity 3/2+, whereas the level at 1969.3 

keV is assigned spin and parity 5/2+. To accommodate the 261-212-

624(?)-872 keV coincidence sequence we have placed a level at 1496.3 

keV with spin and parity 1/2+. 

The 1183- and 1239-keV transitions have been tentatively placed 

to the ground state because of the lack of any coincidences with the 

transitions depopulating the lower-lying levels. The 1239-keV transi-

tion, in particular, is sufficiently intense that it should appear in coin-

cidence if it did populate any of the first three excited levels. A sim-

ilar lack of any coincidences plus energy sums have led to our place-

ment of the 1001.1-keV line. 

The decay scheme constructed is essentially the same as that 

derived by both Alpsten and Astner and Hopke et al. However, we 

! 
. ~ 

I 
-· I 
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have observed the 25.3-keV transition proposed by Alpsten and Astner 

on the basis of intensity balance arguments. We have placed the 25.3-

keV and 598.9-keV gamma tran·sitions in accordance with energy sums. 

They also placed the 598.9-keV gamma depopulating a 1471. 1.-keV 

level. In. order to balance intensities at both the 1.471.1- and 1.496.3-

keV levels, the 25.3-keV transition was suggested, although it was 

unobserved in their spectra. Both of these levels should receive little 

or no direct feeding from the 205 Po decay due to forbiddenness. With-

in experimental error the intensities of the 25.3- and 598.9-keV gam-

mas are equal; thus there is no observed direct decay to the 14 71.1-

keV level. 

Extending the same reasoning to the 1485.6- and 1496.3-keV 

levels, Alpsten and Astner found that a gamma of about 10.5 keV was 

needed to feed the 1485.6-keV level. We could not see a gamma of 

this low energy with our experimental arrangement; it is undoubtedly 

highly converted and _will be difficult to observe. 

The remaining transitions, indicated with dashed lines, were 

observed in our spectra but were either weak or of high energy so 

that, although no coincidences with lower-lying transitions were ob-

served, they could not be completely ruled out. Using energy sums 

and the three high- energy states proposed by both Alpsten and Astner 

and Hopke et al. as a result of coincidence data, we have also placed 

these remaining transitions in the level scheme. 

The estimated Q value for 205Po electron capture was again ob­

tained from the Mattauch tables(Mat6S) and is 3.56 MeV. From this 

t 
·! 
i 
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and the percentage of direct electron-capture decay received by each 

level, log i_t values were calculated. Uncertainties in the intensities 

(mainly from unplaced weak transitions) and Q value do not appreda-

bly affect the log_!! values. 

Anomalies in the log_!! values cdo appear. The forbidden decay 

to the 3/2+ and 5/2+ states is enhanced while the allowed decay to the 

three lowest lying levels is retarded. These same anomalies appear 

in 207 Po decay (Hop 69• Alp 69> and also in 203Po decay, as we shall 

see. 

2. 203Po 

Th t f th 1. . th 2 0 3 p t e measuremen o e gamma· 1nes 1n e o spec rum 

(Fig. V- 3) confirmed the half..:life determined earlier in the alpha 

measurements. The best value obtained from the gamma data is 

36.7±0.5 min (from alpha decay, 36.0±2.5 min), 

. 203 
The energies and intensities of all gammas assigned to Po 

are lis~·ed in 'rable V-3. The K-conversion coefficients and K/L ra­

tios were measured by Alpsten and Astner. (Alp69) There is need for 

verification of these values and the resulting multipolarity assign­

ments, however. Measurements of these same quantities by Hopke, 

Naumann, and Spejewski(Hop 69) do not agree and have led to a differ-

entrset of inultipolarity assignments. Their resultant decay scheme 

bears very little resemblance to that of 
205

Po and 
207

Po. Believing 

that nature prefers pattern and order where possible, I have chosen 

to use the multipolarity assignments of Alpsten and Astner because 

203 . 
these lead to a Po decay scheme with the same characteristics 
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Table V-3. Inte&fity and 3nergy of all gamma transitions assigned 
to 2 Po -+ 

20 Bi decay. 

Energy I K-conversion K/L Multi~olar- IT 
.b 

(keV} " a ratio a coeff. it~ 

174.4±0.3 4.6 1.6 ±0.1 5 M1 13.5 

188.4 ±0.3 7.1 0.47 ±0.04 0.11 E3 35.0 

197.0 ±0.3 1.2 1.4 ±0.1 M1 3.2 

'204.0 ±0.4 -1 0.75 ±0.08 0.3 E3+ 6o/oM2 5.2 

213.7±0.2 27.8 0.18 ±0.02 1.2 E2+ So/o M.i 40.2 

261.3 ±0.4 2.1 -3 

388.6±0.4 2.3 0.034 ±0.0 11 E2 2.8 

418.0 ±0.6 4.1 0.008 ±0.005 E1 4.1. 

485.0 ±0.4 4.6 0.022 ±0.006 E2 4. 7 

511.0 ±0.4 17.0 -17 

648.2 ±0.6 2.1 0.04 ±0.01 M1 2.2 

'894.1±0.5 28.0 0.008 ±0.001 4.5 E2 28.0 

909.4 ±0.5 100 0.013 ±0.001 5 M1+ 50% E2 101 

1091.2 ±0.5 31.4 0.011 ±0.001 6 M1+ 25o/o:E2 32.0 

1242.8 ±0.6 7.5 0.00 14±0 .0007 ··E1 7.5 

aExperimentally determined K-conversion coefficients and K/L 
ratios, and the multipolarities based on them are taken from Ref. 
Alp69. 

hi = (1 + aK+ aL +aM+ ···)I , where .a-L were theoretical values 
obtainedfrorn the Sliv and Band'4ables(Sh65), and aM+aN+ ... = 0.3 

aL. 

. . 205 207 
observed m both . Po and Po decay. 

