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ABSTRACT 

LBL-246 

The nuclear levels of 210po and 209po populated by the electron-

210· 209 capture decay of At and . At have been studied. Experimental level 

schemes have been constructed by using data obtained from gamma-ray 

singles, internal conversion electron, and gamma-gamma coincidence 

measurements with high resolut:ion Ge(Li) and Si(Li) spectrometers. 

210 For the case of Po, present data have been used to define 

twenty-three levels. The multipolarity of thirty-six transitions in 

210 Po have been determined and combined with data from recent reaction 

stUdies to assign spins and parities to the levels. All levels arising 

from the two-proton configuration (h9/2)2 and from the multiplets due to 

the configurations (h9/2 f7/2) and (h9/2 i 13/ 2 ), except for the lowest 

spin members, have been identified. The level structure is compared with 

two-proton shell modelcalc1l1ationsand experimental transition proba­

bilities for gamma dec8iY of the (h9/2 f7/2) and (h9/2)2 proton multiplets 

are compared with predictions using several sets of shell model wave-

functions. Evidence is presented which locates the 3- collective level 
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in 210po at 2400 keV above the ground state. The electron-capture 

transition rates to odd parity levels above 2.9 MeV are discussed in 

terms of neutron-neutron and proton-proton particle-hole excitations of 

208 the Pb core. A weak-coupling calculation using experimental data.of 

neighboring isotopes in the lead region is made for the energies of the 

- - 210 3 and 5 core states of Po. 

209 For the case of Po, twenty-levels have been defined by the 

present data. Multipolarities of thirty-one transitions in 209po have 

been determined and used to assign spins and parities to the levels. 

Five states arising from the odd neutron in 209po have been assigned by 

a comparison of the experimental .level spectrum and the decay charac-

teristics of levels with a shell model calculation and the levels in 

207pb . A weak coupling calculation using experimental data from isotopes 

in the lead region to approximate residual interactions was found to 

explain the level structure of 209po below 2 MeV. 
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I. INTRODUCTION 

No single model has yet been successful in predicting nuclear 

structure over the whole periodic chart of the nuclides. The first 

model to correctly describe the shell properties and the ground-state 

spins of nuclei was the single-particle shell model proposed by Haxel, 

Jensen, and Suess
4

) and Mayer 5). The basic assumption of the shell 

model was that the effect of interactions with other nucleons on a 

single (independent) nucleon could be approximated by an average 

potential generated by an "inert 11 core of nucleons. This independent 

particle description was tested by the comparison of the experimental 

level structure of a nucleus with one nucleon beyond a double closed 

shell of neutrons and protons with that predicted by the model. The 

same general descriptiol1 should be true for nuclei consisting of one 

less nucleon (referred to as a hole) than a double closed shell. 

Nuclei with two nucleons beyond a double closed shell provide a 

means forexa.mining further details of the shell model, namely residual 

interactions between the two nucleons. The shell"model describes such a 

nucleus in terms of two independent particles moving in a potential 

generated by the double closed core of neutrons and protons. At low 

excitation energies the core is treated as inert with respect to the 

level structure. Each nucleon outside the core. may be identified with a 

definite single-particle energy state. In a "zero-order" shell model 

approximation of no residual interaction between the two nucleons, all 

states'arising from various couplings of angular momenta of a two 

nucleon configuration are degenerate. However, there is a residual 
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interaction between the two individual nucleons which removes the , 

degeneracy and leads to a series of states which can be classified by 

different couplings of the angular momenta. 

At higher excitation energies, the core of nucleons can have 

excited configurations with an angular momentum other than zero. The level 

structure of a double closed core nucleus gives an indication of the 

energy necessary to produce core excitations. For example, the experi­

mental level scheme of 208pb has its first excited state at 2.6 MeV. 

Below this energy nuclei with two nucleons beyond a 208Pb core might be 

expected to obey the shell model. Above 2.6 MeV additional core-

excitations should occur with the shell model states to produce a very 

complex level structure. Thus a detailed examination of the level 

structure of a nucleus two nucleons beyond a double closed shell provides 

I 
the simplest case to study the details of the residual interactions 

between nucleons and the validity of the inert core assumptions. If 

these details of the shell model are to be further investigated, the 

ideal nuclei to study should be those near the regions of the double 

closed shells. 

Many details of nuclear structure have been revealed during the 

past five years because of improved developments in solid-state detectors 

and electronics. Computer analysis of data and "on liner! computers 

have been combined to aid researchers in deciphering and collecting vast 

amounts of data. It is hoped that the interpretation of the data might 

allow a better understanding to be made of the nucleus, residual inter-

actions, and nuclear potentials with the ultimate goal of being able to 
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predict the properties of any nucleus from a set of first principles. 

In order to achieve this goal and to determine the limitations and 

validity oJ present models, further detailed experimental information 

must be obtained for nuclei, in particular near double closed shells. 

Analysis of this data should provide information necessary to achieve 

the goal. 

Detailed nuclear structure information has been obtained for two 

t d f · . 1 . th d bl 1 d' h 11 f 208Pb . th neu ron e lClent nuc el near e ou y c ose s e 0 uSlng e 

experimental programs described in this thesis. 

209 study was to determine the level scheme of 84Po. 

The primary goal of this 

The 209po nucleus is 

of theoretical interest due to its proximity to 208Pb where one might 

hope to understand its low-lying level structure with a shell model. 

Initially we hoped to be able 'to identify the neutron-hole states of 

209 .. 
Po and compare them with those previously observed in the analogous 

odd-neutron nucleus 207Pb in order to determine the effect of the 83rd 

and 84th protons on such states. 

An additional reward developed from the choice of the 

209Bi(a.,4n)209At reaction for the production of sources. This required 

210 .' 
that the decay properties of At (which was produced in sources from 

the competing (a.,3n) reaction) be known. Several questions about the 

210 
At electron-capture decay scheme needed to be investigated in order 

to better understand the decay. Thus a reinvestigation of the 210At 

210 decay was undertaken to search for finer details of the Po level 

structure, in particular core-excitations. The new data combined with' 

210 . 208 new reaction data on the levels of Po and Pb allowed a very 
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detailed level scheme to be constructed. As a result almost all levels 

due to two-proton shell model configurations and 208pb core-excitations 

occuring below 3.4 MeV have been identified in the 210po level structure. 

The identification of the neutron and proton core-excitations in the 

level structure has established the need for a model explicitly taking 

into account core-excitations. 

Before proceeding with the experimental results, we shall outline 

the material to be presented. This thesis was written into several 

independent parts with the ideal of it being useful to future people 

entering nuclear spectroscopy. Thus there is some repetition and dis-

cussion of technical points for which the experienced spectroscopist is 

invited to skip. A reader should be able to read any of the five 

sections of interest essentially independent of the other as the 

referencing to other sections was kept to a minimum. 

In section II a brief theoretical discussion is given of the 

single-particle shell model and weak coupling models as adapted to the 

specific examples of 210po and 209po. These models are used in our 

discussion and interpretation of the levels. Section III contains a 

detailed discussion of the experimental detection systems used in this 

study. 

The experimental results and the interpretation of the electron-

t d f 210At . " t" IV R ult f 210p cap ure . ecay 0 are g~ven ~n sec ~on . es· s or 0 are 

compared with the predictions of the two-proton shell model and the weak-

coupling model. Identification of two-proton shell model states and 

208 
Pb core states are made. The gamma decay transition probabilities are 

calculated between the low-lying even parity levels. 
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In section V the experimental results of the 209At electron-

. 209 
capture decay to Po are presented. Identification of states in 209po 

arising from single-neutron (particle or hole) c~nfigurations are made 

by a comparison of the level structure with 207pb and theoretical 

calculations. A weak-coupling model calculation is made for the two 

proton-one neutron hole configurations, and such states are identified 

in the 209po level structure. 

Finally we have included in the Appendices a collection of useful 

information generated during this study but not deemed necessary to the 

main text. The topics included" are gamma decay transition probabilities, 

electron-capture log ft calculations, and the data acquisition system. 

