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Abstract 

Information obtained from a study of the radioactive decay of 1. 7 hour 

208At and from on-line studies of the "'I-radiations emitted by 208po produced 

in 2Q~Bi(p,2n), 206pb(a,2n), and 208pb (cx,4n) reactions has been used to con­

struct a decay scheme for 208At and a level scheme for 208po• Many of the 

lOiv-lyinglevels can be explained on the basis of the known levels of 206pb 

and 2l0po and the weak coupling approximation. Among the interesting features 

of the scheme is a 380 nanosecond state which is identified as the 8+ member 

of the band of levels resulting from the proton configuration (h
9

/ 2 )2. 
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. 208· 208po RADIOACTIVI'l'-Y: Atj measured E"lel )'Tl / 2 I)' 'Y ')' coin. 
. deduced levels JTI. 

209 . 206 208 NUCLEAR REACTIONS: Bl(p,2n), Pb(a,2n), Pb(a,4n) measured 
Ey ')' lifetimes)' angular distribution. 
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1. ,Introduction 

208 The purpose of this work was to study the level scheme of Po, a 

nucleus which is of so~e theoretical interest owing to its proximity to 208pb . 

It has two protons:more than a closed shell of 82 and two neutrons less than 

a'closed configuration of 126. One might hope to understand its level structure 

by a shell IT\odeldescription. As a first approximation one might start from 

the level schemes of 210po and 206pb , about which much is known, and apply the 

weak coupling approximation to describe the interaction of the two neutron hole 

states with the two proton states. 

Our first app;roach to the experimental goal of this paper was a de­

tailed study of the 'radiations emitt~d by 1.7-hour 208At in its electron 
,,' ,,208 ," 

capture decay to ,.Po. Gamma ray energies and intensities were measured with 

lithiu.."1l-drifted germanium detectors and conversion electrons were studied with 

silicon semiconductor detectors. Additional information was obtained by 

prompt and delayed coincidence teclmi'lues • Valuable additional information 

was obtained by the study of 208po radiations emitted during the course of 

209Bi(p,2n)208po a,nd 206pb(cx,2n)208po reactions carried out at the Berkeley 

88-inch cyclotron. These measurements were made with germanium detectors 

placed near,the target at the cyclotron. The characteristics of the beam 

208 and of the counting e'luipment were such that the Po gamma rays could be 

analyzed on a nanosecond time scale during and between cyclotron beam bursts. 

1 
Astatine-208was first reported by Hyde, Ghiorso, and Seaborg ) who 

observed its formation by the'CX-decay of 19-minute 212Fr and reported a half 

life of 1.7 hours and an Ee/cx branching ratio of 200. The product of electron 

, 208 
capture decay is 2.93-year Po. Astatine-208 can also be prepared by bom-

bardrnent of bismuth with high energy alpha particles, but other astatine 
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isotopes of simila~ half life are prepared ,at the same time., Studies of 

astatine preparedi~ this way seemed to sugges€) the occurrence of isomeric 

forms of 208At with half lives of 1. 7 and 6.3 h~urs, but later work by 

Thoresen, Asaro, and Perlman3 ) disproved the existence of the 6.3-hour form. 

The only attempt to measure the radiations of 208At was made in a 1956 thesis 

4 
study by Stoner) who used NaI detectors to measure the ~ rays. He reported 

prominent y rays at 175 and 660 keV in coincidence plus some evidence for a 

'~ ray at 250 keY. 

In the experimental section to follow we first present the results of 

208 " 
our restudy of . At decay and then the results of in-beam measurements of 

208p 'd' t·' ' " ' d ' d; th B· 209 ( 2 )20Bp 206pb ( 2) d o ra la lons as pro uceln e 1 P', n 0, CX, n , an 

20B ( 4') , ' Pb cx, n reactions. 
, 208 

In section 3 we present a Po level scheme and dis-

cuss the evidence for this scheme on alevel-by~level basis. We conclude in 

section 4 with a discussion of a possible interpretation of the results. 

2. Experimental 

2.1. ASTATINE-20B SAMPLE PREPARATION 

Having decided to restudy 20BAt we considered all possible ways of 

preparing it and de"cided on the following as the most sui table for preparation 

of radioactivity-pure samples. We bombarded thick targets of metallic thallium 

with 120 MeV 12C ions in the Berkeley Heavy Ion Linear Accelerator' (HlLA.c) to 

, 212 . 205 12 212 
produce 19.3-minute ,Fr by the reactlon Tl( C,5n) Fr. Francium was 

separated in carrier-free form from the one gram thallium target and from 

radioactive reaction products by technlques fully described elsewhere5 ). In 

its essentials the technique involved the coprecipitationof tracer "francium 'on 

/i"" 
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silicotungstic acid precipitated from cold saturated HCl solution, followed 

by the dissolution of the precipitate in water, the adsorption of the francium 

on
l 

a short ion-exchange column of Dowex 50 resin, and later desorption of the 

activity with 6M hydrochloric acid. The time taken for the separation ranged 

from 40. to 60 mim.J-tes· so that all franciUm isotopes shorter-lived than 212Fr 

had decayed to a negligible level. 

In some experiments aliquots of the final 212Fr sample 

out further treatment for the measurements of 208At radiations 

were used with-

about 1 or 2 

212 hours after preparation or, more usually, after an hour I s decay of Fr, the 

208At daughter was extracted from the 6~ HCl solution into di-~sopropyl ether 

which was wa shed with 6-8M HCl and then evaporated to .make the final 208At 

samples. Samples prepared in this way showed no evidence of contamination 

with any radioactiv.e nuclide. 

2.2. . GAMMA SPECTROSCOPY-ASTATlNE.-208 SINGLES SPECTRA 

. Gamma ra~iati6ns were measured with several semiconductor detectors. 

Most measurements were made with a6 cm2 
X 8 mm deep lithium-drifted germanium 

detector. We also used a large coaxially drifted detector with a sensitive 

volume of 32 cc ~ All detectors were made by the semiconductor detector group 

of this laboratory~ Conventional electronic circuitry was used throughout 

and spectra were record~d on commercial multi-channel analyzers. The effi-

ciency and geometry factors for all detectors were measured as a function of 

),-energy with a series of calibrated gamma. sources. Spectra were taken re-

208 . 
peatedly over a period of several At half lives to establish that all 

observed)' rays belonged to the same isotope. 
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Figure 1 shows the ~-region from 90 to 1100 keV as recorded by the 

6 cm2 
X 8 mm deep detector in three consecutive measurements separated by 

about 2 hours. Figur,e 2 shows the entire spectrum from 177 to 3000 keV as 

recorded by the 30cc detector. Figure 3 shows the low energy region from 10 

keV to 100 keV recorded in a third detector, a thin silicon detector of 

d:L'Tlensions 3 cm
2 

with a 3 mm sensitive depth. This detector 

used an eiectronic system with a cooled field-effect transistor as the first 

stage of a charge sensitiv~ p~eampiifier6). The energy resolution of this 

system was 0.7 keV full-wi~th ... at-half-maximum for X rays and 'Y rays in the 

0-150-keV range, and hence,was well suited for the search for ')I-transitions in 

this energy range. 