The decay scheme proposed for 203 Po in Fig. V -4 is very ten- .. ' 

tative. No coincidence measurements were made. Therefore the 

level scheme is supported by energy sums (Table V -4), intensity 
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203 
Decay scheme proposed for Po. 
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Table V-4. Energy s'IJf8! for gamma transitions observed in the 
203po - 0 Bi decay. 

E1 E2 Sum E3 Used in decay 
scheme 

174.4 213.7 388.1 388.6 yes 

188.4. 909.4 1097.8 

J 
yes 

204.0 894.1 1098.1 yes 

197.0 894.0 1091.1 1091.2 yes 

213.7 204.0 417.7 418.0 yes 

261.3 648.2 909.5 909.4 no 

relation~hips, the multipolarity assignments just disc.ussed, and its 

similarity with the 205Po decay scheme. It agrees well with the level 

scheme proposed by Alpst~n and Astner. It does not agree with all of 

the coincidence data presented by Hopke et al., nor with their pro-

posed decay scheme. 

The amount of direct electron-capture decay received by the 

three lowest excited states indicates very clearly that the 5/2- level 

has dropped down below the two 7/2- states. 

We postulated the existence of the 2135. 7-keV level from energy 

sums. The placement of the 1242.8- and 648.2-keV transitions de-

populating this level is supported by the coincidence data of Alpsten 

and Astner. 

Alpsten and Astner have also reported a low-intensity (relative 

I = 0.2) 182.5-keV M1 gamma which would represent the missing tran­
'{ 

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

f 203 . t' t '} ' ¢nt:e o a J)t ganu:na ~·ay o a }out t w tJan1c enet·gy would have 

. ' 
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obscured this weak transition in the present investjgation. 

. 203 -
Both ground state spins have been measured: Po as 5/2 

(Axe61) d 203B.. 9; 2 - {Lin59) L f l l l t d an 1 as . og _! va ues were ca cu a e 

from the. estimated Q value {Mat 65) and the direct level feedings which 

were determined by intensity balance. 

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

2o5 1 Po decay. The large percentage of direct decay to the 7 2- levels 

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

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

6.5 and 6.9 to the analogous 7/2- levels in 205Po- 205 Bi decay. The 

most striking similarity is again the presence of the band of positive 

parity levels. The 5/2 + and 3/2 + levels are fed by direct electron-

capture decay with log ft values almost identical to those observed ,. ' . - . 

f th .d. :. .t . "1 1 1 . 205P or e · ecay o s1m1 ar eve s 1n o. 

3. Lower-Mass Isotopes 

The gamma lines are much more difficult to identify in the low-

mass spectra. This is du:e primarily to the profusion of isotopes pro-

duced, many with similar half-lives. The situation is particularly dif-

ficult when one is trying to identify short-lived activities. 

No gamma transitions could be assigned to 8. 9-min 20 1mPo de­

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

attributed to 201Po decay. The mass assignment is supported by the 

excitation function. Three other gamma lines were observed to have 

a similar half-life, but the assignment could not be confirmed by ex-

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

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

evidence for an isomeric state of 199Bi, since currently no nuclide 

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

Table V- 5. Gamma transitions tentatively assigned to the decay of 
201p0 • 

Energy Half-life 
{keV} {min} 

238.8 ±0.5 17.6±2.1 

124.4 ±0.2 17.9±2.0 

306.2 ±0.3 16.2 ± 1.4 

356.3 ±0.3 18.4±1.1 

( 1) No excitation- function iruormation. 

Relative 
intensity 

100 

3 

100 

40 

Remarks 

( 1) 

(2) 

(2) 

(2} Excitation function tends to prefer mass assignment 199. 

The measured ground state spin of 201 Po is 3/2-. (Axe 61 ) 

Since the ground state of 20 1Bi is a 9/2- level, (LinS 9 ) we would e~­

pect that 201 Po undergoes electron capture to excited levels in 20 ~i, 
"bl t ZOimB. h' h . k f 1 h d t d' (Sii 64) poss1 y o 1, w 1c 1s. nown rom a p a ecay s u 1es. 

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

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

assigned to the decay of the 20 1:m.Bi isomeric state. By assuming 

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

preting their conversion coefficient measurements as being M4+ 

(54± 20) o/o E6, Alpsten and Astner have favored the assignment of 

spin and parity 1/2 + to the 20 1mBi level. (A multipolarity as signrnent 

I 
.!i. I 

I 
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of E4 + (26± 11.)% M5 also agrees with the conversion-electron mea-

surements and has not been ruled out. It is less likely in the light 

of the data for the heavier isotopes previously discussed. A 1/2+ 

level could well represent the lowest member of the positive parity 

b-and previously observed in the level schemes of 
203

Bi, 
205

Bi, and 

207Bi.] 

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

attempt has been made to incorporate the fragmentary experimental 

information obtained into a decay scheme for 201 Po. 

One gamma line was seen with a half-life corresponding to that 

199m . of Po--4.2 ±0.3 m1n. The assignment of this 473.4 ±0.4 keV 

gamma transition was supported by the excitation-function measure-

ments. 

4. Discussion 

. 205 
The discussion which follows applies equally well to both Po 

203 207 . and Po as well as to Po decay wh1ch, however, was not ob-

served in the present investigation. Much of the discussion may also 

be applicable to 201Po, with provision made for its 3/2- ground 

state, when more information on its decay is available. 

The ground state configuration of the odd-mass polonium 

isotopes is expected to be principally due to the configuration rr(h9;~
2 

-2 - (1+2n) · 207 205 
v(pi/?) (f 5; 2> ·,wheren=Ofor Po,n=1for Po,and 

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

1 -2 -2n 
can then be assigned a configuration rr(h

9
; 2> v(p 1; 2> U5; 2> · 
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Therefore the ground- state-to- ground- state electron- capture decay of 

polonium would involve the conversion of an h
9

; 2 proton to an f
5

; 2 

neutron. This transition requires ~I = ~ .£ = 2, no, and is therefore 

expected to proceedvery slowly. 
' 

The two 7/2- states are readily interpreted as the 2£7/ 2 single­

proton state, its strength being split on two levels. These states could 

be strongly fed from the polonium parent if there is a small admixture 

of 1T (£7; 2>
2 

in the ground state wave function of the polonium nucleus. 