A compilation of gamma-ray energy calibration standards and the methods 

of calibrating Ge(Li) and 8i(Li) spectrometers for the relative detection 

efficiencies of gamma-rays and conversion electrons is also given. 
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II. THEORETICAL BACKGROUND 

Nuclei containing 2, 8, 20, 28, 50, 82, and 126 protons and/or 

neutrons are particularly stable and these numbers of nucleons are 

referred to as magic numbers or shell closures. Some abundant nuclei 

. . . 16
0 

40 118 208Pb contalnlng these numbers are 8' 20Ca , 50Sh , and 82 . Nuclei with 

a doubly magic number of nucleons have a spherical shape in contrast to 

a deformed shape for nuclei which have a number of nucleons removed from 

a magic number. Successful attempts have been made to predict the shell 

closures and the basic assumption used to generate the closures is that 

a nucleon travels within a complex nucleus in a smoothly varying field 

of force generated by all other nucleons. The choice of a potential to 

represent the average potential experienced by a nucleon is determined 

by the nuclear force which is known to be strong but short ranged. Any 

form for the potential that crudely represents the general nuclear force 

criteria will reproduce some of the shell closures. The average potential 

used must be strong and nearly constant inside the nucleus and must rise 

rapidly near the nuclear surface since the nucleon is bound. The two 

simplest potentials often used are the single harmonic osciliator and 

the spherical potential well which are illustrated in fig. 1.1 The 

parameters in fig. 1 represent approximate values for neutrons in the 

lead regionl ). For example, from the relation 

1/2m~i R2 = E = (N + 3/2 )hw 

where R = 1.42 Al/3 [fm], the value N = 5 (for 126 neutrons) was used. 

The depths of the potentials (V and V') were used in a calculation
l

) . 
o 0 
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- 10 

r---"'1 - 20 
> 
(lJ V(r)=-v~ r < R 
~ 

I..---J -30 = 0 r> 

~ 

> 
-40 

-50 

V(r) = -Vo+ 1/2 mw 2 r2 

-60 

XBL7111-4820 

Fig. 1. The simple harmonic oscillator and spherical "square" well 

potentib.J..s. .The parameters represent approximate values used near 

the 126 neutron shell
l

). 

R 
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The results predicted with the single-particle model using 

these potentials will next be discussed followed by the introduction of 

the spin-orbit potential which is necessary to predict the experimentally 

observed shell closures. 

A. Single-Particle Model 

This is the simplest form of the shell model which is strictly 

valid only for a single nucleon (fermion) outside a doubly closed shell. 

The nucleon is assumed to move in an essentially undisturbed and unique 

orbit in a central spherically symmetric potential V(r) generated by all 

other nucleons composing the nucleus. The Schr8dinger equation can be 

solved for the single-particle eigenfunctions ep. and the energy eigen-
1. 

values E 

Hep. = Eep. 
1. 1. 

where the Hamiltonian H is defined as 

The potentials used to represent VCr) are the simple harmonic oscillator 

(SHO) and the spherically symmetric potential well (SPW) shown in fig. 1. 

The SHO potential has the analytical form 

VCr) = 

and the SPW potential the form 

-v + 1/2 mw2 
r2 

o 
(4) 
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_VI 
o 

r:S;;;R 

or> R 
( 5) 

where V , w, and VI are positive constants. Both potentials have single-o 0 

particle solutions (of eq. (1») CPn~m(r) == In~m > which depend on the 

radial position r and the quantum numbers n~m as described below. 

The most frequently used potential is the SHO which leads to a 

set of degenerate eigenvalues given by2,3) 

E . = -V + hW(N ~3/2) 
n~ 0 

(6 ) 

where N'is defined as the principle quantum number and is restricted to 

be integral values, including zero. For each value 'of N there is a 

series of states degenerate in energy which can be denoted by the quantum 

numbers n, ~, and m. The relation between the prinCiple quantum number 

, 2 3 
N and ~ is ' ) 

N = 2(n - 1) + ~ = 0,1, 2, ... 

where n is defined as the radial quantum number (n - I is the number of 

nodes in the radial wavefunction portion of cP n (r) for ° < r < 00), and nX,m 

~ is the relative orbital angular momentum of the nucleon. The restric-

tion that 2 (n - 1) + ~ is zero or integral requires that ,~ is either even 

or odd for a given N. This leads to the fact that shells of the same 

principle quantum number N have orbitals of the same parity. In addition 

to the degeneracy ih n and ~ for a given energy, there is a 2(2~ + 1) 

fold degeneracy (in spin and in ~ due to its mprojection) so that the 
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total number of degeneracies in the eigenvalues of eq. (6) is equal to 

(N + l)(N + 2). On the left hand side of fig. 2 are shown the energy 

eigenvalues of eq. (6) and the sum of the degenerate single-particle 

states which lead to the predicted shell closures at the (magic) 

occupational numbers 2, 8, 20, 40, 70, 112, and 168. 

Use of the SPW potential in eq. (1) leads to eigenfunctions which 

have the degeneracy in the n and ~ removed. These solutions are the 

spherical bessel functions j~+1/2(Kn~) where the energy eigenvalues are 

given by the zero's of the bessel function as 3 ) 

(8) 

The number of zero's of the bessel function, excluding the ortgin, is 

given by n (n = 0,1,2, ... ). The eigenvalues of eq. (8) are plotted 

h 2 
of ----2. The eigenvalues are still 

2mR 
on the right of fig. 2 in units 

degenerate in ~ and spin with the number of degeneracies given by 

2(2~ + 1). The sum of the degeneracies is also shown in fig. 2 and leads 

to predicted shell closures at the occupational numbers 2, 8, 20, 58, 92, 

and 132. 

In real nuclei the true potential might be expected to be more of 

an average of the SHO and SPW potentials. Average energy eigenvalues and 

occupational numbers formed from both potentials with the n and ~ 

degeneracy removed 1re shown in the center of fig. 2. The average predicts 

shell closures at 2, 8, 40, 70, 92, and 138. Except for the lightest 

nuclei (A ~ 40), neither of these potentials nor the average predict the 
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Fig. 2. Level system of the three-dimensional simple harmonic oscillator 
! 

and the spherical "square" well with infinitely high walls. (This 
. .. . 8) ) 

flgure was taken from ref. . 
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experimentally observed shell closures which suggests that some important 

detail is missing. The independent suggestions of an additional strong 

4 567 spin-orbit coupling term by Haxel, Jensen, and Suess ) and Mayer ' , ) 

lead to the correct shell predictions. The velocity dependent spin-orbit 

+ 
term takes into account the interaction between the nuclear spin s and 

the relative angular momentum 1 for a nucleon. The form for the spin­

orbit term is generally taken asIa) 

v (r) = -2A (h2)2 1 
SO 2mc r 

dV(r) 
dr 

where A is an adjustable parameter greater than zero and is different for 

protons and neutrons. The inclusion of this term with the SHO or SPW 

potentials to V(r) in eq. (3) gives results different from the SHO or 

SPW potentials in the following qualitative way. Because of the relations 

(10) 

states of large orbital angular momentum 1 are effected most with states 

of total angular momentumj = 1 + -; more tightly bound than states of 

+ + + 8 
J = ~ - s. The results) of a calculation with the inclusion of spin-

orbit coupling and the SPW potential are shown in fig. 3. Large angular 

momentum states interact strongly with the result that the states of 

+ 1 + . angular momentum J = + S are depressed (proportional to A) in energy 

+ 1 + and the states of J = - s are raised so that the SPW (or SHO) levels 

are altered. For example, the splitting of the Ig level into the Ig9/2 

and Ig7/2 levels produces the magic number 50 by inclusion of 10 
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Fig. 3. Schematic diagram of the nuclear level system with spin-orbit 
. 8 

coupling. (This figure was taken from ref. ).) 
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additional states to the previous occupational humber of 40 produced 

with either the SPW or SHO potentials. Similar splittings for other 

large angular momentum orbitals are responsible for producing the 

experimentally observed shell gaps of 28, 82, and 126, which were not 

produced with the SPW or SHO potentials alone. 

The single-particle model with the spin-orbit term cannot 

correctly predict the exact ordering of orbitals for all regions of the 

periodic chart with one value of the parameter A. By varying A 

separately for protons and neutrons for different regions, the experi­

mental level schemes can be reproduced. For example, the experimenta19) 

single-particle levels in the lead region shown in fig. 4 can be 

reproduced by varyingA. 
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297/2 2493 

451/2 2032 

3d 5/2 1566 

1j 15/2 1422
e 

Ii 11/2 778 

2g 9/2 0 

T 209Pb 
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3p (1/2) 3640c 1 3pl/2 0 

3p (3/2) 3116e 2f 5/2 570 

2f (5/2) 2822 3p3/2 898 
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Experimenta19 ) single-particle states in the lead region. 

Gap energy of 3563 keVwas estimated as the difference of the energy 
. t· t ·f 207Tl· th· t . . d f· 209B· necessary a separa e a proton rom . mlnus a requlre or 1. 

Gap energy of 2803 keV was estimated as the difference of the energy 

necessary to separate a neutron from 207pb minus that required for 209pb, 

The single-particle strength is believed fragmented over :several levels. 
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13 . Shell Model 

The single-particle model as formulated above should be only 

strictly valid for nuclei with one nucleon more than a doubly closed 

shell. More sophisticated treatments include the description of two 

or more particles outside of a double closed shell. This leads to the 

shell model where the excited states and their spins and parities are 

pr-edicted for more than a single-particle beyond a double closed shell. 

