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Abstract 

LBL-245 

The electron-capture 
209 

decay of At has been investigated and present ., 
data define twenty~one levels in 209pb • The multipolarity of thirty-six 

transitions have been deduced and combined with data from recent reaction studies 

to assign spins and parities to levels. Evidence is presented to identify 

seniori ty one and sEmiori ty three states below 2.3 MeV which arise from couplings 

of the one-neutron hole with two-proton configurations. A calculation 

using experimental data from neighboring isotopes in the lead region to approximate 

residual interactions was found to give remarkable agreement with the experimental 

level structure below 1.6 MeV. First-forbidden electron-capture transition 

t . 't 1 1 t· 2· 3 d 2 '9 V' 209 d' ! d 'th ra es to even par~ y eve sa. an • Me ~n Po are ~scusse w~ 

'-reference to the g9/2 and ill/2 seniority one neutron states • 

, ., 

t 
Work performed under the auspices of the U. S. Atomic Energy Commission. 
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. 209 209 . 
RADIOACTIVITY At [from B~(a,4n)]; 

measured E , I ,I ,y-y coinci deduced 
. y y ce 209 

EC branching, log ft. Po deduced levels, 

J, 'IT, cc, y-multipolarity. Ge(Li), Si(Li) detectors, Ge(Li)­

Ge(Li) coinc., mass spect. 
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1. Introduction 

, 1,2, 210 210 
Theoretical calculations ) of the level structure of 84Po and 82Pb 

, , 1 'd 208 b assunung two partl.c es outSl. e a 82P core have been found ,to give remarkable 

agreement with the experimenta1
3

,4) lkvel structures. Due to the proximity of 

209 
84Po to these nuclei, one might hope to describe the low-lying level structure 

of 209po in terms of three-particle states arising from couplings of the odd-

neutron with the two protons outside a lead core. The existence of such three 

particle states was first ascribed to 209po by Yamazaki ahd Matthias 5 ) who 

, '. d th 208 b ( 3) , l.nvestl.gatee P a, ny reactl.on. Later reports of the same reaction by 

, •• 6 •• 7 
Wikstrom) and Bergstrom et al. ) have given further support to the existence 

of three particle states. 
8 210 209 

A recent study) of the Po(d,t) Po and 

210 209 , 
Po(p,d) Po reactl.ons has located low-lying levels which are predominantly 

f " h t Ith h th 1 t d f 209 , o senl.orl.tyone c arac er. A oug e eec ron-capture ecay 0 At l.S 

expected to populate intensely only a few levels which have large components of 

selected seniority one configurations, subsequent gamma decay should excite 

seniority three type states which are not readily observed in the stripping 

reactions. The decay and reaction studies thus complement each other and can 

provide a more complete understanding of the low-lying level structure of 209po . 

In the present paper, w~ report on the investigation of the y-ray 

209 
transitions following the electron-capture decay .of At. The energies and 

intensities of approximately one hundred transitions between levels in 209po 

i 
have been measured and multipolarities of thirty-six of these have been determined 

by measuring relative internal conversion coefficients. These data have been 

combined with results from gamma-gamma coincidence measurements to construct a 

decay scheme for 209At • Together with the data obtained through reaction studies, 
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states arising 'from seniority three and,seniority one ,configurations have been 

identified and the electron-capture decay to these levels are discussed in tenns 

of the single-neutron states giving rise to first forbidden B-decay transitions. 

209 
Finally, the level spectrum of Po has been calculated using experimental 

matrix elements for proton-proton, proton-core, neutron-hole-proton, and neutron-

hole-coreinteracti6ns obtained framanalysis of the level structure of nuclei 

208 
adjacent to Pb., The calculated spectrum below 1.7 MeV in excitation-energy 

compares remarkably well with the experimental level spectrum. 

During the course of our study a number of reports of similar investigations 

hane ' d' 'th l't t' 9,10,11,12,13) 
v appeare~n e ~ era ure • While our data 'compare favorably 

with the results from these studies, especially regarding the more intense y-ray 

transitions, a number of significant differences are noted and these are discussed 

in the main, text. 

-, 
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2 • Exper imen tal 

2.1. SOURCES 

S d ' th' d . ob ' d b th ,209 '( 4 )209 ources use 1n . 1S stu y were ·ta1ne y e react10n B1 a, n At 

at bombarding energies of 47-51 MeV with bismuth metal .targets of thicknesses 

2 
30-59 mg/cm. Chemical purification of the astatine was achieved by volatilization 

. , 12,14 
as previously descr1bed ). Due to the broad excitation functions for the 

(a,xn) reactions, sources prepared in this way contained varying amounts of 208At , 

2l0At , and 2llAt • While the contribution fram 208At could be minimized by 

reducing the beam energy below the (a,5n) threshold, these sources contained 

'bl h' h f t' f 210 , 'd l' unaccept1 y 19 rac 10ns 0 At act1v1ty, an , as a resu t, 1t was necessary 

to deduce the y-ray transitions following 209At decay by analysis of fairly 

complex spectra. The y-ray transitions of 208At and 2l0At were identified by 

comparison of energies and intensities with the data reported by Treytl, Hyde, 

and Yamazaki15) and Jardine, Prussin, and Hollander3). To confirm assignments 

209 
made to the At spectrum and to search for additional weak transitions, a low-

209 
intensi ty source of At was prepared by mass separation in the Berkeley 

Isotope Separator. No y-ray transitions were detected from this source other 

than those fram the decay of the 209Atand its decay products. 

Two types of sources were used for conversion electron measurements. 

i 
When astatine was obtained by 'the volatilization procedure, solutions containing 

209. .. I . 
the . At were evaporated onto aluminum-coated mylar which was then coated with 

a thin (3-10 llg/cm
2

) layer of I aluminum to prevent migration of the astatine in 
i 

209 
the vacuum chamber of the electron detector. 'For the mass separated At, a 

narrow strip from the aluminum collection plate was used directly as a source. 
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2.2. GAMMA-RAY SPECTRA 

Gamma-ray singles spectra in the energy range of 100-2700 keV.were 

obtained with a 35-em
3 

(system resblution 2.6 keV (FWHM) at 1332 keV) coaxial 

Ge(Li) detector. 3 For measurements in the energy range of 1,6-500 keV a 10-em 

planar Ge (Li) detector (sy;stem resolution 1.5 keV (FWHM) at 122 keV) and a 

2 
0.784 em x 5 rom Si(Li) detector (system resolution 0.8keV (FWHM) at 60 keV) 

were employed. All measurements were taken with conventional high-rate pulse 

. 16 17 
electronl.cs ' ) coupled to a 4096-channel analog-to-digi tal converter of the 

. ;. t 18) succeSS1ve approX1mat10n ype • 
. 19 20 21 

A PDP-7 computer system ' , ) was used 

for on-line analysis. Typical y-ray spectra are shown in figs. I, 2, and 3. 