The transition to' bismuth would then involve favored conversion of an 

f 7; 2 proton to an f5; 2 neutron. Although the log !:!; values are high 

. because of the small admixture, the transition proceeds with sufficient 

speed to preferentially populate the 7/2- levels. 

The most probable explanation for the populationof the bismuth 

positiv.e parity states is that they are due to one hole in the Z = 82 pro-
. . 

ton core w1th two protons pairing off in the h
9
; 2 level. Thus the con­

version of a d 3; 2 or d 5; 2 proton in a filled subshell of 
205

Po (or 
203

Po} 

to an f 5; 2 neutron would lead to first forbidden decay to the 3/2 + and 

. + 
5/2 Bi levels ( ~ = ~.£ = 1, yes). 

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

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

20 1Pb, and 199Pb decay to 5/2 + and 3/2 + states in their thallium 

d ht (Led 67) I 203Pb .1 ft 7 0 f d t th 5/2+ 1 1 aug ers. n , og _ = . or ecay o e eve . 

and log £t = 6. 5 for 
+ . 

decay to the 3/2 level with < 2o/o of the electron 

capture (log ft = 8. 3) going directly to the 1/2 +ground state. Iri the 

case of 199Pb, log !:!; = 6. 9 and 6. 6 for decay to the 5/2 + and 3/2 + 
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levels, respectively, and no direct decay has been observed to the 

1/2+ ground state. These log ~ values are almost identical to those 

observed in the polonium decay: 6.85 and 6.6 (cf. Figs. V-2, V-4). 

Hence this analogy with the lead isotopes supports the notion of "core 

excitation" in the positive-parity excited levels of these odd-mass 

bismuth nuclei. 

In similar fashion the 1/2+ state is attributable to a 1r(s 
1

; 2 ) - 1 

( )2 ( -2 -2n 
h 9/2 v P1; 2> ( £5; 2 > configuration. The energy spacings of 

the three positive-parity states show a pattern similar to that seen in 

the odd-mass thallium isotopes where the 1/2+ level is the ground 

· state. Moreover, the pattern of de- excitation of the 5/2 + Tl states , 

·. (Ledp?) i.e., preferential population of the 3/2+ state with a small 

crossover to the 1/2 + state, is identical to that observed for the 5/2 + 

level of the bismuth isotopes. The intense 3/2+-+ 1/2+ transition 

seen in the thallium isotopes has become much weaker in 
205

Bi (and 

203
Bi); rather, the energy available drives the E1 transition down to 

the low-lying negative parity states. 

The multipolarity assignments of the 1242.8- and 648.2-keV 

203
Bi transitions support the assignment of positive parity to the 

2136.9-keV level and indicate a spin of 3/2, 5/2, or 7/2. Due to the 

high excitation energy of this state, it could be the 7/2 member of the 

positive- parity band, representing the conversion of a g 7 ; 2 proton 

to an £5; 2 neutron ( .D.I =D..£= 1, yes). The observed log !"! value of 

6.9 certainly suggests such a first forbidden transiton. The resulting 

configuration of the 203 Bi nucleus would then be 1T(l\:)/z)2 
(g 7; 2>- 1 
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This would be in keeping with the configurations 

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

i. e. , a hole in the 82- proton shell. 

B. Even-Mass Isotopes 

204 . . . 205 
The most intense Po gamma hnes are denoted in the Po 

spectrum presented in Fig. V -1. Four less-intense lines ( < 10o/o) 

were seen in a separate run which maximized the 
204

At con~entration. 

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

The half-life of 204Po was determined to be 3. 69 ± 0.11 hr fr.om the 

gamma measurements, in good accord with the 3.55 ± 0.15 hr obtained 

from the decay of the alpha group. 

The only previous information available on the electron~ capture 

204 · (An65) 
decay of Po was acquired by An; . His results are included 

in Table V- 6 for comparison. The two sets of data agree in half-life 

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

tween the values obtained for both the energy and the intensity of sev-

eral of the transitions. Additional support for the values obtained in 

this work comes from the fact that the energies and intensities of 

205
Po gamma lines seen in the same spectra are in excellent agree-

ment with recently published values (cf. Chapter V-(A)]. This im:.. 

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

certainties due to energy and efficiency calibration. 
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Table V-6. Gamma transitions observed in the decay of 
204

Po. 

This work Values from Ref. An65 

Energy Relative Energy Relative 
{keV} intensity {keV~ intensity 

63.23±0.10 12 ±2 

115.0 ±0.3 2.3 ±0.3 

120.6 ±0.4 6.2±0.7 

1.26. 7 ±0.4 8.7±1.0 

137.3 ±0.3 40,3 ±3.0 140 66 

163.4 ±0.5 6.6±0.7 

202.2 ±0.5 9.7±0.9 202 13 

269.7 ±0.4 100 268 100 

304.5 ±0.5 10.0 ±0.9 305 17 

316.5 ±0.5 14.9±1.4 316 19 

534.2 ±0.6 44.9 ±3.5 537 52 

680.0 ±0. 7 30.4±3.6 680 40 

762.0 ±0. 7 37.6±3.4 764 43 

883.6 ±0.6 110.0 ± 8.8 883 101 

1016.1 ±0.7 93.0 ±8.4 1022 77 

1040.0 ± 1.1 38.0 ± 3.4 1037 28 

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

137.3-, 269.7-, arid 883.6-keV transitions are all in coincidence, im-

plying a triple cascade. The coincidence data, as well as intensities 

and energy sums, have been used to construct a decay scheme. The 

level scheme proposed in Fig. V-5 is one possibility that agrees with 

all the experimental data. 

The 63.23-keV transition was observed only in the low-energy 

spectrum and thus no coincidence information was obtained. It was 
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Tente3;tive decay scheme for Po. 
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Table V-7. f8jncidence results for gammas observed in the decay 
Po _. 204Bi. 