The gamrria rays detected in these and similar measurements are listed 

in table 1 together with relative intensities and other information. The 

most intense 'Y rays have energies 177, 660, and 685 which, as we shall see 

below, form a triple cascade which appears in a majority (7%) of the decay 

events. Other gamma rays, in intensity greater than 5%, occur at 206, 517, 

808, 845, 896, 986, 993, and 1028 keV. 

2.3. CONVERSION COEFFICIENT MEASUREMENTS 

Some conversion coefficients were made in a conversion coefficient 

sp ectrometer constructed by Ea sterday, Haverfield, and Hollander 7) .Thi s 

instrument consisted' of a Ge(Li)'Y detector (4 cm2 x 0.5 mm) and a silicon 

semiconductor electron detector (1 cm2 X 3 mm) mounted in an evacuated metal 

box in fixed geometric positions with respect to the sample location. The 

combined geometry and efficiency factors of both crystals were measured as 

function of radiation energy with a series of standards 7). A sample of a 



208 . 
Po -y rays 

seen in 
209Bi(p,2n)208po 
reactions (keV) 

149·8 
177 
206 

517 
631 
660 
734 
685 
808 
845 

.896 

, 208 
.. Po -y raxs 

.. s~en in 20()At 
decay (keV) 

·11.1 
13·3 

·15·5 
77·0 
79·4 
89.9 
92,.4 

··148 
177 

.. 206 
252* 
332* 
517 
631 
660 

685· 
808 
845 

··8$7* 
896 

.986* 
993 

1013* 
1028 
il13* 
1184* 

, 1199·· 
1231* 
1280. 
1362 
1439* 
1457 
1539 . 
,1581* 

. '.1801* 
'1869* 
2028* 
2199 
2486* 
2636* 

w 
Lf3 
L-y 
Ka:2 
!\(Xl 

Kl31 
Kl32 
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Table 1 

Relative tran­
sition Intensity 

I +1 (inpercent)t .y e 
for 208 At decay 

X rays 

< 0·5 
79 
12 

< 0·5, 
< 0·5 

7·5 
4.4 

·92·1 

100.0 
8.8 

21.2 
2.1 
6.0 

",9 
",,14 

3·0 
28 

1.4 
1.3 
3.4 
3·8 
1.0 
1.2. 
1·3 
1.6 
0·9 
0.8 
0·5 
1.5 
0·5 
0·9 
2.4, 
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Conversion 
Electrons 

Observed 

K,L,M 
K;L,M 

L 
K 
K 
K 

K,L 

K,L 
K 
K 

K 
K 

K 

Multi­
polarity 

E2 
Ml 

Ml 
E2 
E2 

E2 
Ml 
El 

(E2) 
Ml 
Ml 

Ml 

NOTE 1: Fa:!' -y rays ab~ve 1028 keV the 
intensi ty. 

transition intensity is set equal to photon 

NOirE ::1.: Astc:!risk after energy value in colunm 2 means j'-ray not placed in decay 
scheme. 

. \ 
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208At evaporated on gold-coated Mylar film (0.25 mg/cm2 thick) was placed in 

the· spectrometer. Electron and )I-sPectra were measured simultaneousiy and the 
. . ; . . 

areas under the -y-photopeaks and the corresponding electron peaks were de-

terminecl and corrected with the appropriate efficiency factors. A typical 

electron spectrum is shown in fig. 4. To eliminate the possibility that low 

energy gamma rays might be detected in the silicon counter and be mistaken 

for electron lines:, additional measurements were made with a teflon absorber 

of sufficient thickness to stop electrons. Measurements were made at 1 to 2 

hour intervals to be certain that all electron and photo lines had a 1.7 hour 

half life. 

Measured, K, L, and M conversion coefficients are presented in table 2 

together with multipolarities deduced by comparison with the theoretical 

conversion coefficients of Sliv and Band
8

). 

In the case of the 177-keV transition the K-conversion electron groups 

fell between the Kaand K[3 X rays and it was possible to get only an order 

of magnitude value. The "teflon-absorbed" spectrUm was helpful in this case. 

The ~ value of ",0.13 and a
L 

value of 0.31 rules out all multipolarities 

except E2. 
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Table 2 

Tran- Conversion Sliv and Band Values Favored 
sition Coefficient mu1ti-
(keV) E:). M1 -, E2 M2 polarity 

I 

'''" 177 aK ::: <0013 .091 1.81 .210 7 ·92 
aL ::: .0.31 , 0.0165 0·335 0042 E2 
aM::: 0.12 

206 aK ~ 0·9 .0672 1.20 .165 5·52 
aL ::: 0.19 .0011 .22 .22 Ml 
aM::: 0.i4 

517 aK= 0;062 .• 0082 .098 .021 .27 Ml + ·E2 

631 aK::: 0.020 .0058 .066 .025 .18 E2 

660 aK= 0~0125 .0048 .051 .0125 .16 E2 
aL = 0;.0043 

685 CXK= g;OlL2 .0046 .046 .0118 .14 E2 
aL ::: ~0:004 I 

I 

808 aK= 0,024 .0033 .028 .0086 .076 Ml 
I 

845 CXK = <0.0037 .0031 .026 .0080 .070 (E1) 

896 CXK~ 0.01 .0028 .022 .0072 .056 (E2) 

986 aK::: ::::1 M1 
.00~4 .017 .0059 .042 

993 aK = M1 

1028 aK= 0.017 .00b18 , .0161 000561 .038 M1 
I 

"",, 
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2.4. GAMMA-GAMMA COINCIDENCE MEASUREMENTS IN ASTATINE-208 DECAY 

Coincidence measurements of conventional type were taken with two 

germaniu,'U detectors of approximately 5 cc sensitive volume. In some experi­

ments the 30 ccgermaniwn·crystal was used as one of the detectors. The 

electronics circuitry 10nsisted of duplicate G01~lding-Landls fast-slow coin­

cidence systenls 9). In one system single channel windows were set around the 

photopeak position of one of the prominent 'Y rays and the output pulses were 

used to gate the electronic system associated with the second detector. The 

resolving time of the· fast coincidence network was set at a nominal value of 
I _ .. 

. . . .. 