- 22 
The spectra were analyzed with the computer code SAMPO ) and energy calibration 

was obtained with the data compiled by Jardine 23). Uncertainties due to the 

relative efficiency calibrations of the various detectors were estimated to be 

±5% in the energy range of 100-600 keV and ±4% in the energy range of 500-2800 

24 
keV ). The energies and intensities of,y-ray transitions definitely assigned 

to the decay of 209At are given in Table 1 and a list of possible additional 

weak transitions assigned tentatively through analysis of the spectrum obtained 

with the mass separated source is given separately in Table 2. Absolute transition 

intensities were obtained from the intensity balance of .the decay scheme and 

with corrections for internal conversion of the low energy transitions with known 

multipolarities obtained with. the theoretical conversion coefficients of Hager 

. 25 
and Seltzer ). For several of the low-energy transitions of uncertain multipole 

character, it was necessary to assume values consisten~ with placement of the 
I 

transitions in the decay scheme. (The transitions at energies of 90.8, 113.2, 

and 151. 5 keV were all assumed to be pure E2 transitions. The 90.8 keV y-ray 
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was not resolved from the KS X-rays of polonium with the detectors employed in 

this study. The reported y-ray intensity has been calculated from the measured 

intensities of theL-conversion electrons which established this transition to 

be of E2 multipolarity.) 

The data reported here are generally in good agreement with those reported 

by Alpsten, Appelqvist, and Astner9 ) (AAA), Charvet et al. lO), and Afansev 11 
~ al. ). 

A nUmber of discrepancies are, however, worthy of note. The y-ray transitions 

209 at, energies of 1096.0, 1333.4, 2l0S, and 2204 keV assigned to the decay of At 

9 
by AAA ) were not observed in our measurements. We can set sufficiently low 

209 intensity limits for these to conclude that they probably do not follow the At 

decay. This argument is also used to rule against the tentative assignments by 

AAA9) of transitions at 807.4, 89S.0, 2111, and 2448 keV to the decay of 209At • 

We have found that the transition reported by AAA9 ) at ~147.6±0.2 keV (with a relative 

photon intensity of 2.4±0.1) can be resolved into a doublet of lines at energies of 

. l147.4±0.3 and l148.8±0.3 kev with relative photon intensities of l.S±O.l and 0.86±0.10, 

respectively. Finally, the discrepancies between the intensities reported for the 104.2 

keV transition is not considered serious and the lower value for the intensity of the 

98S.2 keV y-ray reported in this work may reflect a correction for a contribution 

from the decay of 20SBi • 

2.3. INTERNAL CONVERSION ELECTRON SPECTRA 

Spectra of conversion electrons were obtained with a 0~78S am2 
x S rnm 

lithium-drifted silicon detector (operated at liquid nitrogen temperature) coupled 

to the same data acquisition system and pulse electronics used in the y-ray 

singles measurements (see section 2.2). This system gave a resolution of 1.2 keV 
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(FWHM) for 100 keV electrons and 2.2 keV (FWHM) for the K-conversion eJ,.ectron 

line of the 1063 kev transition in the decay of 207Bi • Electron spectra were 

22 analyzed for energies and intehsitieswith the computer code SAMPO ) with the 

K-electron J,.ines of the stronger transitions used for internal energy calibration; 

The relative electron efficiency function of this detector was detennined to 

±4% over the energy range of 100-1500 keV and ±7% over the range of 1200-1700 keV 

26 . 
using the methods described elsewhere ). 

Some typical conversion electron spectra obtained with the mass separated 

source are shown in figs. 4 and 5. Both these and spectra obtained from 

unseparated sources were uS'ed for extraction of electron intensities·. The 

electron intensities obtained from 

these measurements were combined with measured y-ray intensities to detennine 

conversion coefficients relative to the K-conversion coefficient for the 545.0 

keV (5/2 -+ 1/2-) ground-state transition. This transition was asstm\ed to be 
. 5 

of pure E2 character ) and absolute values for all conversion coefficients were 

then obtained through use of the th.eoretical value of <X
K

(E2) for this transition. 

These are given in Table 3 along with themultipolarity assignments deduced by 

comparison with the theoretical values
25

). The experimental K-conversion 

coefficients are also shown in fig. 6 with the theoretical curves constructed 

from the values of ref. 25). We comment further on several of our results in 

the following paragraphs. 

.. ' 



" 

-7- LBL-245 

The measured ratio (a + a ) la for 
Ll L2 L3 

2.3.1. 90.8 keV transition. 

this transition establishes the multipolarity as E2 in agreement with previous 

9 10 
results' ). The total transition intensity and the intensity of the 90.8 keV 

y-ray were then obtained by comparison of the total L-conversion electron intensity 

with the K~electron intensity of the 545.0 keV transition. 

2.3.2. 195.0 keV transition. The Ml-E2 mixing ratio Ml + ~0%E2 for 

the 195.0 keV transition was determined from the ratio of out measured K and M+ •.• 

conversion coefficients. The experimental ratio was 19.2±4.7 and the theoretical 

ratio forMl + 20%E2 is aK/aM 

AAA
9
). 

= 19.4. Our value of aK is in agreement with 

2.3.~. 551.0 and 552.4 keV transitions. The K-conversion electrons 

of these two transitions were not resolved in our spectra. Using our relative 

y-ray intensities and assuming the 551.0 keV transition to be pure E2 as required 

by our decay scheme (section 3), the CXK of the 552.4 keV transition was calculated 

fram the sum electron intensity to be 0.086±0.10 which is consistent with Ml 

multipolarity. 

2.3.4. 1147.4 and 1148.8 keV transitions. As discussed in subsection 

2.2, these were detected as an unresolved doublet for which we were not able to 

resolve the K-electrons. Both our y-ray and conversion electron sum intensities 

agree with AAA
9). If we assume that the l148.8keV transition is of El multipolarity 

as suggested by the level scheme of section 3, we calculate an aK = 0.005±0.001 for the 

1147.4 keV transition which ~Plies E2 multipolarity. These results remain 

tentative but consistent with lour level scheme. 