The approach in a shell model calculation is to assume some form 

of an inert core which gives rise to a potential in which the nucleons 

outside this core move and interact through residual two~body inter-

actions among themselves. To calculate energy levels, a potential with 

adjustable parameters representing the core and two-body interactions is 

selected. Implicit in the model is that the nucleons outside the core 

do not interact directly with the tndividual core nucleons. The inert 

core assumption may not be strictly valid but it produces a simpler 

m'Jdel which reduces the number of degrees of freedom to a solvable 

problem. 

The inert core assumption allows the total wavefurtction of the 

s;rstem 1jJ to be written as the product of a wavefunction for the non-

interacting core nucleons 1jJ and the N valence nucleons <P. The 
c 

Hamiltonian is then written as a sum of a core and a valence part, 

1jJ = tJ; <P 
c 

and 

H = H + H 
c v 

(ll) 

(12 ) 
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These assumptions allow separation of the problem into two parts which 

may be solved individually. Thus in general we have eigenvalues for the 

core (Ec) and the valance nucleons (Ev) from the relations 

and 

H <I> = E ¢ 
v v 

(14) 

To determine explicitly the meaning of the eigenvalues, we first consider 

the lower energy valence states where the core assumption is probably 

most valid. The form for the Hamiltonian describing N valance nucleons 

outside the inert core H is assumed to be further separable into two 
v 

. 2) parts 

H = H +H (15) 
v 0 1 

where 

N 
H = L 0 

(T. 
l 

+ V. ) 
l 

(16) 

i=l 

and 

HI = L.: v. j (17) 
l. 

i<j 

H is a Hamiitonian representing the interaction of the valence nucleons 
o 

wi th the core but not with each other. That is, H includes all inter­
o 

actions experienced by nucleons outside the selected core except for the 
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residual two-body interactions 8Jllong valence nucleons. H is generally 
o 

taken as the SHO potential where T. is the kinetic energy of the ith 
1. 

particle with a potential energy Vi outside the inert core. HI represents 

the sum of all two-body·residual interactions 8Jllong the valence nucleons 

where V
ij 

is the residual two-body interaction between the ith and jth 

valence nucleons. The assumption that only two-body forces need be 

considered in the residual interactions is tested in how well the 

predicted results agree with experimental results. The form of HI is 

generally taken from two nucleon scattering experiments 2 ,3) as we discuss 

at the end of this section. 

If the simple harmonic oscillator potential (SHO) is taken for 

H, the well-known SHO wavefunctions are solutions for H 2). Explicitly, 
o 

if the nucleons outside the core are non-interacting, the solution for 

N nucleons can be written as a product of N single nucleon SHO wave-

functions ¢ (i) (see section IrA) for the various configurations ex. 
1. 

(specified by the quantum numbers (n~m) and represented by the label ex.) 
1. 

as 2,3) 

N 
<;p=n¢ (i) a. 

i=l 1. 

(18) 

Thus 

where 



,. I 

N 

Ho = L 
i=l 
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~2 _ 2 2 
v V + 1/2 m.w r 

.0 ~ 
(20) 

The sum of eigenvalues for al~ N nucleons outside the core in the absence 

of all two-body residual interactions is defined as E. The single-

particle (SHO) eigenvalues for various occupied orbitals outside the core 

are represented by c
i

' (TheE
i 

is the same as the eigenvalue En~ of eq. 

(8) in the single-particle model of section IIAand is numerically the 

mass of the ith single-particle plus the core minus the core.) However, 

the wavefunction in eq. (18) is not antisynunetric as required by the 

Pauli exclusion principle. The properly normalized antisymmetrized 

orthonormal wavefunction for N valence nucleons is generally taken as a 

linear combination of the single nucleon SHO wavefunctions ¢ (i) in the a. 

form of a Slater determinent 2 ) 

¢ = 1 

!.NT 

¢ (N) 
~ 

~ 

(2l ) 

As an example, suppose we had two nucleons outside a core,each described 

by the single-particle wavefunctions ¢ (1) and ¢a (2), then the wave-
a l 2 

function ¢ would be written' 

¢ = 1 

/2 
(22 ) 
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This is the correct normalized antisymmetrized wavefunction to be used. 

in eq. (19); 

The shell model Hamiltonian of eq. (12) and eq. (15) can be 

grouped and rewritten as 

where we have shown with eq. (11), eq. (13), and eq. (19) that 

(24) 

This is the eigenvalue equation that can be solved by matrix diagonal-

ization. In general <lJ occuring in eq. (11) can be expanded in any 

complete orthonormal set of properly antisymmetrized wavefunctions. For 

this model, the proper choice is the complete set of Slater determinents 

Ceq. (21)) {~.} formed for all allowed SHO single nucleon wavefunctions 
1-

~. of the configuration space outside the core. The wavefunction of 
1-

eq. (11) now takes the general form2 ) 

~ == i~) = i~ ) " a.i~. ) c L...J 1- 1-

i 

Experimentally it is known that H must be rotationally invariant 

which implies that H is diagonal in J. The condition that H is invariant 

to rotations is expressed by2,3) 

(Ij;JiHiIj;J' ) = constant 0JJ' (26) 
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Rotational invariance of H is the basis of the statement that states of 

different J (and parity) do not interact or configuration mix. The 

forms of H are also restricted to be scaler or pseudo-scaler inter­

actions 2 ,3). Since H is assumed diagonal in j", the summation in eq. (25) 

can be truncated to include only those terms where the configurations 

of the N nucleons outside the core have the same spin and parityJTI
• 

This allows the matrix diagonalization of eq. (24) to be performed in 

a smaller orbital space. However, rather than continue in a general w~, 

a specific case will be discussed which may be generalized by the reader. 

We shall proceed to outline the methods for doing a shell model 

calculation and discuss the techniques involved using the specific 

example of 210po which has two protons more than the doubly closed 208pb 

core. The two protons can be assumed to move in the field of the 208pb 

core and interact with each other through residual interactions to 

produce different nondegenerate nuclear states. This example involves 

a doubly closed core which certainly approximates the inert core model; 

however, a doubly closed core is not a restriction. Consideration of the 

single-particle states available for the protons in the lead region in 

fig. 4 suggests that the lower levels of 210po might be satisfactorily 

described by a truncated configuration space of three orbitals, namely 

Ih9/ 2 , 2f7/2' and li13/ 2 . This choice is determined in part by the 

slightly larger experimental energy gap between the 2f5/2 and the li13/ 2 

orbitals than the other orbitals. However, this truncation must be 

tested with experimental evidence before the validity is truely known. 
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Thus for 210po we will assume that the two protons outside the 

core are allowed only in the three orbitals immediately above the Z = 82 

shell. Figure 4 shows that the three allowed proton orbitals are 

210 The lowest energy state (ground-state) of Po would have both 

protons in the Ih9/2 orbitals coupled to 0+ (as the ground-states of 

other even-even nuclei are 0+) with. the dominant ground-state configur-

2 
ation 7T(h

9
/ 2 ) . There are other allowed proton orbitals (and angular 

momentum couplings) in this two-proton model. Thus many states of 

different angular momentum couplings and parity (J") are allowed which 

generate the excited states. The number of states· can be derived from 

the number of ways in which two identical particles (protons) of angular 

+ + 
momentum jl and j2 can be placed into three orbitals. For two identical 

nucleons in the same orbital, the Pauli principle excludes states of odd 

+ 
J couplings. (This also can be proved rigorously in the Racah algebra 

for a two-particle antisymmetric wavefunction2 ).) The total number of 

ways to put two protons i.nto the three orbitals is six with a total of 

+ + + 
42 allowed, but different,couplings of the angular momentum J = jl + j2' 

These allowed configurations are enumerated in Table 1. These results 

can be generalized to any number of orbitals and particles although this 

method grows rapidly in complexity for allowed couplings. 

Since the number and types of allowed two-proton states for 210po 

have been discussed, we consider solving eq. (24) in detail for the 

energy levels and wavefunctions. The procedure we will discuss is the 

general way in which shell model calculations are performed. We will 
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Table 1. The shell model orbitals and the allowed Ul j 2)J couplings of 

the two protons for 210po in our three orbital space. The occupation of 

an orbital is represented by the symbol X. 

Shell Model Proton Orbitals Allowed Configurations 

Ih9/2 2f7/2 li13/2 
J1T 

XX (0,2,4,6,8) + 

X X (1,2,3,4,5,6,7,8) + 

X X (2,3,4,5,6,7,8,9,10,11)-

XX (0,2,4,6) + 

X X (3,4,5~6,7,8,8,10)-

XX 
. + 

(0,2,4,6,8,10,12) 
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+ 
show that since H is diagonal in J and parity is conserved, only states 

of the same JTI need be considered at once. After choosing a particular 

JTI and solving eq. (24) for the eigenfunctions and eigenvalues, the 

TI process can be repeated for a new J . 