40 nanoseconds. M~asurements were taken wfth the gating determined by K 

X rays and by i77, . ~05,· 660, .. and 685 keY photopeaks. 

Resu.1J"s of the experiments are shown in figs. 5 and 6 and swnmarized 

in table 3. ~e most important result is that the prominent 'Y rays of 177, 

660, and 685 keY are in coincidence. Because of the high intensity of these 
, 

gamma rays it can be concluded that this triple cascade is lnvolved in the 

majority of decay events; direct decay to the ground or first few excited 

states is improbable because of the high spin of the parent isotope. The 

coincidence results alone did not reveal the order of the 'Y rays in the triple 

cascade but this information was obtained from the experiments discussed in 

section 2.5. One of the important omissions from the list of coincident 

'Y rays is the 1028 keY gamma ray (28% abundant in singles spectrwn) which is 

definitely not in coincidence with the l77-keV 'Y ray and apparently not in 

coincidence with the 660 and 685-keV 'Y rays. However, it does appear to be 

in coincidence with K X rays. 
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Table 3. Summary of 'Y 'Y coincidence results. 

... Gate Setting 'Y rays in coincidence 

685 177, 206, 660, 845, 896, 986 -I- 993 

660 177, 206, 685, 845, 986 + 993 

177 206, 517, 660, 685, 845, 986, 993 

206 177, 660, ·685, 845, 993 

K-X rays 177, 660, 685, others, 1028 

",' 
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2.5. m-BEAM MEAS~ OF 20Spo PROMPT 'Y RAYS IN 209Bi(p ,2n)20Spo 

20Spb (a,4n)20Spo , AND 206pb (a,2n)20Spo REACTIONS 

The low~lying levels of 20Spo were also studied by observing ."1 rays 

in the 
209 .. • 208 20S 20S 206 208 . . 

Bl(p,2n) . Po, Pb(a,4n) Po and . Pb(a,2h) Po reactlons. 

This in-beam work was done at the Berkeley 8S-inch cyclotron by placing a . 

Ge(Li) detector close to the target. Details of these experiments will be 
10 . 

published elsewhere ). 

Figure 7 displays spectra from the 209Bi(p,2n)20Spo reaction taken at 

. 20CL 
proton energies of 12, 14, and 16 MeV. A few "I rays belonging to .... Po, a 

product of the (p,n) reaction, are identified, but most of the 'Y rays belong 

to 208po and in most cases are the· same ones seen in the 2 o SAt studies. The 
. . . . 

20Spo radiations obse~ed· in these experiments are listed in table 1. The 

most important information contained in fig. 7 is the shifts in relative 

intensities of the "I rays when the proton bombarding energy is raised. These 

shifts are useful for determining the order of placement of the 'Y rays in the 

20S .. 
Po level scheme, particularly the order of the6S4-660-177 keY cascade; 

the results unambiguously place the 684-keV transition lowest an.d the In-keV 

transition highest.· The steady decrease in the intensity difference for these 

three 'Y rays is caused by the increasing population of high excited and higher 

spin states, as discussed by Sakai, Yamazaki, and Ejiril1). Figure 7 provides 

some valuable clues also on the placement of other 'Y rays in the decay scheme. 

For example, the 896-keV 'Y ray appears at a lower energy than the 845-keV 

"I ray -- a fact we make use of in the later discussion. 

Similar me~surements of 208po 'Y rays were made for the 208po(a,4n)208po 

reaction induced by .50-MeV helium ions and the 206pb (a,2n)208po reaction. In 

the prompt spectra from the first reaction prominent "I rays were observed at 

145 and 147 keY. These do not occur in the "I-spectrum of 208At . 
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208pb (a,4n)208po AND 206pb (a,2n)208po REACTIONS 

UCRL-17529 

Evidence for the existence of 208po levels with lifetimes in the nano­

'12 
second range was found by Yamazaki and Ewan ) • These experiments were made 

" 208 206 with a Ge(Li) detector recording "I rays emltted by targets of Pb and. Pb 

bombarded with helium ions. The beam characteristics of the Berkeley 88-

inch cyciotron (repetition period is ioo to 160 nsec and time spread of each 

bunch is approximately 5'nsec) ar~ such that half lives of delayed transitions 

can be measured :i.~ the period between beam bursts. A fast signal from the 
. . 

Ge(Li). detector was used as a starting signal for a time-to-pulse-height 

converter and the RF signal from the cyclotron (suitably delayed) was used 

to stop the converter. The energy and time signals were analyzed in a 2-

dimensional pulse height analyzer. Details of the method will be published 

. 13) . elsewhere . 

It was foundtihat the 177, 660, and 684 cascade gamma rays have a 

prompt component in their time spectra but in addition they all have a de-

layed component with a half life of 390 ± 90 nanoseconds as shown in fig. 8 

which indicates the existence of a delayed "I-transition feeding the triple 

cascade. The identity of the delayed transition was not clear from the data. 

In addition, it was established that a 147-keV "t ray seen in the 

208. 208 " Pb(a,4n) Po study had a half llfeof 8 nanoseconds. This transition is 

t b d · th . d" t'" d . f 208At no 0 serve In· e ~a loac lve ecay 0 '. The.177-keV "tray showed a 

faster component Of about 4 nsec, but no accurate determination of its half 

life could be made.' 
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2.7. DELAYED COINCIDENCE MEASUREMENTS IN 208 At DECAy 

The measurements presented in section 2.6 made it desirable to in-

208 vestigate the possible occurrence of delayed transitions in the decay of At 

even though the c.oincidence experiments reported in section 2.2 had revealed no 

evidence for them. As a general introduction to this search we decided to 

use X rays from the electron capture decay as start pulses for a time-to-

pulse~height converter and one or more prominent ~ rays as the stop pulses. 

The population of any long-lived state of 208po , particularly the 390 nano-

second state, should be revealed by a delayed component in the time-to-pulse-

height 'spectrum of the 177-660-684 cascade. 