2.4. GAMMA-GAMMA COINCIDENCE MEASUREMENTS 

Three parameter y-y co1incidence measurements of a mixed source were 

! 3 
taken with two coaxial Ge(Li) detectors of about 35 an eClch (active volume). 
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The axes of the two detectors were positioned at 90 0 .with respect to the sources 

and were separated by a graded shield (lead-cadmium.-copper) to minimize 

scattering between the detectors. A fast-coincidence electronic arrangement 

was used similar to that described by Jaklevic etaL 27) with the width of the -- .. 

prompt time distribution determined by the 545.0-781. 9 keY y-ray cascade of about 

40 'nsec (FWHM).. Three parameter data (E
I

, E
2

, llt) were stored serially on 

magnetic tape and later sorted on the LBL CDC-6600 computer system~ The sorting 

routine employed permitted subtraction of random events and events associated 

with the neighboring Compton distributions from each energy gate with sorts 

performed at a resolving time of about.80-nsec. Several typical coincidence 

h . . 7 d 8 . th th I ····f 12 ) spectra ares own ~n f~gs. an . w~ . . e comp ete set g~ven ~n re. . 
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3. The Decay Scheme 

Coincidence measurements and the sum-difference relationships among 
! 

y-ray energies have been used to construct the level scheme shown in fig. 9. 

Spin and parity assigrunents are based-upon previously reported data5 ,9) , our 

210 209 conversion electron measurements and the results of the Po(d,t) Po and 

210 ( ) 209 ,. d' 8) Po p,d Poreactl.on stu l.es • The electron-capture branching ratios to the 

various 209po levels were calculated fram the total transition intensity 

depopulating each level using our relative y-ray intensity data corrected for 

internal conversion and assuming no S-decay to the ground state. vlhere no S-branching 

was indicated, limits were determined from intensity errors and these are shown 

as dashed lines in fig. 9. Log ft values were obtained by using. the method discussed 

28 29·· 
by Konopinski and Rose ) . The Q-value ) used for the electron-capture decay was 

3483±9 keVand the half-life 30) was taken as 5.42±0.06 hours. The mode of-the 209At 

31 decay was taken ) as 95.9% EC and 4.l±0.5%a decay. 

As discussed in section 4 below, the low-lying level spectrum can be 

charact;erized by seniority one and seniority· three states arising from the 

couplings of a single neutron hole to two proton configurations, and we discuss 

the level spectrum below with reference this description. As an af.dto the 

discussion we show in fig. 10 the experimental (neutron-hole) states of 207pb 

which may be compared directly to levels in 209po assigned as seniority one 

states. 
. I . 8 

We also include in that figure a portion of the level spectrum observed ) 

in the 210po (d,t)209po reaction which is characterized by states believed to have 

d~inant seniority one structures. 

3.1. LEVELS OF SENIORITY ONE AT 0.0, 545.0, 854.4, 1761.1, AND 2312.2 keV 
1 

':. The ground state .and levels at 545.0, 854.4, and 1761.1 keV were strongly 

1" 8). th- t' 210 (d )209 'th ' ·abl t popu ated l.n e reac l.on Po . ,t Po, Wl. cross se.ctl.ons compar e 0 
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those observed for excitation of single neutron-hole states in the 208pb (p,d)207pb 

reaction. 
209 

The transitions to these states in Po were assigned definite 

i 
~-transfers of 1, 3, 1, and 6, respectively. The spin of the ground state has 

been measured32 ) as 1/2 and by analogy with the levels in 207pb , the angular momentum 

transfers fix the spins of the other three levels as 5/2(545.0), 3/2(854.4), and 

13/2(1761.1). These four levels are identified with the seniority one configurations 

2 -1 2 -1 2-1 
(7r(h9/ 2 ) \)(P1/2) ) -' (7r(h9/ 2 ) \)(f5/ 2 ) ) -' (7T(h9/ 2 ) \)(P3/2) ) 

o 2 . 1/~1 . 0 5/2 0 3/2 
and (7T(h9/ 2 ) \)(113/ 2» + 

o 13/2 
The spin and parity of the level at 2312.2 keV is fixed at 9/2+ by 

observation of decay to the levels at 545.0 and 1761.1 keVby M2 and E2 transitions, 

respectively. This level receives about 75% of the intensity in the electron-

209 
capture decay of At by an unhindered, first forbidden tr~si tion (log ft = 6.1). 

I 9,33 .-
As previously p01nted out ), electron capture of nuclides in the immediate 

. .. f 208 b b . d d· . 1· k 1 h th lIt v1c1n1ty 0 P pro e core exc1te states an 1t 1S 1e y t at . e eve a 

2312.2 kev arises. from the dominant configuration (7T(h
9

/ 2 )2 \)(g9/2)1) +. This 
o 9/2 

interpretation is consistent with the fact that this level was not observed in 

th 210 ( ) .. d· 8) . e. Po d,t react10n stu 1es , as the g9/2 orb1ta1 is expected to be almost 

. . th 210 (. ) d empty 1n e Po target groun state. 

The transitions shown in. fig. 9.arising from the decay of these excited 

seniority one levels are in agreement with those placed in the decay schemes of 
I 

9 10 . . 
AAA ) and Charvet ) with two notable exceptions. The transition at 342.8 keV has 

+ . . -
not been placed between the 9/2 state at 2312.2 keV and the 13/2 state at 1417.8 

keV. If this placement were correct, then the transition energy should be the sum 

of those at 104.2 and 239.2 keV. A precise .determination of these y-ray energies 

with 133Ba and 182Ta as internal standards
23

) gave the following sum relations: 

. I 



'. 
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(104.187±0.003)y + (239.190±0.018)y = (343.377±0.020) 7" (342.87±0.008) 
sum y 

which is also in agreement with the values given by AAA9 ) 

(104.1±0.1) + (239.1±0.1) = (343.2±0.2) 7" (342.8±0.1) 
, y y sum y 

Further, our experimental a
K 

implies a mu1tipolarity of E1 + ~0%M2 

or E2 + ~0%M1 and the latter would be inconsistent with this placement in the 

decay scheme. The transition may be an unresolved doublet and at this time we have no 

energy sum or definitive coincidence information upon which a placement in the decay 

sc:heme can be,based. 