Suppose we first solve eq. (24) for all the JTI = 0+ two-proton 

t t 1 d · . f 210 s a es a lowe In our space or Po. The expansion of .cp in eq. (25) 

+ reduces to three terms since only three 0 states from the two-proton 

couplings can be formed within our three orbital model (see Table 1). 
+ The three 0 states will produce a 3X3 matrix to be diagonalized. 

Explici tly 1{e may write 

(27) 

where cp +(i) are the three Slater determinents formed for the two protons 
o 

+ coupled to 0 in the h9/2' f7/2 and i 13/ 2 orbitals 

To solve eq. (24) for the eigenvalues E and eigenfunctions W, we 

(28) 

utilize .. our expansion of cP in eq. (27) to generate a 3X3 matrix. Multiply 
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eq. (24) by each of the three ~. terms in the summation of eq. (27) and 
, "1 ' 

use the orthonormal properties (~i I ~ j) = 

at, the following set of equations. 

3 

8 .. and ( 1/J11/J") = Ito arrive 
1J c c 

(1/Jcl (~lIHI L ail~i) l1/J c ) = E. (~ll Lail~i) 
i=l 

3 
(1/Jc l (~2IHI L a. I~. ) 11/J ) = a E (29 ) 

1 1 C 2 
i=l 

3 
(1/Jc l (~3IHI L: a. I~. ) 11/J ) - 8,3E 

1 1 c 
i=l 

The set of equations in eq.(29) can be put into matrix form. After 

expanding the summations in eq. (29), we arrive at the following matrix 

equation 

(lficl (~3IHI~3) l1/Jc)- E 

(30) 

Equation (30) can be further reduced using the definitions of H in eq. (23) 

and the results of operating with the various Hamiltonian operators as 

defined in eq. (14) andeq. (19). 

.• 

= 0 
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We have introduced a new single-particle energy E~ which is defined as the 

sum of the core energy eigenvalue E and the sum of the SRO single­
c 

particle eigenvalues E for the two nucleons as defined in eq. (19). 

That is 

where 

(H + H )"" ~ = (E + E )"" ~= E' "" ~ 
C 0 ~c a c a ~c a a ~c a 

E' = a 

2 

L 
j=l 

E' j,a 

.2 

=1: 
i=l 

E. J..,a 
+ E 

c 

The values of E' can be obtained from experimental data on single-particle 
a 

energies. In general the individual E~ represent the energy of a 
J,a 

single-nucleon outside the inert core in the absence of a residual 

interaction (i.e. Rl = 0) which can in principle be estimated from an 

odd A nucleus composed of the same core. Specifically, in the absence 

208 
of a residual interaction among the protons outside the Pb core for 

210p 0, the proton single-particle energies E~ may be approximated 
J,a 

is the mass of the 208pb 

= 0 
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209Bi and the 208pb core. The value of E! is thus the mass of the ith 
J,a 

single-particle state of 209Bi. Frequently, the mass of the 209Bi 

ground-state is subtracted from the single-particle energies (E! ) and 
J ,Ct. 

energy differences (relative to zero) .are us ed. For example, from the 

levels of 209Bi (the gro:und-state mass subtracted) in fig. 4, we have the 

values Ej(h
9

/ 2 ) = 0, Ej(f
7

/ 2 ) = 897 and Ej(ill/ 2 ) = 1'609 keY. Thus the. 

E' terms in the matrix of eq. (31) may be evaluated from experimental 
Ct. 

data rather than calculated explicitly. 

As an example we may write down zero-order estimates for 

solutions of eq. (31) for the various two-proton config:urations in the 

absence of all residual interactions. These estimates are shown in 

Table 2. The states of the various two-proton configurations in Table 

2 are degenerate because Hl was assumed zero. This model would then 

predict five degenerate excited states at the energies shown in Table 2. 

(Residual interactions will remove the degeneracies and alter these zero-

order estimates.) 

However, since there'are residual interactions, the matrix 

elements of Hl must be evaluated before the final diagonalization of eq. 

(31) to arrive at the eigenvalues for the matrix. Before expanding on 

the evaluation of the residual interaction matrix elements, assume that 

they have been evaluated and are just numbers. This allows us to 

diagonalize the matrix and determine the eigenfunctions and eigenvalues 

+ for our example of the three 0 states. (The technique used to evalu~te 

the Hl matrix elements is discussed at the end of this section.) 
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Table 2. 210po two-proton level structure in the absence of all residual 

interactions as estimated from 209Bi experimental data9 ) (ground-state 

mass subtracted). 

Unperturbed Energy Spins 
Configuration 2 and Comments 

E' = ~ E' a j,a Parity 

j=l 

(keY) (j 1 j 2 )J'IT 

'IT(h
9/ 2 ) 

2 0 (0,2,4,6,8) + ground state 

'IT(h9/ 2 f7/2) 897 (1,2,3, ... 8) + 1st excited state 

'IT(h9/ 2 i 13/ 2 ) 1609 (2,3,4, ... 11)- 2nd excited state 

'IT(f7/ 2 ) 
2 

1794 (0,2,4,6) + 3rd excited state 

'IT(f7/ 2 i 13/ 2 ) 2506 (3,4,5, ... 10)- 4th excited state 

'IT(i
13

/ 2)2 3218 (0,2,4, ... 12) + 5th excited state 
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Solutions exist if the determinent of the 3X3 matrix is equal 

to zero. Solution of eq. (31) (with HI matrix elements and values. of 

E:'assumed known) produces an equation which is cubic in E. The three 
(). 

+ energy eigenvalues E for the 0 states are the three roots of the cubic 

equation which can be obtained by various iterative techniques. At this 

stage the eigenfunctions for the eigenvalues are not yet determined. 

These can be obtained by picking one energy eigenvalue E at a time and 

using it for the value of E in each of three equations in eq. (29). This 

produces three equations and three unknowns (a
l
,a

2 , a
3

) so that the 

amplitudes (a.) of the wavefunctions of the expansion of 11/1 +) in eq. 
. 1. 0 

(27) may be determined. The solutions (a
l , a

2
, and a

3
) obtained for the 

. + 
lowest energy eigenvalue Erepresent amplitudes of the various 0 

components of the ground state wavefunction. 

11/1 + ) 
O. 

The a. show explicitly the amount ·of configuration mixing between 1. 

states of a given JTr and represent the relative compositions of the wave-

function. The remaining two energy eigenvalues,when substituted into 

. 210. + eq. (29), will yield the wavefunct1.ons of Po for the 2nd and 3rd 0 

states respectively. Thus if the values of E~ and matrix elements of Hl 

are known, the problem can be solved for the three eigenvalues andeigen­

functions. The remaining JTr states can be solved in a completely 

210 analogous fashion one at a time until the Po problem is completely 
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solved. It should be noted that the degree of complexity and size of 

matrices involved depend upon the size of the configuration space alloted 

to the valence nucleons but grows very rapidly with the size . 

. A comparison of the theoretical eigenvalues with the experimental 

results provides a test of the choice of the configuration space for the 

valence nucleons and the choice of HI' If the agreement between cal­

culated and experimental eigenvalues is good, then the wavefunctions may 

be tested by computing quantities which depend upon the wavefunctions 

such as the gamma-ray decay transition probabilities or the DWBA cross 

sections. If the agreement is poor this may be indicative that the 

choice of parameters for HI (or the configuration space) may have been 

bad. The sensitivity of the results on matrix elements of HI may be 

realized by considering eq. (31). A reparameterization of HI may be 

necessary to bring the calculated results into better agreement with 

experimental results and the whole process repeated. If repeated 

attempts fail, perhaps the selected phenomenlogical representation for 

HI or the core is wrong, or the shell model is too simpl:e a model for 

the nucleus being considered. 

We have assumed in the above matrix diagonalizations that the 

two-body residual interaction matrix elements < <1>i IHll<1>j ) were known. 

Calculation of these matrix elements is the real crux of the problem in 

shell model calculations. Once these matrix elements are obtained, the 

shell model problem is essentially solved because only matrix diagonal­

izations remain as we have shown. Two types of formalisms used for the 

HI will be discussed. 
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The idea is to choose the two-body residual interaction 

Hamiltonian HI in such a w~ that the two.;..oody ma'trix elements 

( 4> i I Hll4> j) are cal,culable. The form of HI choosen for the residual 

interaction is generally deduced from experimental scattering studies of 

two nucleon systems 2 ) ... The most general form for HI can be written as 

a sum of two components 2 ,3) 

where HCT is a central potential component and HNC is a tensor or non­

central component. Two nucleon scattering experiments have shown that 

the form of the central two-body interaction potential of HI should be 

rotationally invarient (scaler or psuedo-scaler), parity invarient 

(scaler), charge independent (scaler in isospin), time reversal invarient, 

and permutation invarient3 ). 