Energy of gate {keV} 
En·ergy 
(keV) 137 202 269.7 316 534 762 883 1016 1040 -- -- -- --
63.2 

115.0 

120.6 

126.7 

137.3 X X ? X X 

163.4 

202.2 X 

269.7 X X ? X X X 

304.5 

316.5 X 

534.2 ? X 

680.0 

762.0 

883.6 X X ? 

1016.1 X 

1040.0 

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

. · 206 .(Arb57) · 208 .(Led67) . 
the level schemes of both B1 and B1 · and w1th the 

relative intensities. 
! 

(Wah57) . . 
Wahlborn has calculated the energ1es of the nuclear 

levels expected in 206Bi with three neutron holes. The four lowest-

1 -2 -1 1 -2 
energy configurations-~ tr(h

9
; 2 ) v(p 1; 2> (£5; 2> , tr(h

9
; 2 > v(p 1; 2> 

-1 1 -1 -2 1 -1 -1 -1 
( P 3/2 > • 'TT(h9/z> v(p 1/2> (£5/z> • 'TT(h9/2) v(p 1/z> (f s;z> (P.3;z> --
lead to a large density of levels, all with positive parity. The first 

negative-parity levels have an excitation energy of- 1 MeV and arise 
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from the coupling of an i 13; 2 neutron with the odd h
9

/ 2 proton. 

Therefore the gamma transitions between excited levels below ""'1 MeV 

can be expected to have multipolarity M1 or E2. This is born out for 

20 6Bi where only M1 and E2 transitions were observed below the 

1379-keV level. (Arb57, Sto56) 

One expects the same general level order in 
204

Bi with five neu-

tron holes. The 63.2-keV ground state transition will then be an E2 

or M1 gamma. Intensity balance and reference to Table V- 8 would 

lead to a preference for the M1 assignment. 

204p · 1 h ·t d · a+ o 1s an even- even nuc eus; ence 1 s groun state 1s a 

1 1 204 B· h d .t t . d "t f 6+ (LinS 9) Th eve . 1 as a groun s a e sp1n an par1 y o . ere-

Table V-8. Total intensity of 204Po low-energy gamma lines as a 
function of multipolarity. 

Energy Relative Total intensity 
{keV) intensity Assume M1 Assume E2 

63.2 12 323 1330 

115.0 2.3 16 11.5 

120.6 6.2 42 31 

126.7 8.7 59 43 

137.3 40.3 240 85 

163.4 6.6. 26 14.5 

202.2 9.7 26 14.5 

269.7 100 158 117 

304.5 10.0 15 12 

316.5 14.9 21 16 

... 

,_;., 
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204 fore we would not expect to see any Po electron capture directly to 

the low-lying Bi levels due to their high spin. Thus the intensities of 

the 762.0- and 120. 6-keV transitions are equal within experimental 

error; the 120.6-keV gamma probably corresponds to the 121-keV line 

. . 208 
seen earlier in the study of the alpha decay of At. Similarly, re-

quiring the intensities of the 680.0- and 202.2-keV gammas to be equal 

suggests that the 202.2-keV transition is probably an M1 transition, al-

though their order could be reversed. 

Intensities tend to indicate that the 137.3- and 269.7-keV transi-

tions are of multipolarity E2 and M1 respectively. Conversion mea-

surements are necessary before any definite spin assignments can be 

made. 

It appears that the 2233.4-keV level receives "SOo/o of the direct 

204 . . ·. · · . · · (Mat65) 
Po decay. Usmg the Mattauch estimate of 2.47 MeV for 

QEC' this corresponds to log ~::::: 4. 7. This would certainly indicate 

an allowed transition, hence a spin and parity of 1+ for the 2233.4-keV 

level. Wahlborn 1 s calculations (Wah5 7) for 20 6Bi predict the 1 + level 

1 -2 -1 . 
of the TT(f7; 2J v(p

1
; 2) (f5/ 2) configuration at an energy of ""'2.16 

MeV. The decay to such a state would proceed rapidly if the 
204

Po 

ground state configuration has some admixture of TT(f7/ 2)
2

. The con­

version of an f
7

/ 2 proton to an f
5
/2. neutron would be allowed; ~I = 1, 

t::...£ = 0, no. 

Much more work is necessary before the decay scheme of 
204

Po 

is completely elucidated. 204 Bi is an extremely complicated nucleus 

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

possible in the coupling of the odd particles. 
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2. 202.Po 

No work has been published concerning the gamma rays or con­

version electrons in the electron-capture decay o£
202

Po . 

. The 202 Po gamma lines observed in the current investigation 

are labeled in Fig. V-3; the experimental data are summarized in 

Table V-9. No search was made for low-energy gamma transitions 

(E < 100 keV). 

The best value of the half-life obtained from these data is 

43.7 ± 1. 3 min, to be compared with a value of 43.8 ± 1. 5 min obtained 

previously in the alpha measurements. 

202 + As an even-even nucleus Po has a 0 ground state. The 

measured spin(LinS 9) of the 202 Bi nucleus is 5+. We would thus ex-

pect the electron-capture decay to proceed to the higher-lying low-

. .t t . 202 B· b d f th h . P sp1n s a es 1n 1, as was o serve or e eaVler even- even o 

nuclei. 

The intense 686.9-keV gamma is probably a transition to the 

ground state (an analog of the 883.6-keV transition to ground in 204Bi). 

Any further attempt at constructing a decay scheme would be pure 

speculation without additional information. Again, in analogy to the 

heavier odd-odd Bi isotopes, we would expect a large. density of avail-

able energy levels and hence 
' ' 202 ' 

a complicated Po decay pattern. 

3. 200Po 

No gamma rays can definitely be assigned to 
200

Po decay. Sev-

eral gamma lines with the correct lifetime (- 11 min) were observed. 



.. 

-127-

The majority of these were assigned to 198Bi on the basis of their ex-

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

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

200 200 . . 
certained; they may belong to Po - B1 decay. 

Table V- 9. Energy and intensity of gamma rays observed in 
202

Po 
decay. 