We also note that the 596.4 keV transition can be placed in 

two. different locations in the level scheme on the basis of energy sums. We 

favor the tentative placement (based on very weak y-y coincidence results) 

+ between the 9/2 state at 2312.2 keV and 9/2 state at 1715.8 keV which would 

suggest an E1 mu1tipo1arity. However, theexperimentai aK is' consistent with 

either E1 + ~5%M2 
\ 

or E2 + ~0%M1. Thus, either the transition has two 

components with some intensity belonging to each placement or there must be an 

M2 cOmponent in strong competition with the E1. 

3.2. LEVELS OF SENIORITY THREE BELOW 2 MeV 

The theoretical calculations presented in section 4 suggest that additional 

,209 ' ' 
states below 2 MeV in Po can be assigned dominant configurations of the type 

2 
IT (h

9
/

2
) V (R..) and all addi tiona1 observed levels in this energy range are 
J~O ] 

shown to be of odd parity. Detailed arguments for spin and parity assignments to 

these, levels are given below. 
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3.2.1. Levels at 1175.4, ,1326.9, 1409.1, 1417.8, 1522.0, 1715.8, and 

1991.2 keV. The parity of the level at 1175.4 keV is established as odd and 

I 
its spin limited to 3/2 or 5/2 by the 630.3 keV (Ml) an¢l1175.4 keV (E2) transitions 

to the first-excited and ground states, respectively. The (M2) character of 

the transition at 1136.5 keV from the 9/2+ level at 2312.2 keV establishes a 

definite 5/2 assignment to the 1175.4 keV level. This level was weakly 

8 . 210· 
populated) through an ~ = 3 transfer in the Po(d,t) reaction which is 

believed to result from configuration mixing with the 5/2 seniority one level 

at 545.0 keV. 

The angular distribution measurements of Yamazaki and Matthias5) establish 

the spin and parity of the level at 1326.9 keV as 9/2. The measured E2 

multipolarity of the 781.9 key transition from this level to 5/2 first excit-ed 

state is consistent with this assignment. 

The level at 1409.1 keV was established by definition of the 903.05-

233~7-1175.4y-ray cascade through coinCidence measurements. The 903.05 keV (El) 

transition from the 9/2+ level at 2312.2 keV and the 233.7 keV (Ml) transition 

to the 5/2 level at 1175.4 keV fix the spin and parity as 7/2. Similarly, 

the spin and parity of the level at 1522.0 keV is defined as 11/2 by the 239.2 keV 

(El) transition from 13/2+ level at 1761.1 keV and by the 195.0 keV (Ml + E2) 

transition to the 9/2 level at 1326.9 keV. 

The level at 1417.8 keV was strongly excited in the 208pb (a,3ny) reaction 

studies by Bergstrom et a1. 7), indicating a high value for the spin of this level. 

An odd parity and a spin assignment in the range 9/2-13/2 are assigned to this 

level through the Ml character of the 104.2 keV transition and the E2 character 

of the 90.8 keV transition. We note further that the measured ratio 
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(aL + a
L 

)/a
L 

for the latter transition is consistent with an assignement 
123 

of pure E2, the assmnption of which would lead to a definite assignment of 13/2 

for the spin and parity of the 1417.8 keV level. While this remains somewhat 

tentative, it is consistent with all experimental data • 

. The levels at 1715.8 keV and 1991.2 keV were also established from 

coincidence data. A definite assignment of 9/2 for the spin and parity of the 

1715.8 keV level results from the measured multipolarities of the 1170.75 keV 

(E2) and 388.9 keV (Ml) transitions to the levels at 545.0 and 1326.9 keV, and 

+ through population by the 1148.8 keV (El) transition from the 11/2 level at 

2864.6 keV (see section 3.3). The level at 1991.2 keV is assigned the spin and 

parity of 7/2 through the measured multipolarities of the 815.6 keV (Ml) and 

321.1 keV (El) transitions. A level at 1996 keV was 

excited8) in the 2l0po (d,t) reaction via an .!/, = 3 transfer. Our spin and parity 

assignment is consisten,t with 'this result if the 1991.2 keV level is assmned 

to be that observed in the reaction experiments. 

3.2.2. Level at 1213.8 keV. A level at 1214 keV was weakly populated 

(prestmiably thru an admixture of the seniority one 3/2 state at 854.4 keV) in 

the 2l0pO (d,t) reaction8) with an .!/, = 1 transfer, implying a spin and parity 

assignment of (1/2,3/2) for this level. We have observed a weak y-ray at an 

energy of12l3.8keV in the decay of 209At 'and tenatively assign this as the ground state 

transition in the decay of the same level. The theoretical calculations given 

in section 4 support this level and the assignment of 3/2 for the spin and 

parity •. 
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3.3. EVEN PARITY LEVELS AT 2864.6, 2902.5, 2908.5, AND 2978.5 keV 

The even parity nature of these levels is readily established through 

the measured multipolarities of y-ray transitions arising in their decay and 

log ft values for electron-capture decay to these levels are consistent with 

first-forbidden transitions. A spin of 11/2 is assigned to the level at 2864.6 

+ + 
keV through decay to the 2312.2 keV (9/2 ) and 1761.1 keV (13/2 ) levels by the 

transitions of 552.4 keV (Ml) and 1103.5keV (Ml + E2), respectively. The 

1141.4 keV Ml transition to the 13/2+ state at 1761.1 keV limits the spin of the 

2902.5 keV level to 11/2, 13/2; 15/2. However, the relatively low log ft of 7.1 

for electron-capture decay to this level and the weak 2357.7 keV transition to 

the 545.0 keV 5/2 level argue strongly for the lower spin assignment of 11/2. 

The probable multipolarity assignments of (El) to the 1581.6 keV transition 

populating the 9/2 level at 1326.9 keVand (E2) to the 1147.4 keV transition 

+ to the 13/2 state at 1761.1 keV limit the spin and parity~f the 2908.5 keV 

+ + level to 9/2 , .11/2. The log ft value of 6.6 for electron-capture decay to 

this level is consistent with these assignments. 