HCT can be written as a linear combination of the general inter­

actions involving space and spin coordinates that involve two-body 

nuclear exchange forces 2 ,3). 

The subscripted S.:r'epresent ·adjustable strengths (constants) for the 
1 . . 

various nuclear interaction potentials (i = W, M; B, H) that are called 

Wigner, Majorana, Bartlett, and Heisenberg potentials respectively. P 
x 

andPcr are two:"'body exchange·operators·for the space and spin coordinates 

respectively and VCr) is the radial dependence of the potentials. The 

values of the space, spin,and orbital angular momentum coordinates refer 
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to the relative coordinate system of the two nucleons in which the two-

. + 
body force is acting. Hence R, is the relative angular momentum of the 

two nucleons experiencing the residual interaction. (The wavefunction 

~ used in this section has the explicit form of eq. (22) and represents 

+ + + + 
two nucleons with coordinates r l and r 2 , and spins 8 1 and s2') The 

Wigner force of eq. (36) is just an ordinary r dependent force 

(r = I~l - ;2 1 ), with a variable strength SW' 

The Majorana potential in eq. (36) involves the space exchange 

operator P. For tyro nucleons, spatial exchange is the same as a: 
x 

reflection about the origin. The P operation involves the parity (even x 

or oddness of the relative 1) of the states and either does, or does not, 

change the sign of the wavefunction depending on whether the parity of 

the wavefunction is odd or even3). 

if R, even 

(37) 

if R, odd 

The Bartlett potential of eq. (36) is such that for the spin exchange 

operator Pa operating on a wavefunction, the following holds 3 ) 

+ 
where S = 

+ V(r)SB~ 
+ 

(triplet) if S = 1 

V(r)SBPa~ = 
- V(r)SB4> 

+ 
(singlet) if S = 0 

The effect of this part of the potential is to 

(38) 

either change the sign of the wavefunction if the two nucleons are in 

+ 
the singlet (S = 0) state or to do nothing if in the triplet state 

+ 
(S = 1). 
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Finally the Heisenberg potential involves a combination of the 

space-spin exchange operators3 ) 

-+ 
t S = 1 even 

V(r)SH¢ if 
-+ 
S = 0 R, odd 

V(r)Srl P ¢ = (39) x a -+ 
S = 0 R, even 

- v(r)~H¢ if 
-+ 

R, S = 1 odd 

Some formalisms treat the Heisenberg potential explicitly as the isospin 

-+ -+ (T'T) dependence term (charge independence) of HCT ' 

Another general formalism often used is very similar to the 

above an~ it involves the same type of linear combination as eq. (36) but 

introduces projection operators IT. which are defined in terms of the 
1 

2 3 exchange operators ' ) 

ITT = 1/2(1 + Pa ) 

ITS = 1/2(1 - Pa ) 

ITE = 1/2(1 + P ) 
x 

ITO = 1/2(1 - P ) 
x 

i = triplet (8 = 1) 

i = singlet (8 = 0) 

i = even (R, even) 

i = odd (R, odd) 

(40) 

These are projection operators because they either "project out'! certain 

states or give zero upon operation on a two-nucleonwavefunction. Their 

behavior on a wavefunction is the following3 ): 
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liP 
-+ 
S = 1 

ITTIl> = if -+ 
Oil> S = 0 

H 
-+ 
S = a 

ITsll> = 
OiP if S 1 = 

(41) 

liP R.. even 
ITEtl> = if 

OiP R.. odd 

liP R.. odd 
IToiP = if 

aiP R.. even 

The convention ITTE == ITT ·ITE = 1/4 [ (1 + P a) (1 + P x)] is often used and is 

called the triplet-even (TE) projection operator. (Similarly for the 

triplet-odd (TO), singlet-even (SE), and single-odd (SO).) If we again 

let Si represent adjustable strengths of potentials we can rewrite HCT 

in terms of projection operators 2 ,3) 

(42) 

This form of HeT is often used in the literature and has the simplification 

that for two identical nucleons, the triplet-even ITTE and the singlet-odd 

IT SO terms vanish. This would 2l0p ·th apply to 0 w~ two protons outside 

the 208
Pb core. 

The forms taken for the radial dependence V(r) in eq. (36) and 

eq. (40) are generally either Gaussian· 

V(r) 



or Yukawa 

V(r) 
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-ria = - Ke (44) 

where K and a are adjustable parameters. Calculations using delta­

function forces have also been made for V(r) and are called appropriately 

zero-range forces . 

. Two frequently used forms for the non-central part of HI are 

referred to as the tensor force and spin-orbit force. The form of the 

tensor force i~ 2,3) 

where 

-+ -+ 
- cr ·cr 1 2 

and HCT has the form of eq. (42). The tensor force can be shown to 

(-+8 interact only between two nucleons which are in the triplet state 

The non-central Hamiltonian when the spin-orbit force is included has 

the form 

(46) 

where y is an adjustable parameter. The scaler forms ofl1JC in eq. (45) 

oteq. (46) insure that HI is rotationally invarient. Either ~orm of 

-+ 
~C can only interact with triplet (8 = 1) even or odd states and will 

vanish for the singlet (8 = 0) states. 
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We can now summarize and write the complete residual interaction 

Hamiltonian Hl in terms of either of these two formalisms as 

or 

We have shown explicitly two phenomenlogical forms taken for Hl in 

calculation of the two-body residual interaction matrix elements in eq. 

(31). There are other forms used for Hl , but eq. (47) and eq. (48) are 

two of the most common for simple shell model calculations. Once the 

two-body matrix elements (~i IH11~j > are determined (which is not an 

easy task because of the complex algebra and integrations involved), the 

eigenvalues and eigenfunctions for a given J7f configuration can be 

obtained by relatively straight forward matrix diagonalization limited 

by the size of the space in which the calculation is done as previously 

discussed. 
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C. Weak Couplini Calculation for 210po 

210 208 Consider Po which has a Pb core and two protons outside 

the core. A weak coupling model has been used to predict the energy 

of the 11- state of 210po arising from the coupling of the 3- core state 

. 8+ f"· 11) wlth the lowest two-proton can 19uration " First-order energy 

estimates of other states in 210po arising from the weak coupling of 

different (208Pb ) core excited states with two-proton configurations 

can be made with the formalisms presented below. The method recouples 

the different angular momenta of the core and single-particle protons 

to deduce matrix elements representing residual interactions from 

experimental data rather than analytical calculations. This method may 

become useful for other nuclei as more detailed experimental nuclear 

data becomes available. 

210po has a 208Pb core with two interacting protons (Pl and P2) 

outside the core. It is assumed that the protons can interact weakly 

with the core ground state and core-excited states to produce a series 

of weakly coupled core-two proton states. 

for 210po might be represented as 

"inert" 
core 

Schematically the situation 

H pp 
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The Hamiltonians for the core and protons are represented as Hc' HI' a.nd 

H
2

, respectively. 
. . 210 

The total Hamiltonian H for the Po can be written 

as 

where Hic represents the proton-core interaction and Hpp the proton~ 

proton interaction. We can combine HI and H1cand define a Hamiltonian 

Hlc which represents the proton and its interaction with the core in the 

absence of the proton-proton interaction. This allows us to rewrite the 

Hamiltonian of eq. (49) as 

H = H + H + H + H c lc 2c pp 

The energy E
J 

of a state in 210po with an angular momentum j arising 

from the coupling of a core state with a two-proton configuration can 

be expressed as 

where E is the energy of the 20Bpb core state and 
c 

The energies E and E can be approximated from ~he experimental energies 
c pp 

as discussed later. If we assume that H
lc 

= H2c ' we may estimate the 

energy E
J 

of states in 210po from the relation 
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If there were no particle-core interaction (Le. H2c = 0) ,the 

zero-order energy EJ would be simply the s:un of the two energies Ec and 

Epp' However~ H2c is not zero and the effect of a non-zero H2c will be to 

alter the zero-order energy estimate. Rather thail calculate the matrix 

elements in eq. (53) with a phenomenlogical H2c ' residual interaction 

matrix elements for 2l0po can be approximated from a nucleus with the 

same core and only one single"';proton outside the core in the following 

way. 