The detedo~s consisted of 1-1/2 X 1-1/2 inch NaI(Tl) crystals cemented 

to 56 AVP photomuiti;plier tubes. The fast anode signals were fed into 100 Mc 

tunnel diode discrJ.minators~ the outputs of which fed into an EG & G Time-to­

Amplitude Convert~r (TAC). The energy signals from.the preamplifiers were 

fed into conventional electronic circuitry ,using single channel analyzers to 

set appropriate gates. The gated output of the TAC was fed· into a 400 channel 

pulse height analyzer. The time resolution of this system (FWHM) was 2 nano-

seconds at the energies measured. The TAC was gated on by the polonium X rays 

emitted by the 208Atsample and off by the 177-keV 'Y ray. The time spectrum 

so obtained is showri in fig. 9. The presence of a 380 nanosecond component 

in this time spectrum proves that some unidentified level lying above the 

208 
i 77 -660-684 cascade is being populated at least partially by . At decay. In 

section 2.9 we discuss an experiment which leads to the conclusion that in 

fact approximately 35 percent of the decay events pass through this delayed 

level. 
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In a secon\l experiment in which a shorter time range was emphasized 

we observed a shorter component of 4.D ± 0.5 nanoseconds. The results of 

this experimel1tare shown in fig. 10. We believe this period belongs to tIle 

• 177 -keV transition. ,It iB only in rough agreement with the value predicted 

'0' 

for E2 by the Weisskopf formula but is orders of magnitude larger than the 

value predicted for El~ 

2.8. ANGULAR DISTRIBUTION OF'Y RAYS IN 177-660-684 CASCADE 

The angular distribution of the prominent 177, 660, 684 KeV 'Y rays 

was measured in'the'in-beam experiments to obtain additional evidence for 

the assignments 'of muitipolaritii;;s and level, spins. 

, The experiment was done with the 208pb (a:,4n)208po reaction, where the 

target nucleus has no spin and, moreover, the lead metal used as the target 

has cubic crystal structure. Also in this set of experiments the time 

analysis system was, used so that we could measure the angular distribution of 

delayed 'Y rays a swell as prompt 'Y rays. Since the half life of the delayed 

state (380 nsec) .is much greater than the repetition period of the beam burst 

(127: nsec) we took the integrated delayed component that did not include the 

prompt component. The results computed from measurements made at 90, 112, 

134, and 156 degrees are presented in table 4. The angular distribution of 

the delayed component is found to be the same (~ '" 0.12, A4 '" -0.03) within 

the errors for all three transitions. This result is compatible only with I 

the sequence15), 

E2 " 
6+ -~;....;>""" 4+ E2:> 2+ E2 > 0+ 
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T bl 4 A 1 "d; t' 'b t' f ' 208pb' ( 4 )208p t' t a e • ngu ar , lS rl u lon 0 y,rays In a, n 0 reac lon a 

Ea = 48 MeV. Metallic foil of
208pb was used as a target. 

" 

'Y ray Prompt Delayed 
energy 
(l~eV) A' 2 A4 A2 A4 

177 0.161 ± 0.018 -0.080 ±, 0.026 0.134 ± 0.015 -0.043 ± 0.022 

660 0.149 ± 0.032 -0.008 ± 0.049 0.128 ± 0.038 -0.019± 0.054 

685 0.116 ± 0.031 -0.057 ± 0.048 0.100 ± 0.035 -0.015 ± 0.055 

206 -0.273 ± 0:024 -0.090 ±0.036 
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although the absolute values of ~ are about 50% lower than the empirically 

expected ones16 ) ~ 'The angular distributions of the prompt components show a 

well-known tepdencYJ toward a decrease in anisotropy for the transitions 

low~r in the sequence. The study of the angular distribution of delayed ~ 

rays from the vieWpoihts of the hyperfine interaction will be reported else­

where by Yamazaki and Matthias17) . 

The 206-keV ~ rays exhibited angular distribution characteristic to 

the J+l ~J dipole transition. The measured L conversion coefficient rules 

out El (see table 2) and is in reasonable agreement with Ml. Consideration 

of both experiment;s establishes an Ml multipolarity. 

2.9.' ESTIMATION" OF' POPULATION OF 38b nsec STATE OF 208po IN DECAY OF 208 At 

Evidence 'for the participation of a 380 nanosecond 208po level in the 

decay scheme'of'208At is presented in section 2.7. In earlier sections evi-

dence was presented for the occurrence of a 177-660-684 keV cascade to the 

ground state in the great majority of decay events. (In our final decay 

scheme we conclude that -7% of the events pass through this triple cascade.) 

These facts made it possible to estimate the fraction of decay events passing 

through the 380 nanosecond state by t~e following method. 

First we determined the singles spectrum of an 208At sample and com-

puted the ratio of polonium Ka X rays to photopeaks of the 660-keV and 

684-keV ~ rays. Then under nearly identical conditions we measured the 

spectrum of Ka X rays plus 660 and 684-keV photons in prompt COincidence 

with 177-keV photons. This was done with two Ge(Li) detectors in the manner 

outlined in section 2.4. If for the moment we attribute all the K X rays to 

the orbital electron capture process and ignore any contribution from .~-

conversio~1, we can conclude that any reduction in the Ka/66cYy or ~/684~ ratio 
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in the coincidenee spectrum compared .to the singles spectrum must be caused 

by the population. of the 380 nanosecond levelj when the delayed state is popu-
. . . 

lated the X ray is removed from the coincidence spectrum but the 660 and 684-

keY photons remain. From this rough computation we estimated that about 40 

percent of the 208 At decay events populate the 380 nanosecond level. 

It is of course necessary to correct the X ray intensity in singles 

and coincidence sp'ectra for contributions from K-conversion of several 'Y rays. 

We carried out a detailed calculation correcting for these effects for counter 

eff'iciencies, fluorescent yield, etc. and obtained the corrected value of 35 

percent for the events which pass through the 380 nanosecond level. The 

algebra is straightforward but too lengthy to reproduce here. 

3· 
208 . 

Level Scheme of Po 

3.1. CONSTRUCTION OF LEVEL SCHEME 

The experimen~al information presented in the preceding sections can 

208 be used to construct the level scheme for Po shown in fig. 11. In the 

paragraphs which follow we discuss the proposed scheme level-by-level together 

with the evidence used in support of each. 

685keV level. This is the first excited state of 208po . The 685-keV transi-

tion, which is the most intensEf 'Y ray in the spectrum, is a member of the 

promient 685-660-17'7 triple cascade of 'Y rays (main sequence), and the reaction 

data clearly place .. it at the bottom of the sequence. Both angular distribution 

and c:onversion coefficient exp~riments characterize it as E2, which establishes 

the' 685-keV state as 2+, the e~ected value for the first excited state of an 
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even-even nucleus ~ Intensity balance precludes direct population of this, 

level. Furthermore, it is nearly certain that the spin of 208At is >4 (see 

later discussion) so no decay to the 685-keVlevel would be expected. 

.. 1345 keV le.:.rel.' The second most intense line in the ')' spectrum is the 660-

keV~. It is in cascade with 'the 177 and 685 keV tranSitions, and the (p,2n) 

work (fig. 7) clearly places it between them. Angular distribution and con-

version coefficient values argue that it is 3+2 ,J E2. This evidence together 

with the absence of a 1345-keV ~ ray establishes that the 1345-keV level is 

4+. From an intensity balance of the ~ rays in the spectrum, we conclude 

there is no direct population of this level by electron capture. 