The 1262.6 keV (El) transition to the 9/2 level at 1715.8 keV limits 

the spin of the level at 2978.4 keV to 7/2, 9/2, 11/2. The tentative assignment 

of (Ml + E2) for the multipolarityof the 1217.2 keV transition to the 13/2+ 

level at 1761.1 keV and the low log ft value of 6.4 argue for an assignment of 

11/2 for the spin of this level. 

3.4. LEVELS AT 2654.4, 2836.0, 3072.8, AND 3251.9 keV 

The levels at 2654.4 and 3072.8 keV have been placed in the decay scheme 

on the basis of sum-difference relations between y-ray energies, while the level 

at 2836.0 keV resulted from a weak coincidence between 1074.8 and 239.2 keV 

.• ! 
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y-rays. While the lack of multipolarity assignments to y-ray transitions arising 

from these levels precludes definite assignments of spins and parities, we note 

that the presence of a ground state transition in the decay of the 2654.4 keY 

le,velalong with the measured log ft Of 8.6 for ~lectron-capture decay limit 

likely 
+ + 

as~ignments to 5/2- or 7/2 • 
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209 Calculation of the Level Spectrum of . Po Using 
Experimental Two-Nucleon Matrix Elements 

LBL-245 

210 The calculation of the energies of high spin states in Po using 

e~erimental level energies and ground state nuclear masses to estimate matrix 

elements·forproton-proton interactions has reproduced a partial level spectrum 

in excellent agreement with experimental data
34

). Similar calculations applied 

208 
to high spin states of other nuclei in the vicinity of .. Pb have also reproduced 

experimental spectra with sufficient quality35,36), that it is of some interest 

to consider how well this calculational technique reproduces the complete level 

spectrum at low excitation energies. The basic assumptions underlying this 

approach are that the Hamiltonian can be written as a sum of two-body interactions 

which are identical to those in neighboring nuclei, and that configuration mixing 

may be neglected. 

209 
We have used this technique to calculate the level spectrum of Po with 

the assumption tha~ the low-lying level spectrum is describable in terms of 

two proton-one neutron hole states. Matrix elements for proton-proton and 

. 3,37 
neutron hole-proton interactions were taken from exper1mental data ) on the 

210 208 . energy levels of Po and B1, respectively, while those for proton-core and 

1 .., 1 f 209 . neutron-ho e-core 1nteract10ns were est1mated from the leve spectra 0 B1 

d 207 b . 1 an P , respect1ve y. . . . . th I (209 ) f W1 th these four 1nteract10ns, e mass M Po . 0 a 

state of total spin I, formed from the coupling of the three particle mqmenta 

j ) j)I may be written as 
'lT2 J V 



'. 

-17- LBL-245 

~ (2J, + 1) (2J' + 1) IW(j j'IT J J') 12 J' + I j\) Llli. 

J' 
'IT 1 2 J'IT j\) 

1 

~ (2J + 1) (2J" + 1) Iw (j j'IT j\) J JII) 12 J" + I Llli. 
j\) , 'IT

2 J'IT 
J" 

1 
2 

I (1) 
I' 

where 

'ill1J ' 

(2) 

and 

(3) 

The mass (or energy) to be used in the above equations is the ground state mass 

plus the energy of the excited state with the appropriate spirt. (The W (j j' I j "; J J') 

are Racah coefficients.) The energies of levels calculated with eq. (1) below 

2 MeV in excitation are compared with the experimental spectrum in fig. 11. 

We have also included in that figure the level spectrum obtained from the shell 
I 

model calcula~ion of Baldridg~ et a1. 38) -rrhich permits some qualitative evaluation 

of the relati~e importance of configuration mixing in' this energy range. 
I I 

I lIt is ;evident fran the data shown in fig. 11, that the simple calculation 

'usi~g e~~rim~ntal matrix elements compares quite favorably with the more 

sOP~ildcated shell model calculation and both reproduce the experimental level 
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scheme quite well. With the exceptions of the lowest lying levels of ,spin 13/2 and 7/2, 

the calculation reproduces the same spin sequence of levels that are experimentally 

observed in the region bejlow 1. 7 MeV .of excitation enelf"gy. 

The neglect of configuration mixing in the calculations presented here 

are evident, especially with regard to the energy of the seniority one level, 

. 2 -1 38 
(TI(h9/ 2 ) + V(P3/2» , at 854.4 keV. The calculation of Baldridge et ale ), 

o 3/2 
which reproduces the experimental energy more accurately, indicates extensive 

configuration mixing between this state and the seniority three state 

2 -1 8 
(TI(h9/ 2) + V(Pl/2» observed experimentally) at 1214 keV. The leading 

2 3/2 
terms of the wave function for the 854.4 keV level as obtained from the shell 

model calculation 38) were 

It is of interest to note here that while both 3/2 
210 . 

levels were excited in the Po(d,t) 

reaction8), the level at 1214 keV was only ~eakly populated, presumably through 

the (small) amplitude of the seniority one configuration contained in the state. 

A similar situation is apparent relative to configuration mixing between the 

two lowest 5/2- levels, although the disagreement is not as pronounced. Again 

both states were excited in the 210pO (d,t) reaction but relatively weakly in the 

case of the level at 1175 keV. 

Asa resu1tof the comparison of the predictions of the two calculations 

with the experimental reaction5 ,6,8) and radioactive decay data, the seniority 

one states corresponding to the configurations .n(h9/ 2):+ V (tj) whLe 

, -1 -1 -1 -1 
V(i j ) == Pl/2' f 5/ 2 , P3/2' i 13/ 2 , and g9/2 are now identified as are all of the 
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states of the seniority three configurations (TI(h9/ 2}2 V(P~~2» with the single 
J~O 

exception of the'lS/2 member of this set. The lack of definite spin assignments 

and the expected high level density above 1.7 MeV of excitation energy presently 

preclude identification of 
I 

configurations (TI(h
9

/ 2) 
2 

J~O 

,~ 

seniority three states arising from the dominant 

, -1 2 -1 
V(fS/ 2) ) and (TI(h9/ 2) V(P3/2». Configuration 

J~O 
mixing is certainly of more importance in this energy range, and as a result the 

2 -1 
(TI(h9/ 2) + V(f7/ 2 ) ) _ is probably fragmented over 

o . 7/2 
The 210pO (d,t) reaction data8) indicated a relatively 

seniorit~ one configuration 

several states near 2 MeV. 

strong i= 3 transfer to a level at 1996 keV and it is likely that this le~el 

may correspond to our level at 1991.2 keV and contain some of the strength of this 

7/2 configuration. 
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S. Electron-Capture Decay Rates 

Electron-capture decay of 209At should favor transitions to seniority 

,209 h h ' , 1 '1 h' d d one states ~n Po were t e trans~t~ons are re at~ve y un ~n ere • The ground 

209 124 , 
state of 8SAt ~s presumed to have the dominant configuration 

3 6 
(TI(h

9
/

2
) V (f

S
/

2
) +) _ and consequently strong decay to levels containing 

9/2 0 9/2 2 1 
large components of the seniority one configurations (TI(h

9
/ 2 ) V(g9/2» + 

o 9/2 
and (TI(h

9
/

2
)2 V(i

ll
/

2
)1) + are expected to proceed via unhindered first-

o 11/2 . 
forbidden transitions. Decay to other seniority one configurations should be 

highly hindered because of the large change in orbital angular momentum in these 

cases. 