The angular momentum o'f the wavefunction IttJ) for a state in 

2l0po may be considered as composed of three components due to the core 

-.. -.. -.. 
J c and the two protons outside the core, J l and J 2 " 'l'he wavefunction 

may be written explicitly as 

where 

Use of a Racah coefficientW(J1J 2JJc ; J 12J 2c ) for the recoupling of 

three angular momenta allows the wavefunction of eq. (54) to be rewritten 

in terms of the product of tw~ wavefunctions2 ) 

(56) 
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where 

The matrix elements of H2c in eqo (53) can be rewritten in terms of these 

wavefunctionso Using the explicit value of the wavefunction, we may 

write matrix elements of H2c as 

( lj; ! H2c !lj;) = I: (2 J 12 + 1) (2 J 2c + 1) 

J 2c 

To estimate the matrix elements of H2c in eqo (58), consider 

209Bi which has a 208Pb core and a. single proton 0 We can write the 

Hamiltonian for the 209Bi nucleus using the previous formalism as 

The energy E
J 

of excited states of 209Bi will be given by 
2c 

(58) 

(60) 

where the odd proton is coupled to various core states (including the 

-+' 
ground state) to produce a series of states with angular momentum J 2c ' 

For example, the h9/2 proton coupling to the 3- first-excited core state 
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will produce a series of even parity states with angular momentum J 
2c 

= { 1 2. 1 .2. 11 1312. } + . 
.2222 2 22· 

The wavefunction of 209Bi can be written explicitly as 

If the experimental data on the levels of 209Bi and 208pb permit 

(61) 

(62) 

identification of the energies E
J2C 

and Ec' matrix elements of H2c may 

be approximated from eq. (60) and experimental .data as 

- E c 

Hence we may now evaluateeq. (58) for 2l0po using experimental data 

from the levels of 209Bi to estimate the proton-core residual inter-

actions. Rewriting eq. (53) in terms of the above discussion and 

experimerital energies, we produce a relation to estimate the energy of 

't t . 210p . . th 1 t +J s a eS1n 0 W1 anangu ar momen um 

EJ = Ec + Epp + 2 ~ (2 J 12 + 1)(2 J 2c + 1) IW(Jl J 2JJc ; J 12J 2c )12 (E
J2c 

- Ec) 

J 2c 
(64) 

Thus if experimental energies are known for, nuclei of interest, eq. (64) 

may be simply evaluated to provide first-order weak coupling estimates 

f th f 2l0p f' t' f' +J +J -+J o e energy 0 . 0 con 19ura 10ns 0 sp1n = c + 12' 
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- 210 As an example, consider the 11 state of Po formed from the 

coupling of the TI(h~/2) + two~proton configuration with the 3- core 
8 

state. Equation (55) determines that the only possible proton-core 

couplings of 9 - + + + (2 3 )J2c are 13/2 and 15/2 • Th 'tal 209B, e exper1men . 1 

energies for these J;c configurations are9 ) 

E + = 2601 keY and 
13/2 

where Racah coefficients are 

E + = 2741 keY 
15/2 

W(~ ~ 11 3; 8 l~) = -0.0290 and W(~~ 11 3' 8 12) = 0.0542 
2 2 ' 2 

(66) 

The 8+ level at 1556 keY in 210po and the 3- level at 2614 keY in 208Pb 

provide the values for E and E. Thus from eq. (64) we predict the 
pp c 

energy of the 11- state as 

E = 2614 + 1556 + 2{17·14(-.029)2(2601 - 2614) + 17'16(.0542)2(2741 - 2614)} 
11-

= 4368 keV' • 

The experimental valuel1 ) is 4324 keY and the agreement is exceptional in 

this one case. The possible extension of this technique to nuclei 

further from the double closed shell, through use of additional recouplings 

(9J symbol, etc.), can be tested as more detailed experimental information 

become available, In section IVH, we apply this technique to our 

experimental results for 210po . 
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D. Weak Coupling Calculation for 209po 

The weak coupling model has been used successfuliy in the 

description of some states in the bismuth isotopes,. We shall extend the 

weak coupling model to predict the level structure of 209po. We assume 

h 209p 'b' ' 208 t at 0 can e descrlbed as an inert Pb core with two-protons and 

one neutron-hole. Residual interactions between the neutron-hole and 

the prot,ons and interactions between two~protons will be considered 

explicitly. We assume 208Bi to be composed of a 20SPb core plus an 

interacting proton and neutron-hole. The level structure of 20SBi and 

209po should include the effects of the particle-hole interaction Hph 

and we will use data on the levels of 208Bi to approximate this inter-

209 ,210 208 action in Po. We shall regard Po as represented by a Pb core 

plus two protons. The level structure of 210pci will include the effects 

of the proton-proton interaction H and we will use data on the levels pp 

of 210po to approximate this interaction in 209po . Core excitations will 

be ignored. 

Schematically the situation for 209po might be represented as: 

"inert" 
core, 

H pp 
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The Hamiltonians for the core, particles (protons) and hole (neutron) 

are defined as H , H , and R respectively. We can write the total c p -n 
Hamiltonian H for 209po as 

(68) 

Matrix elements of the above Hamiltonian with the wavefunction 

describing 209po give the total energy or mass of the system. For 209po , 

+ -+ 
the two protons are assigned angular momenta of jl and j2 and the 

-+ 
angular momentum of the neutron-hole is assigned j.h' These three angular 

momenta can be vector coupled in different orders to produce the same 

-+ . ~9 
final angular momentum I for a given state. The wavefunction for Po 

mB¥ be written 

where 

-+ -+ -+ 
I = J +j 

h 

-+ -+ 
This order of coupling the proton angular momenta (j 1 and j 2) first to 

-+ -+ 
some intermediate angular momentum J, and then the coupling of J with the 

-+ -+ 
hole (jh) to give I can be rewritten in a different coupling order. 

-+ -+ 
First the proton and hole angular momenta (j2 and jh) can be coupled to 

j and then j to the remaining proton angular momentum ejl) to 1 with use 

of a Racah coefficient as
2
). 
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J' 

where 

+ + + + + 
I = J' + jl = J + jh (71 ) 

We define the following Hamiltonians 

H(210po ) = H + H + H + H 
c PI P2 pp 

H(207Pb ) = H +~ c 

H(208pb ) = H c 

H(209Bi ) = H + H 
c P 

H (208Bi ) = H + ~ + H + H . 
c p .ph 

Matrix elements of these Hamiltonians are approximated by the experimental 

mass MJ (~) of the element X - (mass number A) and are defined as: 

< \Ii ( 210po ) IH( 210po ) 1\Ii( 210po ) =.~ (210po) 



-46-

( 1jJ(209Bi ) I H(209Bi ) 11jJ( 209Bi ) ) = II (209Bi ) 

For example, II(2l0po ) represents the total mass of the nucleus in the 

-+ 
state of angular momentum J. The energy of the first excited state would 

be the difference between the mass of the first excited state and the 

ground-state mass. 

To estimate 209po level energies (which include the ground-state 

mass), we must compute the following matrix element for the Hamiltonian 

of eq. (68). 

(74) 

To simplify the problem, we assume first that there are no particle-hole 

and particle-particle interactions so that eq. (68) can be reduced to 

several terms which may be evaluated from the experimental masses of 

207pb , 209Bi , and 208pb . The matri.x elements of the Hamiltonian of the 

proton may be evaluated as 

208 where H is for the Pb core. We have used the fact that for no inter-c 

actions (as assumed above) ,and no particle-core interactions the wave-

function (the properly antisymmetrized form is assumed) of eq. (66) can 

be written as 
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Similarly for the matrix element of the neutron-hole, we find 

Using the results of eq. (75), eq. (77) and the assumed wavefunction of 

eq. (76), matrix elements of H(209po ) Ceq. (74)) can be evaluated in 

terms of masses as 

(The form of eq. (78) estimates the mass of 209po assuming that 

HPh = Hpp = 0.) 

Now assume that Hpp is not zero but that Hph is zero.· Th.is 

changes the wavefunction of eq. (76) to the form 

=1 Ul j 2)J) 1\Ii) 1\Ii ) h == 1\Ii(21Opo) ) 1\Ii ) 1\Ii ) pp core core h 

We can now evaluate the mass of 209po (assuming that Hph = 
210 . 

from the experimental masses of Po as 

o but H #0) 
pp 
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Equation (SO) is a valid estimate of the predicted masses of 209po 

assuming that H h is zero and H is represented by 210po experimental 
p pp 

masses or energies and with the coupling (J
1

J2 )J. 

Finally we allow Hph to be non-zero to arrive at our estimate 

with "all" residual interactions. Our wavefunction of eq. (79) changes 

to the form given in,eq. (69) or eq. (70). We can evaluate the matrix 

elements of H h using the wavefunctions of eq. (70) realizing that 
. p 

(Sl) 

a quantity ~J for 
ph Using the Hamiltonian H(20SBi ) of eq. (72), we define 

the particle-hole interaction by evaluating ~(20SBi)as 

(S2) 

Rewriting eq. (S2) the Hph particle-hole matrix elements can be evaluated 

in terms of experimental masses defined as 

, .. 
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(83) 

To summarize we rewrite the final expression for the mass of 209po in 

terms of the above equations. 