1419 keV level. ; A, 734 keV ~-ray is observed inthe 209Bi(p,2n) reaction spectra 

displayed in fig. 7 . It appears to have built up to its full intensity at a 

proton energy of 14 MeV, which indicates that it originates from a state near 

the 1522 keV level ai;ld distinctly below the 2200 keV region. Because of the 

wide spacing of, the first two 208po levels the 734 keV radiation must originate 
I 

from a level at 1419 keV. This ~ ray is l,1ot observed in 208 At decay. 

1522 keV level. The third principal line in the spectrum is the 177 -keV 

transition. It is of nearly equal intensity with the other two members of the 

main sequence and is in coincidence with them. The (p,2n) 'Work (fig. 7) shows 

that it is the highest lying of the three, and its E2 nature is established 

by conversion coeffi,cient and by angular distribution measurements. The E2 

nature of the 177-keV ~ ray and the interpretation of the angular distribution 

measurerents present,ed in section 2.8 establishes a 6+ assignment for the 

1522-keV level. The level has a half life of 4.0 nsec. From the in-out 

balance of ~-transitions electron-capture branching 

to this level cannot exceed 2 percent. 
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1581 keY level. The 896-keV 'Y ray present in 7% intensity is not coincident 

with the 177 nor the 660-keV transitions, but is coincident with the 685-keV 

radiation (figs. 5; and 6) .. ' The (p ,2n) reaction data in fig. 7 indicate that 

the 896-keV "I ray originates from a state near the 1522-keV level and definitely_ 

below the 2200-keV·region. Owing to the wide spacing of the first two 208po 

levels, the 896-kENtransition can originate only from a level at 1581 keY. 

From our estimat~of the'K conversion coefficient,the 896-keV radiation is 

most likely E2.' There is a weak "I-line at 1581 keY (0.9%) which could possibly 

be the crossov:er transition to the ground state but we have no strong evidence 
. . 

for this placement. 'The most probable spin and parity of the 1581 keY level 

is 4+. As direct ~le'ctron capture to a 4+ level is. impossible from.a 7+ ground 

state of 208At (discussed later) there must be some )'transitions totaling about 

6% feeding this level. However we' have not been abie to identify these "I rays 

and none are shown in fig. 11. 

2153 keY level. A level at 2153-keV can be postulated to account for the 631- and 

808-keV "I rays which differ in energy by 177 keY. The 631-keV radiation is in 

coincidence with the 177-keV transition, but the 808-keV radiation is not. The 

coincidence data (fig. 5) for "I-radiation coincident with 660-or 685-keV photons 

are not good enough in the neighborhood of808-keVto establish the coincidence 

of the 808-keV 'Y ray with 660-and 685-keV transitions. However, the (p,2n) re­

action (fig. 7) data show that both the 631-and 808-keV "/ s originate at some 

level above 1511 keY, and below 2300 keY. Conversion coefficients for both of 

these lines have been measured, leading to the multipolarity assignments listed 

in table 2. This would establish the 2153-keV level as 5+ or 6+. Intensity 

balance argues that this level must be largely populated by a direct electron-

capture branch. 

:-'.' 
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2367 keY level. Orie of the more prominent peaks in the spectrum is at 845 

keY, (21%). This 1 ray is strongly coincident with the 177-keV line, and the 

rest of the main seCluence. The (p,2n) reaction curves show that it originates 

from a level considerably above 1522 keV. The intensity of the 845-keV peak, 

the clear coincidence data; and the 'absence of any other coincident ~'s of 

proper energy or intensity ail argue that the 845-keV transition feeds 

directly into' the. 1522-keV level, which establishes a level at 2367 keV. We 

could only obtain an upper limit of 3.7 X 10-3 for the conversion coefficient 

of the 845-keV line,' but this low value clearly indicates that it is El (see 

table 2). The 2367-keV level is therefore 5-, 6-, or 7-. There is, however, 

no ~ ray of 1023 keV, which would correspond to the transition to the 1345-keV 

4+ level via another El ~ ray. The 2367-keV level is therefore 6- or 7-. 

Considering the high intensity of the 845':'keV line, and the low intensities 

of the ~'s which feed the level (fig. 11), we can estimate that about 20% of 

208At electron capt~re decays feed directly into the 2367-keV level. 

2515 keY level. This level is postulated principally on the basis of the 

moderately intense (14%) 993-keVtransition which is strongly coincident with 

the 177-keV line, and the rest of the main seCluence. The (p,2n) reaction 

curves indicate that this "/ ray originates from a level higher than 2400 keY, 

but the strength of the coincidence with the 177-keV line, and the absence of 

other coincident ,,/'s of comparable intensity argue that the 993-keV "/ ray 

~ feeds directly into the 1522-keV level. This establishes, then, a level at 

2515 keY. The 206-keV transition is coincident with the 993-keV line, but it 

is also coincident with the 845-keV ,,/, and it is of· insufficient intensity to 

be fed by both of these gammas. It must therefore feed into them, and the absence 

of any other low energy gmmna rays argues that the 206-keV transition feedm directly 
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into the 2515 keY J~vel. Thas would require a 148-keV branch to the 2367-keV 

level. Such a peak is observed, particularly in the highest bombarding energy 

spectrum of the (P?2n) work (fig. 7). A weak peak at this energy is also seen 

208 .•... 
in the At I'-spectra. The 993-keV conversion coefficient has been measured 

(table 2), and corresponds to an Ml character, giving possible assignments of 

5, 6, 7+ to the 2515 keY level. The absence of an 1170-keV peak in the spectrum 

which would correspond to an M1 transition from the 2515 to the 1345-keV 

level is inconsistent with·a 5+ assignment for the 2515 keY level, leaving 6+ or 

7+ as the favored choice. 

2721 keVlevel. Rea~ons were given above in connection with the 2515-keV 

level·for belieVing that the 206-keV I'-transition (12% intensity) terminates 

at that level. This would then establish a level at 2721 keY. A peak at 

.1199 keVappears in the spectrum (1;3% intensity), which should correspond 

to the transition from the 2721 to the 1522-keV level. Angular distribution 

results (see sectio~ .2.8) prove that the 206 keY I' is J+l~J Ml. On the basis of 

this multipolarity the spin and parity choices for the 2721-keV level are 

restricted to 6,7,8+. The absence ·of a 1376 keY I'ray of E2 character feeding 

the 4+ level at l345-keV is inconsistent with a 6+ assignment, leaving 7+ or 

8+ as the remaining possibilities. 