+ The 9/2 level at 2312.2 keV has been assigned as having the dominant 

configuration (TI(h9/ 2 )2 V(g9/2) +) + and it is populated by electron-capture 
o 9/2 9/2 

decay with a log ft = 6.1. This value is comparable in magnitude to that 

. 3 
observed ) for the same transitions (TIh9/ 2 + vg

9
/

2
) seen in the electron-capture 

decay of 210At to 210po • 

209 
A number of levels at about 3 MeV in Po are populated by electron-

capture trans.1.tions of relatively low log ft values, and it is probable that 

these proceed via components of the seniority one configuration 

From the energy spacing of the g9/2 and i11/2 

. 37 39 + 
neutron orbitals derived from the spac~ngs ' ) of the !9/2 ground state and 

+ 209 211 
the-ll/2 first excited state in Pb (778 keV) and in Po (687 keV), this 

. '3' 209 configuration ~s expected to l~e near MeV ~n Po. Configuration mixing with 

other even parity states in the vicinity can be expected to produce substantial 

fragmentation because of the level density. 
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y-ray 
Energy 

(keV) 

90.8 (2) 

104.2 (2) 

113.2 (3) 

151.5 (3) 

191.1 (3)e 

195.0 (1) 

233.7 (1) 

239.2 (1) 

321.1 (2) 

342.8 (2)e 

388.9 (2) 

415.8 (6)g 

433.8 (3)g 

447.7 

y-ray 
Energy 

(keV) 

(2) 

545.0 (1) 

551.0- (3) 

552.4 (4) 

554.6 (4) 
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Table 1 . 
. '. 209 

Gamma~rays observed in the decay of At. 

Relativea 

y-ray 
intensity 

100 

5.4 (2) 

1.6 (2) 

0.70 ( U) 

Relativea 

y-ray 
intensity 

(2.0 (2))c 

'2.20 (25) 

0.18 ( 4) 

0.06 (2) 

0.41 (7) 

24.2 (12) 

1.10 (9) 

13.5 (5) 

0.69 (3) 

0.57 (3) 

0.54 (3) 

0.06 (2) 

0.08 (2) 

0.29 (2) 

, y-ray 
Energy 

1272·9 (2)e 

1311·7 (3) 

1342.9 (3)e,h 

11357. 0 (2 ) 

Relativeb 

transition 
intensity 

(23.9 (25))c 

(
15.8 (E2)) 
25.1 (Ml) 

(O.97)d 

(0.14)d 

, 60.1 (32) f 

2.33 (18) 

14.2 (7) 

0.70 (4) 

0.67 (5)' 

0.68 (5) 

0.34 (3) 

Re1ativea 

y-ray 
intensity 

0.22 (2) 

0.056 (6) 

0.071 (6) 

0.18 (~) 

(continued) 
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Table 1 (continued) 
a Relative a Relative 

'(-ray y-ray y-ray '(-ray 
Energy intensity Energy intensity 

(keV) (keV) 

596.4 (2) 0.72 (4 ) 1409.0 (6)g 0.019 ( 8) 

630.3 (2) 0.75 (3 ) 1411.1 (4)e,i 0.058 (8) 

666.2 (1 ) 2.04 (7 ) 1427.0 (3)g 0.031 (6) 

719.6 (3)e 0.08 (1 ) 1446.15 (10) 0.58 (2 ) 

750.9 (2)e 0.07 (1 ) 1456.4 (2 ) 0.12 (1 ) 

781.9 (1 ) 91.7 (26) 1478.9 (3) 0.044 (4) 

790.2 (1 ) 69.9 (20) 1484.7 (3)g 0.10 (1 ) 

799.1 (2)e 0.11 (2) 1490.8 (2 ) 0.29 (2 ) 

809.8 (3)e,~ 0.036 (8) 1533.1 (2)e 0.17 (1) 

815.6 (3) 0.25 (3) 1537·7 (1 ) 0.54 (4) 

8].7.7 (3)e,g 0.18 (4 ) 1575.6 (2 ) 0.92 (4) 

826.8 (3)e,i 0.05 (1 ) 1581.6 (1 ) 1.95 (7 ) 

854.4 (2 ) 0.64 (4) 1622.4 (2)e 0.18 (1) 

864.0 (1 ) 2.24 (10 ) 1651.5 (5 ) 0.043 (4) 

903.05 (10) 4.00 (12) 1687.3 (2)e 0.41 (2) 

910.7 (5)e,i 0.077 (ll)j 1730.0 (4 )g 0.013 (2 ) 

922.0 (3)e,i 0.077 (10) 1745.8 (3) 0.090 ( 5) 

939.5 (3)g 0.05 (1) 1767.0 (1 ) 0.54 (3 ) 

985.2 (2 ) 0.8 (l)j 1786.5 (2) e 0.13 (1 ) 

999.6 (2)e 0.17 (1) 1803.8 (2) e 0.058 ( 4) 

1008.4 (4)e,i 0.038 (9) 1810.0 (2) e 0.043 ( 4) 

(continued) 
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Table ]" (continued) 

Relative a Relative a 
y-ray y-ray , y-ray y-ray 
Energy in~ensity Energy intensity 

(keV) " (keV) 
., 

1037.8 f4)e,i 0.030 (6) 1861.4 (5)e,k 0.008 (2) 

, 1074.8 (2 ) 0.21 (2) 1947.7 (4)e 0.015 (2 ) 

1092.8 (4 )e. 0.049 (7) 2109.5 (3) 0.045 ( 4) 