Total intensity 

Energy Relative Assume M1 Assume E2 
(keV~ intensity 

151.6±0.4 8.4±0.7 32.5 16.7 

153.9 ±0.5 6.4±0.7 24.4 12.7 

161.3 ±0.4 4.0 ±0.6 14 7.7 

165.0±0.3 25.3±1.7 88 49 

250.5 ±0.4 3.5±0.4 5 3.6 

315.0 ±0.5 22.5±2.2 34 25.4 

335.0 ±0.5 3.0 ±0.3 4.5 3.7 

504.8 ±0.6 9.8 ± 1.0 10 10 

686.9±0.7 100 101 101 

716.6±0.8 9.3±1.0 9.4 9.4 

789.8±0.7 12.5±1.0 12.6 12.6 

973.5 ±0.8 8±2 8 8 
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VI. RESULTS: DECAY OF BISMUTH ISOTOPES 

A. Even-Mass Isotopes 

1. 204Bi 

An energy-level scheme has been previously constructed for the 

204Pb nucleus by combining results obtained in studies of the isomeric 

204m (Her56) . · . ·· 
decay of Ph w1th results from stud1es of the electron cap-

t f 204B. (Sto58, Wer56, Fri56) S . . d t h b ure o 1. · p1ns were ass1gne o t e o -

served low-energy levels, since multipolarity values could be deter-

mined for the strong gamma transitions depopulating these levels. By 

combining the published conversion electron intensities of Stockendal 

t 1 (Sto58) 'th 1 t' . t 't' d . 204B. e a . W1 our re a 1ve gamma 1n ens1 1es measure 1n 1 

decay, we have determined the multipolarities of some of the weaker 

gamma transitions and thus deduced spin and parity values for the 

204 higher-energy levels of · Ph. 

Conversion coefficients can be calculated from the electron and 

gamma intensities if the multipolarity (and therefore the K-conversion 

coefficient) of one transition is known. We were able to use the well-

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

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

N (std) 

N~( std) • aK( std) • 

where i refers to conversion in the ith shell. A value of 

aK(374.4) = 0.0392 was ~btained from the Sliv and Band tables. (Sli6S) 

By using the conversion coefficients determined by this expression and 
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the K/L ratios of Stockendal, the multipolarities of many transitions 

could be determined. The results are shown in Table VI-1. Our de-

rived multipolarities for the strong transitions agree with those of 

Stockendal et al. ; in addition, several new assignments were possible. 

The results of gamma-gamma coincidence measurements are 

summarized in Table VI-2. They support the decay scheme that was 

previously derived. This decay scheme is reprodu.ced from the Table 

f I t (Led 67) · F' .. vr· 1 dd't' 1 . . t d o so opes 1n 1g. - ; our a 1 1ona sp1n ass1gnmen s an 

estimates of branching ratios have been inserted. 

The transitions shown in dashed lines in Fig. VI-1 were placed 

by Stockendal after being observed in the electron spectra. These 

transitions were not seen in the current gamma measureme~ts. This 

may be explained by the source strength. All the data acquired on the 

electron capture of 204Bi in the present investigation were obtain~d 
by following the decay of a 

204
Po sample for a long period of time. 

A much more active source could be prepared and the poloniUin al-

lowed to decay away before any gamma measurements were made. 

In this way the·se very weak transitions might be observed. 

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

tions was first demonstrated by Herr lander et aL (HerS 6) who also aS'-

certained the spins and parities of the 898.9-, 12 73.6-, and 2185.1-

204m keV levels in their study of the isomeric decay of Pb. 

The spin of the 1562.8-keV level is definitely 4+; this is shown 

by the 289.2-keV M1 and the 663.4-keV E2 transitions de-exciting this 

level and leading to 4 + and 2 + states respectively. In similar fashion 
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Table VI-1. Ener~ies and intensities of gamma transitions observed 
in 20 Bi decay. 

Energy 
(keV) 

K- elec-
I tron in- K/L K-conversion 
'( tensity a ratio a coefficient 

Multi­
polarity 

50 

41 

13 

24 

38 

100 

2.3 

1.8 

19 

zs 
6±2 

1.22 ±0.20 

0.52 ±0.10 

M1 

M1 

4±2 0.127 ±0.025 (E2 or M1) 

6 ± 2 0. 62 7 ±0. 0 9 M 1 

5.8 ± 1 0.338 ±0.04 M1 

2.4±0.4 0.0392b E2 

z 3 0.035 ±0.006 

0.012 ±0.002 

5 . 8 ± 0 . 6 0 . 0 60 ±O . 0 0 6 

E2 

E2 

M1 

I c 
T 

4±1 

5 ± 1. 

5 ± 1 

2.5±0.4 

6.0 ±0.6 

100 

2.5 ±0.5 

5.7±1.2 

12.7±1.5 

176.0±0.4 1.6 

215.9±0.4 3.1 

219.2±0.4 4.0 

222.0±0.4 1.5 

289.2 ±0.3 4.4 

374.4±0.3 100 

404.8 ± 0.5 2. 6 

6 63 .4 ± 0 . 5 6. 0 

670.3±0.7 12.5 

691.4±0.7 6.2 

709.5±0.8 5.0 

898.9±0.4 125. 

911.5±0.6 26.0 

918.0 ±0.6 13.3 

983.8±0.6 69.0 

0.006 ±0 .002 (E1 or E2) ( -6 ± 1) 

1.5 

23 

36 

2.9 

0.7(L:£) 

4.4±0.4 

1.6±0.2 

zs 

aValues obtained from Ref. $to58. 

0 . 0 118±0. 0 0 16 E 2 4. 8 ± 0. 7 

0.0075±0.0008 

0.054 ±0.006 

0 .0086±0.0009 

0.00038(aL) 
I 

E2 

E5 

E2 

(E1) 

119 ± 12 

25.4 ± 3.0 

12.6±1.3 

65 ± 10 

bThe well-established 374.4-keV E2 transition was used as a stand­
ard to calculate the K-conversion coefficients. The value of its con­
version coefficient (0.0392) was obtained from Ref. Sli65. 

cTotal transition intensity normalized to IT (374.4) = 100. 