2802 keY level. The 1457 keY (1.3%) and 1280 (3.8%) keY gamma rays differ in 

energy by 177 keV,. and can be used to postulate a level at 2802 keV. The 

intensities of these· high energy transitions were such that no coincidence 

datacou1d be obtained to verify this placement. This level, decaying as it 

does to the 6+ and 4+ levels at 1522 and 1345 keY respectively, may be 5+, 6+, 

or 5-. This level is almost certainly fed by direct electron capture branching. 
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2884 keV level. The highest level in the scheme is found at this energy. It is 

" , '-
deexcited,by transitions, of 2199, 1539, 1362, and 517 keY to the levels at 685, 

1345, 1522, and 2367 keV respectively. The intensity balance indicates a 1010 

population of this '.lev~l by electron capture . 

3.2 • PLACEMENT OF ,'THE 380 NANOSECOND STATE 
" 

The placement of the pro~inentl028 keV transition and the assignment 

of the 380 nanosecond state to a level lying near 1532 keV is based on the 

following considerations. 

The transition lifetime measurements discussed in sections 2.6 and 2.7 

prove that the deiayed state feeds directly or indirectly into the top of the 

main triple -y cascade and hence must lie above 1522 keV. Furthermore, the 

experiments discussed in section 2.9 establish a value of 35 percent for the 

fraction of the total events which pass through the 380 nanosecond state, 

which means that the transition (or series of transitions) connecting the de-

layed state with the 1522-keV level should be prominent both in the singles 

spectra and in the -y spectra coincident with photons of 177; 660, and 685 keV. 

Also the radiation should have an apparent deca;r component of 380 nanoseconds 
. . . 

in the spectra taken between beam bursts in the 206pb (cx,2n) and 208pb (cx,4n) 

reaction studies. Because no such properties were observed for any of the -y 

rayslisted'in ta~le ~we can conclude that a transition of low energy was 

being overlooked. From our experimental -y spectra we can state that we 

should not have missed photons of the req,uired intensity with an energy 10 

keV or above. Of course, if the transition energy were .this low it would be 

~ almost totally converted unless it were El in character. In our electron 

sp~ctra (not all shown here) we did not observe electrons of the missing 

transition down tb20keV. 
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It is probable that the 1028-keV 'Y ray plays a major role in the popu-

lation of the 380 nanosecond state. For one thing, it occurs in 28 percent 

abundance which is roughly equal to the 35 percent intensity of the 380 nano­
I 
I 

second state. It is in coincidence with K-x rays which shows that it does not 

originate in a level of long life, but it is not in coincidence with any other 

'Y ray which indicates that it populates a state with a long lifetime. The 

other possible conclusion, that the 1028 keY gamma ray decays directly to 

ground, is rul.ed out: by the fact that it was not observed in the 209Bi (p,2n) 

reaction studies. 

A further arguement can be made on the basis of the intensity figures. 

If the 380 ~anosecond level is populated by paths quite independent of the 

level responsible for the 1028 keY gamma ray, then 35 + 28 := 63 percent of 

.. 208 
the decay events of At pass through one or the other of these levels, 

leaving only 37 percent for the population of the remaining states. But in 

the previous discussion we have accounted for more than 50 percent of the 

total intensity in the population of levels which are quite unrelated to the 

380 nanosecond state or the 1028 keY radiation. Hence we are .foreced to con-

clude that the 1028 keY 'Y ray feeds into the 380 nanosecond state. 

Our placement of the 380 nanosecond. state in fig. 11 can be considered 

reasonable by a comparison of the similar scheme in 210po • Theory in this 

case (see for example the work of Kim and .Rasmussen18)}, predicts a 0+, 2+, 

4+, 6+, 8+ sequence.for the lowest lying levels formed from the h~/2 proton 

configuration. The 0+ state is greatly depressed and the spacing in the 2+ 

to 8+ sequence becomes successively smaller. The position of these levels up 

to the 6+ is well known experimentally from the decay scheme of 210At19). 

12 
The ,vork of Yamazaki and Ewan ), on delayed radiation observed in the 

.:: 

.. 
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208pl::>(G1,2n)210po case provides evidence for an 8+ state with a haif life of 

150 nanoseconds, although the 8+ ~6+ ~ ray was not observed directly. It is 

quite reasonable to expect a similar set of levels in 208po and the 380 nano-

second state could be the 8+ level in the corresponding sequence. If this is 

correct,the missing 1: ray transition is E2 in character. A half life of 380 

nanoseconds is quite reasonable for an E2 transition of less than 20 keV. We 

discuss this interesting 8+ --76+ transition more fully in the discussion 

section below. 

, 3·3· ELECTRON CAPTURE BRANCH AND LOG FT VALUES 

208 208 . 
The Q value for the electron capture decay of At to Po is est~-

mated to be 4823 keVby Myers and Swiatecki 20). Almost the same value is 

. 1 '. th: t' 'bl' 21-23 ) 
g~ven a so ~n 0 er a es • Assuming this value and the correctness 

of the present decay scheme, we deduced log ft values, as presented in table 5 

and in fig. 11. 

4. Discussion 

4.L 208At GROUND STATE AND LOG FT VALUES 

Th d t' t . '. t f 208At , b d' t d f th . 1 e groun , s a e sp~n-parl yo, can e pre ~c e rom e slmp e 

shell-modeL The single-proton orbits at z=83 and the single-neutron orbits 

at N=12524 ) are presented in fig. 12. The ground state of 208At (z=85, N=123) 

should then have'the.unpaired configuration, (h
9
/ 2 )p (f

5
/ 2 -1 )n' which results 

in the gr01Uld-state spin of 7+ according to the Nordheim rUle25). 

, ~1is prediction is quite consistent with the observed log ft values, al-

, 208 
though we eannot exclude other cases. For instance, the At ground state 
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Table 5. Electron ,capture branches and ft values. QEC=4823 keY is assumed. 

Level Ec 
Energy Spin-parity Branch log ft 
(keV) (%) 

0 0+ 0 

685 2+ 0 

1345 4+ < 2 > 8.0 

1522 6+ <2 > 8.2 

,,-,1532 8+ 7 7.4 

1581 (4+) 6 7·5 

2153 (5+) 13 7·0 

2367 6-,7- 12 7·0 

2515 6+,7+ ",2 ----7·7 

",2560 7+,8+ 28 6.6 

2721 7+,8+ 15 6.8 

2802 5+ ,6+,5- 5 7·2 

2884 10 6·9 
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decays to both 6+ and 8+ states. The fairly high log ft values seem to be 

reasonable, since the transition 

is forbidden because of 6£ = 2. Forbiddenness of this type has been observed19) 

in the decay of 210At to 210po , where the transition 

4+ or 6+ 

is much morehinder~q. because 6£ = 4. 