1103.46 (10) 5.93 (20) 2245.8 (6)e 0.007 (1 ) 

1136.5 (3) 0.015 (10) 2292.3 (5 )e ,i 0..014 (4 )9, , 

1141.4 (3) 0".34 ,(2) 2319.6 (4) 0.008 (2) 

1147.4 (3) 1. 50 (10) 2342.9 (4)e 0.021 ( 5) 

1148.8 (3) 0.86 (10) 2357.7 (6) 0.006 (2) 

1110.75(10) 3.3 ( 1) 2363.7 (4 ) 0.015 (2 ) 

1175.4 (2) 2.1 (1 ) 2368.3 (4)e 0.012 (2) 

1183.0 (3)e,g 0.16 (2 ) 2433.44 (20) 0.015 (2 ) 

1192.9 (3) 0.16 ( 4) 2528.1 (6 ) 0: 003 (1) 

1213.8 (2) 0.47 ( 4) 2555.4 (4)e b.002 (1) 

1217.2 (2 ) 1.20 (8 ) 2588.9 (4)e 0.021 ( 3) 

1243.9 (2 )e 0.17 (2) 2645.6 (3)e, 0.013 ( 4) 

1262.6 (1), 2.'07 
I 

(8 ) 
i 

2654.4 (4 ) 0.003 (1) 

! (continued) . 
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Tablel (continued) 

aAbsolute Y-ray intensities (derived from the level scheme) may be obtained by 

renormalizing the relative intensities: The 545.0 keV transition 

has 209 . 
an absolute photon intensity of ~4.4±2.0 per 100 decays of At. 

b 25 
The theoretical conversion coefficients of Hager and Seltzer ) were used to 

derive these transition intensities. 

CThese intensities were calculated from the relative conversion electron 

iritensities where the 90.8 keV transition was asstmled to be pure E2 (subsection 

2.3.1). 

dThe multipolarity of this transition was assumed E2 for this table. 

eThesetransitions are unplaced in the present level scheme. 

f The multipolarity of this transition was asstmled Ml + 20%E2based on our 

measured values of aK, a
L

, and .a
M 

(subsection 2.3.2). 

gAssignment to 209At decay is based ori the observation of the transition in a 

1
, ,209 , 210 . 

ow ~ntens~ty At mass separated source w~th no At present. 

h '. 209 
Ass~gnment to At decay is uncertain. 

i Th , , , d ak 't'" d 210 d 209 t ~s trans~t~on was observe as a very we trans~ ~on ~n m~xe At an A 

d 1 ' hI' . , t 209 t· d h th sources an a so ~n t e ow ~ntens~ y At mass separa e source; owever e 
209 

assignment to At decay is still uncertain. 

jTh" d f 205, . e ~ntens~tywas correcte or aB~ component. 

k, 209 d ' t' (205,?) 
Ass~gnment to At ecay ~s uncer a~n B~. . 

R- Th " d f 226 f b k d e ~ntens~ty was correcte or a Ra component rom room- ac groun . 
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Table, 2. Possible additional weak transi tionsob!?erved from a lm~1 intensity 
mass separated 209At source. The assignment of these transitions to 209At 
decay is tentative and these are not placed in the current level scheme. 

y-ray 
Energy 

keY 

515.1 (3) 

523.0 (3) 

10B4.0 (4 ) 

. 1112.9 ,(6 ) 

1202.3 (4 ) 

1210.2 (4 ) 

1295.B (4 ) 

1299.0 (5 ) 

1361.7 (6) 

1419.4 (4 ) 

1421.5 (5) 

1529.4 (5 ) 

1706.1 (7) 

2102.0 (4 ) 

Relativea 

y ..... ray 
intensity 

0.05 (2 ) 

0.04 (2) 

0.037 (5 ) 

0.022 (6 ) 

0.022 (6 ) 

0.047 (10) 

0.026 (6 ) 

0.022 (6 ) 

0.009 ( 4) 

0.042 (9) 

0.023 (B) 

0.016 (5) 

0.006 ( 3) 

o.ooB (3) 

aThe y-ra:y intensity iiormalization is the same as Table 1. 



Table 3. Experimental and theoretical internal conversion coefficients: 209At. 

Transition Experimental a conversion 
Theoreticalb conversion coefficient energy coefficient 

keY (10-3 ) El(10-3 ) E2(10-3 ) Ml(10-3 ) M2(10-3 ) 

-
90.8 (~ + ~ )/~ = 1340 (100) 3130 1300 142000 4100 

1 2' 3" 

195.0 . aK = 1~ 70 (120) 70.9 178 1420 5910 

~ = 220 (20) 13 256 250 1800 

~= 61 (7) 3.06 67.4 58.9 456 

233.7 OX = 760 (50) 46 119 855 3230 
aL = 136 (10) 8.22 120 151 910 

(~ = 28 (10))c 1.93 31.5 35.5 229 

239.2 a = K 37 (4) 43.5 113 801 2990 

~= 5.0 (10) 7.75 109 141 834 

321.1 (aK = 26 (15))c 22 58 357 1150 

342.8 aK = 110 (10) 19 30.1 299 935 

388.9 a = 190 K (20) 14.4 28.1 213 631 

447.7 aK = 130 (20) 10.7 21 146 410 

523.0 (aK = 320 (80 ))d 7.73 20.4 96.6 257 

( 

. . 

Assigned 
multipolarity 

E2 

Ml + ~0%E2 

:Ml . 