• i 

.. 
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Table VI-2. R lt f 204B· . 'd esu s o 1 gamma- gamma cotnct ence measure-
ments . 

Energy of gate {keV) 

Energy 
{keV} 289 374 670 899 911 918 984 216 219 222 

176.0 

215.9 ? 

219.2 ? ? 

222.0 ? 

289.2 X ? 

374.4 X X X X X X ? X 

404.8 

663.4 

670.3 

691.4 

709.5 

898.9 X X X X X X X X X 

911.5 X 

918.0 ? 

983.8 X ? ? X 

the E2 multipolarity of the 918.0-keV transition from the 1816.9-keV 

level to the 2+ first excited state fixes the spin and parity of the 

. + 
1816. 9-keV level as 4 . 

By contrast the 983.8-keV gamma is most likely to be an E1 

transition judging by the L
1 

conversion coefficient. This means that 

the 2257 .4-keV level must be a negative-parity state with spin equal 

to 4 or 5. (The spin value 3 has been eliminated since these lowest-

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

Bi taken from Table of 
Isotopes. (Led67) The ~pin assignments and decay 
branching based on this work are also included. 
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odd neutrons in the f
5

/ 2 and i 13; 2 levels. This results in states with 

spin values between 4- and 9- being possible.) Moreover, since the 

2257.4-keV level receives a substantial portion of direct feeding from 

th 
204B· d t t 'th d . f 6+ (Lin59) . f e 1 groun s a e w1 a measure sp1n o a sp1n o 

- . 202 
5 is preferred for this excited Pb level. A 5 level is seen in Pb 

. 206 
at ""'2 MeV, and 95o/o of the electron- capture decay of Bi (ground 

state = 6+ also) proceeds to two high-lying ,5_ states in its lead daugh-

ter. 

In order to assign consistent spins to the 24 76.4- and 2254.2-keV 

levels, the 219.2-keV gamma ray must be an M1 transition. Such a 

multi polarity assignment is not strongly supported by the calculated 

K-conversion coefficient, but certainly is not excluded. 

The relatively high intensity of the 911.5-keV gamma line in­

dicates that ""20o/o of the 
204

Bi electron-capture decay is proceeding 

204m . through the Pb state. Because of the spins the decay cannot be 

. . 204m 
duect; the 2185.1-keV Pb level must presumably be fed by gam-

rna transitions from higher:-lying levels, although no such transitions 

have yet been observed. 

Intensity balance at each level in the existing decay scheme re-

quires ""50o/o direct population of the 2257.4-keV level. This cotl're-

sponds to a log f! value of ""7. For comparison, a log _!! value of 6. 9 

was obtained in this work for the decay of 202 Bi to the 5 level in 

202
Pb at 2036 keV (cf. next section), while 206Bi decay to the two 

high-energy 5- states in 206Pb entails log ft values of 6.3 and 6. 7. 

Intensity balance requirements also indicate 5 to 10o/o direct decay to 
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the 2476.4-, 2254.2-, and 1943.9-keV Pb levels. However, these 

levels may all be fed by transitions (thus far unobserved) from higher 

lying states. 

The resulting level scheme still needs further clarification. 

The additional spin and parity assignments we have been able to in-

elude in the decay scheme shown in Fig. VI-1 are the most probable 

values according to all available data. But they, in turn, must be re-

garded as tentative. Because of the complexity of the decay more ex-

periments are needed. Additional measurements of both gamma-ray 

and electron spectra, including coincidence studies, with a strong 

204
Bi source would be helpful. 

2. 202Bi 

From observation of the gamma rays emitted in the isomeric 

202m decay of 3.62-hr Pb, a level scheme had been previously estab-

lished for 202 Pb. (McDS 6) Karracker and Templeton(KarS 1) first 

reported the electron-capture decay of 
202

Bi in 1951; they observed 

two gamma lines at 421 and 961 keV which decayed with a half-life of 

-1.6-hr. No further information has been published concerning 202 Bi 

decay. 

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

eluding the 421- and 961-keV activitiesmentioned above, were ob­

served to grow in (with the 202Po 45-min half-life) and then decay 

with a half-life of 1. 79 ::C0.03 hr. These lines have been assigned to 

202
Bi electron-capture decay and·. are so listed in Table VI- 3. 

i 
! 
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Table VI-3. Energies and intensities of gamma transitions ob-
served in 202Bi decay. 

Energy Relative Multipolaritya (keV) intensity 

167.6±0.3 4.5±0.5 

239.8 ±0.3 3.8±0.4 (M1) 

319.2 ±0.4 2.0 ±0.5 

345.9 ±0.4. 3.2 ±0.4 

421.7 ±0.4 75.2 ±4.3 E2 

514.1±0.5 1.6±0.3 

568.7 ±0.5 3.3 ±0.4 

577.9 ±0.6 8.0 ±0.9 

657.5 ±0.4 56.3 ±4.0 E1 

928.0 ±0. 7 4.5±0.7 

954.8 ± o. 7 8.2 ±0.8 

961.0 ±0.5 100 E2 

( 124.9 ±0.3)b 1.5±0.4 

(224.5±0.4) 2.5±0.5 

a Assignments obtained from Table of Isotopes. ( Led6?) 

bTransitions in parentheses are probable. 

IT 

6.4 ± o. 7 

79 ±5 

57 ±4 

100 

The 
202

Bi' gamma lines are shown in the spectrum of Fig. VI-2. 

It is apparent that substantial 198mTl and 198Pb activity is also pres-

t B th h h lf 1. · "1 t 202 B· k" ·t· "d t"f" en . o ave a - 1ves s1m1 ar o 1, rna 1ng pos1 1ve 1 en 1 1-

cation of some of the weaker transitions- -where the growth was not 

always detected-- difficult. Hence these assignments are indicated 

in parentheses in Table VI- 3. 