4 .2. 208po STRUCTURE IN COMPARISON WITH 206pb AND 210po 

The excited states of 208po can be described qualitatively in terms 

206 ,. 210 . 20h 210 
of those of Pb and Po. The level schemes of '-'Pb and Po have been 

studied mainly frqm the decays of 206Bi
24) and 2l0At19), respectively, which 

populate levels with. spins between 4 and 7. In fig. 13 are presented those 

208 -
levels to be compared with Po. A large number of configurations can con-

tribute to the many levels in the spin range 0-7 observed in these complex 

level schemes. Therefore it seems meaningless without a detailed theoretical 

calculation to attempt a one to one correspondence between more than a few 

levels of these nuclei. Level assignments on the basis of the weak coupling 

approximation can. be most safely made to the low-lying levels of higher spin, 

because the number of configurations contributing to such levels is very 

limited. 
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Th . t . t f Y 'k' d" 12) th 208p" b(O:' ,2~),210.PO e recen experlmen 0 amaza 1 an ,Ewan on e 

t · h 1 d th 8+ b f th h' 2 'f' t: . 2 lOp' reac lon as revea e e memer 0 e 9/2 con 19ura lon In' 0, as 

shown in fig.' 13. This is an isomeric state of 150-nsec half life. Because 

of the absence of 6+ and 8+ levels in 206pb at this energy region, we expect 

the 6+ and 8+ states of the h9/22 configuration of protons to remain nearly 

208 unperturbed in Po. Our 380-:nsec isomeric state at about 1542 keY must be 
'. 2 

the 8+ member of the (h
9

/ 2 )P configuration. The 4 nsec 6+ state at 1522 

keY in 208po also,corresponds to the 6+ state in 210po quite well, as indi-' 

cated by the dotted line in fig. 13. The correspondence of the 1345-keV 4+ 

state in 208po to the1426..,.keV 4+ state in 210po is fair, but not as good as 

for the 6+ and 8+ states. The reason for this is the presence of a 4+ level 

t 1684 k V · 206pb ' h· h· "t f· t· .. f' th 4'+ a e ln . '. ,w lC. glvesrlse 0 can ~gura lonmlxlng or e 

2~ . . . 2~ 
state of Po. ,The first 2+ state at 685 keY in Po must involve contri-

butions from proto:h and neutron excitations. On the other hand, the 3+ level 

208 206 of Po may be the almost pure neutron state appearing in Pb. 

2 
STRUCTURE OF THE h9/2 BAND 

. ' 2~ 

We have characterized the lowest 4+, 6+ and 8+ levels in Po as 

members of the 
2 

(h9/ 2 )P band. As is discussed by Yamazaki26), experimental 

B(E2) values in th~ h9/22 band of 210po are well described in terms of 

eeff = 1.6, which ;i.s also consistent with the static quadrupole moment of 

209 . 210 208 • Bi. In table 6 are presented experimental B(E2) values ln Po and Po 

computed under the assumption of the theoretical conversion coefficients of 

8 
Sliv and Band). Th 8+ 6+ t . t . f 210p . kn b t e -+ ranSl lon epergy 0 . 0 lS un own, U 

assumed to he ~5 keY in the derivation of B(E2). However, we can still obtain 

a reasonable value of B(E2) because the energy dependence of half life for 

". 



.. 

-27- UCRL-17529 

such a low energy E2, transition. is quite smaii. This is true because the total 

conversion coeffic:i.eht has an approximate energy dependence of E-5 in the 

energy range of interest. 

The B(E2, 6+ ~ 4+) for 208po is twice the. corresponding B(E2, 6+-+ 4+) 

f 210p Th" f t t -'-h t f' . t· ., 0 208p 0 ' ObI or 0.. 1S ac sugges s v a con 19ura lon mlX1ng ln 0 1S responS1 e 

for the enhancement of the 8+ ~ 6+ E2 transition. On the other hand, the 

situation for the 8+ ~ 6+ transitions is suprising. The half life of the 8+ 

state in 208po' is· considerably greater than that of the. 8+ state in 210po 

which suggests an extremely low transition energy or a smaller B(E2) in 208po • 

For instance, if the 8+ ~ 6+ . transition energy is assumed to be 20 keV the 

B(E2) becomes 29 e
2 fffi 4, which is a factor of 2 smaller than the corresponding 

B(E2) 
210· in Po. We will attempt a weak coupling treatment

28
) of the h9/22 

206 members in a vibrating Pb core to see what level structure and B(E2) can 

be anticipated. 

To the lowest order of surface coupling, the perturbed states become 

. I . 2 
11+) = a 1 /(h

9
/ 2 )1 ., 

+ a211 (h9/2 2) 1~2 

+ a 3 II (h9/22 )I 

(0 15m) 0 j I ) 

( 1 15m) 2 j I) 

(1 15ai)2 j' I) 

(115ill)2 j I) 

The energies E1 and the mixing amplitudes 

1 0 0 th 0 .' to 28) na_1zlng e 1n~erac lon 

can be obtained by diago-
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where k is the coupling constant which has a magnitude of 40 MeV according 

. 29 
to Bohr and Mottelson ). However we leave k as a parameter. The vibrational 

amplitude is given by 

- / TIm -::: ---,~:-B-,(,-E2--,-,-,2~+ ____ 0_+-:::,.,--20_6_p_b-,-) :::0.0146 
V 2C . 3 ZeR 2 

47To 

evaluated with the experimental value24 ) 

The non-diagonal matrix elements are 

«(j2)JJ NR; 1M1Hint I<l)J 1
, N1RI; 1M) 

= -2k Jii(NRllb + btllN' R'} (j IIY211j) 

X J(2J+l)(2J 1+l) W(jJjJ1; j2) W(JRJ1RI; 12) 

TheE2 transition matrix element is 

(I-211-m(E2)II1) :::al
1

-
2 

all «(j2)1_211 L: e r2Y2 (8 ,¢ )11(i)1) 
. __ p=1,2 eff p IJ. P P 

+ ( 015+1 a
l

1
-
2 

a2
1 +V2~-3 a/ a41

-
2

) (011 ~ zeRo2 ~2I1jj(J) 

and then 

.. 
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B(E2, I .4 I-2) := 2i+l I(I-211'l1(E2) III) 12 

_I 1-2 I,' r B' (E2, I I 2 2l0p ) (I-2 I + V2I-3 I I-2) - a l a l . J B -7 - , 0 - a l a2 '21+1 a l a4 
, 2 

X )B(E2, 2+ ~ 0+, 206pb ) I 

Since and are negative, the contribution of the surface vibration 

is always additive. 