(84) 

Using eq. (80) we can re" ... rite eq~ (84) in terms of the particle-hole 

interaction matrix elements 

Using eq. (70) for the definition of I~ > and eq.(83) for ~h' we can 

rewrite eq. (85) explicitly as 

(86) 

/ 

where 
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+ + + + 
I = J + jh' J' = 

+ + 
j + jp 
PI 2 

( 87) 

Explicitly the meaning of the coupling order of the angular momenta in 

&t.'. is 
JpJh 

(88) 

Thus eq. (86) and eq. (88) can be used to estimate the level energies 

of 209po based on experimental masses of adjacent nuclei for which 

experimental information is available. This method should apply if our 

assumption is valid that the proton-proton interaction of 210po and the 

neutron hole-proton interaction of 208Bi are the same as for 209po . We 

apply this method in section VH to our experimental results. 
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III. DETECTION SYSTEMS 

The general characteristics of the experimental equipment used 

in our studies are described. More details are given in Appendices C, 

D, E, andF. 

A. Gam,ma;..Ray Singles Measurements 

The detectors used during the course of this study were of 
'. . , 2 

several different sizes and characteristics. A planar (7.5-cm x 1.3 cm 

active volume) Ge(Li) detector with a resolution of 1.4 keY (FWHM) at 

122 keVwas used for study of gamma-rays in the energy range of 60-500 

keY .. A true coaxial Ge(Li) detector of 35-cm3 (active volume) with a 

resolution of 1.7 keY (FWHM) at 122 keY and 2.4 keY (FWHM) at 1332 keY 

was used for study of the entire energy region of 60-3000 keY. For 

investigation of the low energy region, a planar 8i(Li) detector with 

dimensions of O. 785-cm2 x 0.5 mm was used. This detector exhibi,ted a 

resolution of 0.8 keY (FWHM) at 60 keY. All of these detectors were 

fabricated at this laboratory. For some measurements, including the 

gamma-gamma coincidence measurements, a true coaxial 40-cm3 (active 

volume) Ge(Li) detector obtained commerically was also used. This 

detector has a resolution of 1.8 keY (FWHM) at 122 keY and 2.6 keY (VvlliM:) 

at 1332 keY. 

The detectors were used with standard high-count rate electronics13 ,14) 

coupled to a successive (binary) approximation 4096-channel analogue-to­

digital converter (ADC) designed at this laboratory15). A PDP-7 computer 

16 17 18 . system ' , ) was used as an "on-l~ne" analyzer for all spectral 

measurements. The details of the electronics and the data acquisition 
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system are q.iscussed in Appendix C as well as in the above references. 

All data collected were stored on magnetic tape for later analysis by 

computer. Input rates into the detectors were normally kept at 4000-

8000 counts/sec to maintain maximum resolution. 

Energy calibration of the y-ray spectrometers were made by using 

a series of· standard sources with reference to the energy data compiled19 ) 

in Appendix D. Relative photopeak efficiencies of the Ge(Li) detectors 

were determined with an estimated error of ±4% over the energy range 

100-2700 keV using the isotopes and methods20 ) described in Appendix E. 

Relative efficiency calibration curves for two detectors are also shown 

in Appendix E. 

B. Gamma-Gamma Coincidence Measurements 

Three parameters (El, E2, ~t) (see section IVD2) gamma-gamma 

coincidence measurements were carried out using the two coaxial Ge(Li) 

detectors described above coupled to the PDP-7 multiparameter data 

acquisition system described in refs. 16,17,18). The two detectors were 

at a 90° geometry with a graded shield of lead, cadmium, and copper 

between them to minimize detector-to-detector scattering. Leading edge 

timing using two 100 MHz fast discriminators and a standard start-stop 

time to amplitude converter (TAC) was employed to extract timing infor­

mation. A logrithmic TAC compensation unit described by Jaklevic et al. 21 ) 

was used to correct the timing distribution for the variation in pulse 

rise-times with energy. The width (FWHM) of the prompt time distribution 

observed experimentally was approximately 40 nsec FWHM. Input rates into 

the detectors were maintained at 10000-17000 counts/sec. The particular 

coincidence electronics used is discussed in detail in Appendix C. 
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C. Internal Conversion Electron Measurements 

The 5 mm-Si(Li) electron spectrometer system and methods used 

for measuring the relative internal conversion electrons in the decay of 

astatine are described in detail in Appendix F. This system gave a 

resolution of 2.2 keV (FWHM) for the K-conversion electr'on line of the 

l063-keV transition in the decay of 207Bi and permitted observation of 

well-defined electron lines at energies up to about 1600 keV. The 

relative efficiency calibration of this spectrometer was measured to 

±8% over the range of 100-1200 keV. The energy calibration of conversion 

electron spectra of astatine sources was made by using the strongest 

K-conversion lines as internal standards based on. our measured gamma-ray 

. d . t b· d· ' . fl· 22) energ~es an the elec rOn ~n~ngenerg~es 0 po on~um . The 

preparation of electron sources is described in section IVC. The input 

count-rates into the detector were maintained at 2000-7000 counts/sec by 

a combination of source strengths and source-to-detector distances. 
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IV. THE ELECTRON-CAPTURE DECAY OF 2l0At TO LEVELS IN 2l0po 

A. Introduction 

The electron-capture decay of 2l0At (8.3h) to 210 Po provides a 

means of populating levels of 2l0po . A tentative ground state spin and 

it . + 210 par y asslgnment of 5 for At has been made in a preliminary report 

of the 209Bi(a.,3n)2l0At reaction23 ). Based on known experimental single-

. . 210 
particle states in the lead region, the odd-odd nucleus At is expected 

3 20-1 
to have a ground state configurations of (TI(h

9
/ 2 sl/2)V(g Pl/2)) + + 

210 5,4 
and the ground state configuration of the even-even nucleus Po should 

2 2 ° 2 210 b (TI(h )v( )) States ~n Po with spins 4, 5, and 6 e 9/2 sl/2 g9/2 sl/2 0+· • 

should be populated directly in the electron-capture decay and states of 

spin 0-3 and 7-8 can be populated through the gamma decay of higher-

210 210 lying levels. Dire~t decay of At to the Po ground state or any 

excited state with a closed 208pb core would re~uire the transition 

This transition re~uires a change of four 

units in the orbital angular momentum (~~ = 4) which is highly hindered. 

Hence the population of any pure two proton shell model states of spin 

4, 5, and 6 re~uires a similar transition since the N = 126 shell must 

be filled as a result of the electron-capture decay to such states. One 

might expect to observe relatively high values of log ft to the pure two 

proton states of spins 4, 5, and 6 . 

. However, previous studies 24 ,25,26,27) of, the electron-capture 

decay observed low values of log ft for the transitions to the more 

energetic (> 2.9 MeV) odd parity levels which were inconsistent with the 

two proton model. It was pointed out25 ,27) that this might be indicative 
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208 of admixture from neutron exCitation of the Pb core. A number of 

experimental st.udies9 ) have now established the odd parity characteristics 

of the low-lying levelsin 208
Pb (~3 MeV) which arise from· excitations 

of neutrons arid protons out of this core. The mixing of such core states 

with those arising from the two proton configurations (h9/2 i I3/ 2 )J- and 

( 1' • ) f 210p . -7/2 ~13/2 _ 0 0 should occur with the result that the electron-
J 

capture decay could proceed to the neutron and proton particle-hole 

208 . . 
( Pb core) components of such states via relatively unhindered 

transitions. 

Previous experimental data24 ,25,26,27) on the electron-capture 

decay was limited in several aspects and was insufficient to identify 

levels involving particle-hole configurations. The lack of coincidence 

measurements placed some uncertainty on the inclusion of several levels 

in the decay scheme which involved reasonably intense gamma-r8\Y's. Of 

even greater. importance no evidence for levels of spins other than 4, 5, 

or 6 was obtained. 

For these reasons a detailed reinvestigation of the electron-

210 capture decay of At has been performed. In addition to a number of 

new, very we&k transitions, we have measured the multipolarities of 36 

of the stronger transitions. The results of multiparameter y-y coin-

cidence measurements have been used with the recent data from direct 

reaction studies28 ,29;30) to define twenty-three levels in 2l0po . The 

level scheme is compared with shell model calculations25 ,3l,32,33) using 

various residua:l interactions. Evidence is presented for a 3- collective 

level at 2400 keV,and more detailed information on the higher-lying 
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odd-parity states has been obtained. The latter are discussed in terms 

of the proton and neutron particle-hole components giving rise to 

unhindered S-decay transitions. The transition probabilities in the 

gamma decay of the lower-lying even parity levels are compared with 

those obtained from recent theoretical calculations. 
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B. Previous Studies 

210 34 The first study of the decay of At by Hoff ) reported 

conversion-electron spectra, gamma-ray spectra, and alpha spectra. 