Without further experiments the weak transitions cannot be 

definitely placed in the decay scheme (Fig. VI-3). The absence in the 
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Fig. VI-2. Gamma spectrum of 202Bi obtained 6 hr after bombardment 
oJ a 0 .25-mil gold target with a 110-Mev12 c beam. 'The shorter-lived 
Po isotoR_es have decayed away, but there is substantial 198mTl ( 1. 87 
hr) and f98pb (2.4P,r) activity. Longer-lived lead and thallium isotopes 
can also be observed growing in. 
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VI-3. Energy-level scheme for· Pb. 

XBL 7011-7142 

· . (Led67) 
(a) Level sc;heme from Table of Isotopes, based on 
the study of 0 2mPb decay. · . 
(b) Tentative lioil scheme proposed in this work from the 

. observation of Bi electron capture decay. 
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spectrum of the three gammas that depopulate the 202mPb isomeric 

level indicates there is very little or no feeding of this level from any 

higher excited states of 202 Pb. However, the observed weak transi­

tions may feed the 4+ levels. Therefore, the levels and transitions 

indicated with dashed lines are reasonable but by no means conclusive. 

Intensity balance at the 961-keV level requires extra feeding 

from higher levels, since we would expect no direct bismuth decay to 

this 2+ level. Again, by intensity arguments, there may be a small 

percentage of direct decay to the two 4 + levels (5 to 10o/o). As indi-

cated in the decay scheme the 5 level at 2040.2-keV would need to 

receive ""50o/o of the direct electron-capture decay to account for the 

intensity of the 657. 6-keV gamma. Undoubtedly this level is populated 

directly but, in all likelihood, is also fed by some of the observed 

weak transitions (other than the tentative ones indicated). Taking into 

account the extra feeding required at the 961-keV level, the 5- state 

probably receives -30o/o of the direct bismuth ground state decay. 

Using an estimated Q value (Mat65 ) of 5.47 MeV, this would mean a 

log !! value of 6.9, similar to the value obtained in 204Bi decay. 

3. 200Bi 

200 . (Neu50) Electron capture of B1 has been observed· to occur 

with a decay time of -35 min. Nothing more has been published about 

200 the energy levels of Pb. 

Four gamma lines observed in the current investigation could 

be definitely assigned to 200 Bi (Table VI-4). Our best value obtained 
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Table VI-4. Energies and intensities of gamma transitions assigned 
to the electroft .. ::c:apfure decay of 200Bi. 

Energy Relative 
· (keV) intensity· 

245.0 ±0.3 50 

419.4 ±0.5 90 

461.4±0.4 95 

. 1027.1 :t: 0.5 100 

for the half-life is 36.4±0.5 min. 

Since the intensities of the three strongest transitions are rough-

ly equal within experimental error, their order in· the decay scheme 

. d' ff' It t d t . B f . th 202 B· d 204B· d 1s 1 1cu o e erm1ne. y re ernng to e . 1 an 1 ecay 

schemes previously discussed, the 1027.1-keV gamma is probably 

the 2+- 0+ ground state transition as shown in Fig. VI-4. The order 

of the 461.4- and 419.4-keV transitions could quite possibly be re-

versed, but their intensities certainly indicate that they are consec-

utive transitions. Further evidence in support of the ordering is 

taken up in the discussion section that follows. 

4. 198Bi 

In three of the runs, the 198Pb 173-k~V transition was observed 

to grow in with a half-life of -10 min. In these same runs five gamma 

rays with a half-life of 11.1 ±0.4 min could be assigned a mass number 

198 on the basis of their excitation functions. Thus we have assigned 

these five transitions to the decay of i9SBi. 

.... 

,.. 
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Table VI- 5 lists the relative intensities of these transitions and . . 

the decay scheme proposed in Fig. VI-5 is consistent with these in­

tensities. Its features are identical to the scheme proposed for 
200

Bi. 

The half-life determined in these gamma measurements was 

u·sed to establish the limiting value for the alpha branching ratio of 

198Bi reported in Chapter II. 

Table VI-5. Energie.s and intensities of gamma transitions assigned 
to 198Bl decay. . 

Energy Relative 
{keV} intensity 

140.5 ±0.3 7 

195.9±0.6 62 

317.3±0.4 21 

562.0 ±0.5 75 

1063.6 ±0.4 100 

5. Discussion 

The data obtained from the decay of the even-mass bismuth iso-

topes can be summarized by looking at the excitation energy of the 

various spin states of the lead daughters as a function of neutron num-

ber. These results are plotted in Fig. VI- 6. 

All the levels appear to behave quite regularly. This regularity 

suggests a spin-parity assignment of 5 for the 1821.5-keV level in 

198 . . . 
Pb (N = 116) and provides support for the ordering of the 195.9-

and 562.0-keV transitions shown in Fig. VI-5. A spin assignment of 

either 4+ or 5- for the 1907.9-keV level in ZO<>pb is also indicated. 

. i 
! 
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Fig. VI- 6.' Experimentally observed excited states in even- even 
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The decay of the 
202

Bi and 
204

Bi isotopes also appears to pro­

ceed primarily to a 5 state in the daughter Pb nucleus. 206Bi has 

previously been observed to decay to two high-lying 5- states in 

20 6Pb. (Ledb?) This level is probably the spin- 5 state of the config-

. -2 -(1+2n) . -d 204 
uratlon v(p 1; 2> (£5; 2> (1 13; 2> , where n = 0 for Pb and 

n = 1 for 
202

Pb. 

The decay from the bismuth ground states (6+ for 206Bi and 

204
Bi; s+ for 202 Bi) then would involve conversion of the odd h

9
;

2 

proton to an i 13; 2 neutron. The experimental log ~ values (""'7), 

however, are much too small for such a se~ond forbidden transition 

which would be expected to proceed very slowly. However, the favor-

ing of the 5 states could be explained by a small admixture of 

1T(i13; 2) 
1 

in the ground state wave function of the bismuth isotopes. 