El 

El 

E2 + ~30%M1 0 r 
El + ~O%M2 

Ml 

Ml 

(M2)d 

(continued) 

I 
W 
o 
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-
Experimentala conversion Transition coefficient energy 

keY (10~3) 

545.0 ~ == 18.7
a 

551.0 18.3e 

552.4 86 (10)e 

596.4 ~= 31 (5) 

630.3 ex. = L 
13.5 (40) 

666.2 ~ = 13 (2) 

~= 3.0 (8 ) 

719.6 (~ = 130 (40) ) d 

781.9 ~ = 9.1 (7) 

aL = 1.9 (2) 

. 
790.1 ~ = 3.3 (3) 

aL = 0.50 (7) 

Table 3. (continued) 

Theoreticalb conversion coefficient 

El(10-3) E2(10-3) Ml(10-3 ) M2(10-3) 

18.7 

6.96 18.3 84.3 228 

6.92 18.2 83.6 221 

5.94 15.6 68;4 175 

0.859 3.83 10.2 31.1 

4.79 12.6 51.2 128 

0.768 3.29 8.79 26.3 

4.14 10.9 41.9 103 

3.54 9.26 33.8 81.4 

0.560 2.10 5.62 15.7 

3.47 9.08 32.9 79 

0.549 2.04 5.46 15.2 

Assigned 
multipolarity 

(assumed E2) a 

E2e 

Mle 

E1 + ;:qS%M2 0 

, E2 + ~O%M1 

Ml 

E2 

(M2)d 

. E2 

El 

(contlnued) 

r 

I 
W 
I-' 
I 



Transition Experimentala conversion 
coefficient energy 

keY ( 10-3) 

815.6 (~ = 29 (8))c , 

817.7 (~ = 16 (8))c 

854.4 ~ = 26 (5) 

903.1 ~ = 3.3 (4) 

1103.5 ~ = 9.0 (9) 

CtL = 1.6 (4) 

1136.5 (~ = 37 (12)) d 

1141.4 .~ = 19 (6) 

1147.4 5±lf 

i148.8 1. 77f 

1170.7 ~ = 4.6 (6) 

CtL =0. 94 (32) 

Table 3. (continued) 

Theoreticalb conversion coefficient 

El(10-3) E2(10-3) ID( 10-3) . Nl2(10-3) 

3.27 8.55 30.3 72.3 

3.26 8.51 30.1 71.8 

3.00 '7.84 26.9 ·63.7 

. 
2.71 7.07 23.3 54.8 

, 

1.90 4.89 13.9 32.0 
0.294 0.954 2.36 6.03 

1.8 4.63 12.9 29.3 

1. 79 4.59 12.8 28.9 

1'.77 4.55 12.6 28.9 

1.77 4.54 12.6 28.8 

1. 71 4.39 12.0 27.4 
0.264 0.838 2.03 5.12 

Assigned 
multipolarity 

(Ml)c 

(Ml + E2)c 

Ml 

El 

Ml + E2 

(M2) 

Ml 

E2f 

Elf 

E2 

( contwued) 

I 
W 
tv 
I 



Transition Experimentala conversion 
coefficient energy 

keV (10-3 ) 

1175.4 ~= 4.9 ( 8) 

1213.8 ('1<: = 6. 8 (20)) c 

1217.2 ('1<: = 7.1 (20) ) c 

1262.6 '1<: = 1.8 (4) 

1446.1 ('1<: = 4.4 (10))d 

1581.6, ('1<: = 0.87 (40)) d 

1767.0 '1<: = 9. 6 (20) 

Table 3 • (continued) 

Theoretical b conversion coefficient 

El(10-3 ) E2(10-3 ) Ml(10-3 ) M2(10-3 ) 

1.70 4.35 11.9 27.1 

1.61 4.11 10.9 25.0 

1.60 4.09 10.9 24.8 

1. 50 3.82 9.89 22.5 

1.19 2.99 7.0 15.9 

1.03 2.55 5.57 12.7 

0.854g 2.01g 
3.96

g 
9.3

g 

.' 

Assigned 
multipolarity 

E2 

(Ml + E2)c 

-- - - (Ml + E2)c 

El 

(Ml, + E2) d 

.. 

(El)d 

M2 

( contInued) 

I 
W, 
W 
I 



Table 3. (continued) 

~ese conversion coefficients were measured relative to that for the 545.0 keV (5/2- ~ 1/2-) transition 

which was assumed to be' pure E2. 

bTheoretical values were obtained by computer interpolation from the tables of Hager and Seltzer25 ). 

cThis value was extracted from a complex (doublet) peak and is tentative due to poor resolution. 

dTh · 1S conversion coefficient is uncertain. 

e ' 
values obtained stated in subsection 2.3.3. These were as 

f values obtained stated in subsection 2.3.4. These were as 

g 40 
This theoretical conversion coefficient was obtained by extrapolation from the tables of Sliv and Band. ). 

( 

I 
W 
01::> 
I 
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Figure Captions 

. 1 . f 209 . h F1g. • Ganuna-ray spectrum 0 At 1n t eenergy range of 100-1570 keV. 

Transitions not belonging to 209At decay are marked with symbols": !J. 20BAt , 

o 210it. 

Fig. 2. 209 
Gamma-ray spectrum of At in the energy range of 620-2660 keV .. 

209 . 210 
Transitions not belonging to the At decay are marked with symbols: 0 At. 

. 3 . . 209 ( ) . F1g. • Gamma-ray spectrum of At mass separated 1n the energy range of 

100-2700 keV. 

Fig. 4. Conversion-electron spectrum (top) and X-ray spectrum (bottom) of 

209 . 
At (mass separated) in the energy range of 16-240 keV taken with a Si(Li) 

spectrometer. (The bottom spectrum was taken with teflon absorber covering 

the electron source.) 

Fig. 5. 
209 

Conversion-electron spectrum of At (mass separated) in the energy 

range of 80-1800 keV. 

Fig. 6. Comparison of the experimental K-conversion coefficients with the 

25 
theoretical values of Hager and Seltzer ). The values for M2 transitions 

were extrapolated (dotted line) to 1770 keV. 

Fig. 7. Gamma-ray spectra in coincidence with the 666.2, 903.1, and 1446.2 keV 

transitions. These helped to establish levels at 297B.4, 1409.1, 1175.4, 

and 1991.2 keV. . 
Fig. B. .Gamma-rayspectra in coincidence with the 1575.6, 1581.6, and 1767.0 

keV transitions. These helped establish the levels at 2602.5 and 2608.5 

keV as well as the placement of the 1767.0 keV M2 transition. 

Fig. 9. 
209 

Expez:imental decay scheme of At. Relative photon intensities with 

their uncertainties in italics are shown above the transitions. Dashed 

lines with limits represent only the maximum possible S-branchings based on 

feedings from experimental y-ray intensity errors. 
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. . 6,7) 209 () Fl,g. 10. Comparison of theexperunental level scheme of Po b. with the 

37 207 - 8 210 209 
levels ) of Ph (a) and the states populated) (c) in the Po(p,d) Po 

and 210po (d,t)209po reactions. 

Fig. 11. Comparison of the experimental level scheme of 209po (b) with a shell 

model calculation (a) 38) and with the calculation discussed in section 4, 

(c) .• 
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