Calculated energy levels and B(E2) are illustrated in fig. 14. This 

simple calculation has yielded the following results. The 6+ ~ 4+ level 

spacing increases as k, while the 8+,~ 6+ level, spacing decreases rapidly 

as k and the level order is ultimately changed. Because of the uncertainty 

of E8 at k ~ 0 we cannot make a quanti tativestatement on the spacings but the 

trends seem to explain our experimental results. quite well. Thus we are led 

to believe that the longer half life of the 8+ state in 208po is due to the 

small level spacing as expected from this calculation. The calculated 6+ ~ 4+ 

energy spacing is smaller than experimental value of 177 keV, which implies 

that the 4+ state involves more configuration mixing than considered here. 

The calculated B(E2) value increases with k, but it is smaller than the 

experimental B(E2,6+ . ..., 4+) for 208po • This also suggests that the present 

treatment is too simple to take into account configuration mixing for the 4+ 

state. 

More realistic calculations ,including proton-neutron interaction
30

) 

, would explain the whole level structure, but it is beyond scope of the present 

paper. 
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Table 6. B(E2) in the h9/22 band. 

Transition Half. B(E2) 
Nucleus Transition energy life 2 4 

(nsec) (e fill ) 
.... 

210po 8+ -7 6+ (35)a 150
b 

50 

6+ -7 4+ 46.5 38
c 245 

8+ .~ 6+ 

6+ .~. 4+ 177 

Asswned 
12 ... 

From ref. .) 

From ref. 28) 

Present data 
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. . ~ 

4 .' Concluding Remarks 

We believe this' study has established a number of features of the low 
2~ ., " ' 

lying level's of , Po and suggested a basis for their interpretation. We 

believe. it also se,rVes as a good demonstration of the advanta'ges of a simul-

taneous study of a given isot~e by the traditional decay scheme approach and 

the newer techniques of on-line reaction spectroscopy. We hope our results 

can serve as a solid starting point for further ,experimental and theoretical 

studies of this,in:t~resting nucleus • 

.. ' ( , 
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Figure Captions 

Fig. 1. 
208 

Gamma spectrum from pure At sample. All spectra taken with 2 X 3 

cm X 8 mm Ge(Li) detectors. Upper curve is 50 minute count taken 3 hours 

after HILAC bombardment. Second and third curves represent same counting 

period starting 7 hours and 11 hours respectively after bombardment. 

208 . 
Fig. 2 •. Gamma spectrum from pure At sample. Spectrum measured with 30 cc 

coaxial Ge(Li) detector. Time 30 minutes. Energy scale calibrated with 

many standards including radiations of 54Mn , 22Na , 137Cs , 207Bi , and 

228 . 
Th series. 

Fig. 3. Photons emitted by 20i3At in the X ray region as measured by high re-

solution photon spectrometer. Astatine-208 prepared by extraction in di-

.. 212 
isopropyl ketone from pure Fr solution. Spectrum shows LaLpL~ and 

Kcx KcxKp and Kp X rays of polonium. Fluorescent X rays of several 
2 1 1 . 2 

element~ were used to calibrate energy scale. Note that no radiations 

other than polonium X rays are observed in this energy region. 

Fig. 4. Electron spectrum of 208At sample measured by silicon semiconductor 

detector in conversion coefficient spectrometer. Time of measurement 66 

minutes. 

Fig. 5. Results of ~ ~ coi,ncidence measurements of 208At radiations with 

2 Ge(Li) detectors of "-5 cm3 sensitive volume. Time for each measurement 

4 hours. Upper curve shows 'Y rays in coincidence with 660-keV 'Y ray. 

Lower curve shows 'Y rays in coincidence with 685-keV ~ ray. 
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Fig. 6. Results of 'Y 'Y coincidence measurement of 20BAt radiations made with 

Ge (Li) detectors of ",5 cm3 and 30 cm3 ~ensi tive volume. Smaller crystal 

used to select gate pulses corresponding to 177-keV 'Y ray. Only thOse 

sections of spectrum where coincidence peaks appeared are shown. For com-

parison a singles spectrum is shown above. A slight time base shift occurred 

in the two measurements. The occurrence of a 177":keV peak in the 

coincidence spectrum is the spurious result of Compton photons from the 

prominent 660·and 685-keV 'Y rays falling in the gate channels. 

Fig. 7. Prompt 'Yrays recorded with 5 cm3 Ge(Li) detector in in-beam measure­

mentsof 209Bi(p,2n)20Bpo at 3 proton beam energies. 

Fig. B. Time distribution curves for prominent 'Y rays emitted by 20Bpo in 

the' interval'between beam bursts in the reaction 20~b(a,2n)20Bpo. Start 

pulses for the pulse-height circuitry were supplied by the 'Y-detector and 

stop pulses came from a delayed signal taken from the cyclotron RF 

oscillator. 

Fig. 90 Time-to-pulse-height spectrum of 20BAt radiations. Po K X rays used 

as start pulses, 177-keV 'Y rays as stop pulses. 

Fig. 10. Time-to-pulse-height spectrum of 20BAt radiations. Polonium X rays 

used a s start pulse sand 177 -keY photons a s stop pulse s. Single channel 

analyzer selection on both radiations indicated is shown in the inset by 

horizontal bars. The 4 nsec component of the delay curve is a ssigned to 

the 177-keV 'Y ray. Time of measurement -- 200 minutes. Prompt curve 

measured with radiations of 22Na . 

Fig, 11. Decay scheme of 20BA.t showing 20Bpo levels and transit1.ons. The 

nurriliers in parentheses are percent transition intensities (I +1 ). 
'"'/ e 

The 

established coincidence relation is indicated by a circle at the transition 

arrow. The 1419 keY level appears only in the (p,2n) reaction. 
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"Fig. 12 ~ The single":proton orbits at z~83 and the Bingie-neutron~holeorbit~ 
at N=i,25 J revealed in th~ energy levels 6f 209Bi ·and 207pb ,~espe~tivelY.' 

Fig. i3. "ComParison Of' the 2~~P01241eV~lS ~ith;th~~g~~i24~n~2~~~o126 • ~ < ,: .~ .. 

ieV'els • 'Levels of s:imilarCha:ta'C!terare'c():rmect~d by dotte~lines~'SPin 
",: ' 

and parity of each level are give~t6 the left andtheenergi~s(in keV}", 

to the right~ '. e ,".~. ; :: :...: ", '.. ...... ,"';.: • ..'.. ...',. ' :. ,,.. ... • ' :.': '. 

Fig. 14,." Level strUctUreandB(E2)~alue~ Qbtainedin'the~eakc01iP:L:i.~g·~al'~'" 
clilatiort, as, flJllcti~n Q1' the,c0UPli~g 'strength ,~~" Because of the large', 

uncelftaintY'in t~egroUIldEltate energyJonlyrel~tive, 'energies are meaning'7" . 
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