Then the conversion of an i 13/ 2 proton to an i 13; 2 neutron would be 

allowed. Because the admixture is small the log ft values could be 

large for a favored transition. 

It is questionable whether the same explanation would apply to 

200pb and 198Pb. With 8 and 10 neutron holes, respectively,· the 

single-particle model may no longer be adequate. Detailed theoret-

ical calculations will undoubtedly be extremely difficult due to the in-

herent complexities, but they will certainly be invaluable in under-

standing the observed experimental results. 
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B. 201Bi 

The predominant gamma line observed to decay with the half-life 

of 201 Bi is the 628.2~keV transition depopulating the 61-sec isomeric 

201m 
state . Pb. Several other lines were also observed to decay with 

the same half-life (best value 1. 77:1:0.04 hr) and follow the same ex-

citation function. They are duly listed in Table VI- 6. 

Table VI- 6. En~ti!ies and intensities of gamma transitions assigned 
to Bi decay. · 

Energy 
{keV) 

628.2:1:0.3 

901.5:1:0.5 

935.7:1:0.4 

1013.8:1:0.7 

( 1325.5:1: i.O)a 

aProbable assignment. 

Relative 
intensity. 

100 

40 

38 

27 

32 

The Q value for 201Bi electron-capture decay is estimated as 

4.20 MeV. (Mat65) The measured spin-parity of the ground state is 

9/2-. (Lin5 9) Since 20 imPb is probably a 13/2 + level, one would ex-

pect very little direct decay to this state; the population of the isomeric 

state must be accounted for by feeding from higher-lying states .. Since 

so much energy is available for electron capture, the observed high-

energy gamma rays could well be transitions feeding the isomeric 

state. 
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The decay scheme cannot be constructed without further exper­

iments. A much stronger source is desirable; this could be attained 

by producing the bismuth directly, e. g., in a Pt( 11B, xn) Bi reaction. 

Coincidence studies are needed to determine the transitions responsi­

ble for the observed population of the 628-keV isomeric level. 
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VII. CONCLUSIONS 

· Among the more significant aspects of this .work is the amount 

of spectroscopic information that can be derived directly from the 

analysis of complex many-component spectra. Nuclear decay prop­

erties of many isotopes of a.statine, polonium, and bismuth have 

been ascertained without recourse to tedious chemical separation. 

Rigorous chemistry was not allowed by the short half-lives prev­

alent in the lower-mass region. The development of high-resolution 

solid state detectors, coupled with computer capabilities now avail­

able, enable a rapid accumulation and analysis of experimental data. 

In addition, the computer programs developed in this work should 

prove useful in extracting both qualitative and q~antitative informa­

tion from a wide variety of experimental spectra. The application 

of these techniques to analytical determinations should prove to be 

very :profitable. 

Considerable information has been added to the knowledge of 

decay schemes of neutron-deficient nuclei in the mass region A= 198 

to 206. Many of the observed energy levels can be explained by the 

single-particle shell model, while a fuller understanding of the more 

complicated decay schemes must await more sophisticated theoret­

ical treatment. 

Decay schemes of the even~mass astatine isotopes, A= 202 to 

206 have been constructed. Energies of the excited states observed 

in .their Po daughter nuclei show systematic variations with neutron 

number, a property anticipated for the first few excited levels in 

:"" 

• 
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such even-even nuclei. Furthermore, evidence was obtained, from 

alpha measurements, for the existence of an isomeric state of 

·. 202At . 2· 6 . 202mAt -- . -m1n . Thedecay of the two odd-mass At isotopes 

studied, 205 At and 203 At, is characterized by a direct feeding of at 

least one 9/2- level in the polonium daughter, followed by an intense 

gamma transition to the Po ground state. 

The polonium isotopes exhibit extremely interesting decay pat-

terns. Perhaps most surprising is the substantial amount of direct 

decay from the odd-mass Po nuclei to positive-parity levels in their 

Bi daughters. The most plausible explanation for these levels is 

core excitation, i.e., a hole in the Z = 82 proton shell. Tentative 

204 202 
decay schemes were also proposed for Po and Po. Because 

of the complexity of their decays due to the large density of available 

states in their odd-odd Bi daughter nuclei, more experiments are re-

quired before the decay can be completely determined. 

200 203 . 
Po- Po alpha decay has been accurately determ1ned. 

Alpha energy values and lifetimes measured for 
200

Po-
202

Po agree 

with other recently published values. In addition, an alpha group at 

5.37 :1:0.15 MeV was assigned to 203Po; a value of 0.0018:1:0.0002 was 

determined for the 203Po alpha- branching ratio. 

The level energies of the even-even Pb nuclei, determined 

from the electron-capture decay of their even-mass Bi parents, 
" 

again show the expected regularities as their neutron number in-

creases. 
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After a thorough search, no alpha groups could be assigned to 

198Bi decay; this resulted in a limiting value of·~ 0.0020 for its alpha-

branching ratio. However, several gamma lines were assigned to 

198Bi- 198Pb decay, and an accurate half-life was determined: 

t 1; 2 = 11. 1 ± 0.4 min. 

Much has been explained about the observed decay of these neu-

tron-deficient astatine, polonium, and bismuth isotopes, but as is 

common in work of this nature, much remains to be explained. Per-

haps this work can serve as a basis for continued study of these nu-

clei. 

Coincidence studies are still needed for the lower-mass iso-

topes. Additional conversion-electron measurements to enable mul-

tipolarity assignments for all observed gamma transitions will clarify 

many of the remaining ambiguities in the decay schemes. A study of 

the gamma spectrum in the high-energy region of 205 At and 206At de­

cay should be particularly fruitful. The results obtained for 204Po 

202 
and Po decay whet a desire to unravel more of the complexity of 

levels present. We have contributed necessary experimental infor-

mation. The ultimate goal is, of course, a complete experimental 

and theoretical description encompassing all these neutron-deficient 

isotopes of At, Po, and Bi. 

''Great is the art of beginning, 
but greater the art is of ending." 

Longfellow 

I 

d. 
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