(2l0At has a low intensity alpha branching decay OfO.18±0.02%34,35).) 

Mihelich, Schardt, and segre,24) published the first detailed study of 

210 conversion electrons and gamma-rays emitted in the At decay. Approx-

imately 99% of the electron-capture decay was found to populate two odd 

parity levels at about 3 MeV. In 1958 Hoff and Hollander25 ) reported 

on the 210At decay and there were some discrepancies with the earlier 

. work of Mihelich et al. 24 ). Of importance to this study was an 83.5 keV 

t . t' b d' th . l' t . 24,25,36) rans~ ~on 0 serve ~n e convers~on e ectron spec ra . This 

transition, as well as many other weaker transitions observed in the 

conversion.electron spectra, was not included in the decay scheme 

reported by either group. In 1963, Schima,'Funk, and Mihelich26 ) revealed 

the possibility of a higher-lying level (3680 keV) which was populated 

by a relatively unhindered electron-captur~ transition. The first 

detailed study using solid-state detectors for conversion electrons and 

gamma-rays was reported in 1968 by Prussin and Hollander27 ). Because of 

their improved resolution they were able to observe many additional weak 

gamma-ray transitions over previous studies and a more complex decay 

scheme was proposed. A summary of the work finished before this study 

began is shown in the level sCheme24 ) of fig. 5. Prussin and Hollander 

were able to place many of the previously observed weak transition into 

their scheme by associating the unassigned conversion electron lines to 

newly observed gamma-rays. 
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Several important questions remained to be answered regarding 

th . ibl 210p·· t t d" t t f . ° 3 d 7 8 e poss e 0 core s a es an m1.SS1.ng S a es 0 sp1.ns - an -

which should be populated in the gamma decay of higher-lying levels. 

Also the spin assignments to the levels needed clarification. Because 

of more efficient higher resolution S:1(Li) and Ge(Li) detectors for high 

energy conversion electrons and gamma rays, a reinvestigation was made 

in an attempt to answer these questions as well as to search for other 

levelsaTising from the two proton configurations (h9/2 f7/2) and 

(h9/2 i 13/ 2)· Also to establish the 209At decay.scheme, a reinvestigation 

f th 210At d . .. d . f 210At d 209A o e ecay was necessary S1.nee m1.xe sources 0 an t 

were used (see section VC). 

During the course of this work the results from 209Bi (Q,t)210po 

and 209Bi(3He,d)210po reaction studies on the levels of 2l0po were 

reported28 ,29 ). These studies gave further information on the levels 

involving the proton configurations rr(h / t.) and is discussed in 9 2 J TT . . 
208 2l0J 

. detail in section E. Also the Pb(Q,2n) Po react1.on was reinves~ 

. ... 30,37) t1.gated by Bergstrom et al.. . Other higher spin states ~f 210po 

were established30 ) through these in-beam studies ahd are discussed later 

with reference to our proposed decay scheme in section E. 
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C. Source Preparation 

The astatine samples used in this study were produced by the 

209Bi(a,3~)210At reaction at bombarding energies of 36.5-39 MeV in the 

Berkeley 88-inch cyclotron. (See section VC for the cross-section of 

this reaction.) 

The bismuth metal targets were prepared by vacuum evaporation 

of analytical grade bismuth metal onto 10-mil aluminum backing foils. 

Target thicknesses varied from 17-85 mg/cm2 and the targets were mounted 

in standard aluminum water-cooled target holders with one-inch beam 

colliminators. The backing plates served as the seal and "o-ring" 

contact for the water cooling of the targets during bombardment. To 

minimize target overheating and possible volatilization of astatine. 

beam currents were maintained at 5-12 ~amps/hr. No loss of astatine was 

observed with these beam currents. (However, one run at a beam intensity 

of 15 ~amps/hr produced a visible burn spot on the target.) 

. 36 38 39 For separation of the astatlne ' , ) from the target, the 

bismuth was scraped from the aluminum backing with a razor blade and 

placed into a quartz crucible for heating, volatization and collection 

of astatine on a cooled aluminum collection foil. Platinum foils were 

initially used but were abandoned when found to have a higher retention 

(than necessary) for the astatine. A photograph (thru a 6-inch lead 

glass window) and a schematic diagram of the collection apparatus are 

shown in figs. 6 and 7 respectively. The cold-finger was maintained at 

dry-ice temperature with Freon-ll circulated by a mechanical pump. (In 

later experiments, iced-water was used satisfactorily as the coolant.) 
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XBB 719-4243 

Fi g. 6. The ast~tine collection apparatus as photographed through a six~ 
inch lead glass window. 
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The crucible and foil were held ih contact by means of two tension 

springs. The crucible was heated with a resistance furnace which was 

raised and lowered by means of a lab jack. Heating of fresh targets at 

320°C for approximately five minutes generally allowed about 1-20 mcuries 

of activity to be collected. 

Sources for gamma-ray analysis were prepared by removing the 

activity from the collection foil with a solution 3N in HN0
3 

or distilled 

water. For some runs a KI carrier was added. A portion of the activity 

was then placed into a double sealed glass or plastic vial for counting. 

Electron sources were made by evaporation of the acid solution or a 

2 simpleaq,ueous solution of activity onto aluminum-coated mylar ('" 1 mg/cm ) 

or gold-coated mylar ("'- 0.25 mg/cm2) stretched on ring mounts designed 

for the Si(Li) spectrometer. Electron sources were then covered with an 

aluminum coating by flash evaporation of aluminum to prevent possible 

volatilization of the activity in the electron detector vacuum system. 

The estimated thickness of the aluminum layer was· "'- 12 llg/cm2 . 
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D. Experimental Results 

1. Gamma~Ray Singles Spectra 

210 
Sources of At in less than 0.5 cc of solution were placed in 

small plastic bottles or cones to minimize gamma-ray attenuation while 

still maintaining containment of the astatine for counting. Data were 

generally collected over a 24 hour period in order to obtain sufficient 

statistics. A gamma-ray singles spectrum of 210At in the energy range 

of 100-2500 keV taken with the 40-cm3 (active volume) true coaxial 

detector is shown in fig. 8. (No higher energy gamma-ray radiations 

were observed.) Figure 9 shows the gamma-ray spectrum in the energy 

range of "" 16-130 keV taken on the 5 nun Si (Li) detector. Th.e presence 

of the highly converted 46.6 keV E2 ga.mma-r~ (CXtotal = 272) is barely 

observable above the compton background. Except for the x-rays from 

electron-capture and internal conversion, no other major gamma-rays were 

observable below 100 keV. 

Gamma-ray energies and intensities were obtained from photopeak 

area analysis of all spectra with the computer code SAMP040 ,41). Photo-

peak shapes were approximated with gaussians joined to exponential tails 

by the code. Energy errors included the fitting errors and the error in 

the calibration energies. Relative intensity errors included errors 

from peak fitting and error in the relative photopeak efficiency deter-

minations. Table 3 shows the results for gamma-ray energies and inten-

sities. Below 500 keV where transition multipolarities were known or 

measured, the total transition intensity is also shown. The theoretical 

42 43 conversion coefficients of Hager and Seltzer ' ) were used to derive 

these results. 
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<Table 3. Gamma-rays observed from decay of 210At • 

Gamma-Ray Energy 

(keV) 

46.6 (2) < 

77.2c 

83.45c 

92.1c 

112.2c 

116.2 (1) 

201.8 (2) < 

245.3 (1) 

250.5 (2) 

298.8 (2) 

316.8 (2) 

334.3 (2)e 

402.0 (2) 

498.9 (2) 

506.8 (2) 

518.3 (2) 

527.6 (1) 

584.0 (2) 

602.5 (2) . 

615.3 (2) 

Abso1utea 

Gamma-Ray Intensity 
210 (percent of < At decays) 

.65 (6) 

.15 (2) 

80.0 (40) 

.21 (4) 

.11 (2) 

.17 (1) 

.05 (1) 

.78 (2) 

.15 (1) 

.69 (2) 

.15 (1) 

1.15 (4) 

.34 (2) 

.12 (2) 

.36 (2) 

Absolute b 
Transition Intensities 

210 (percent of At decays) 

(34.5 (15»i 

(~ .15)h 

( ~ 0.60 (3»i 

. (~ O.Ol)h 

(~ .2:r>h 

5.6 (5) 

.39 (4) 

99.0 (50) 

.39 (6) 

.17 (2) 

.24 (7) 

.07 (2) 

.97 (4) 

.17 (1) 

(continued) 



Gamma-Ray Energy 
(keV) 

623.0 (2) 

630.9 (2) 

639.4 (2) 

643.8 (2) 

701.0 (2) 

721.6 (3) 

724.7 (2) 

798.6 (3) 

817.2 (2) 

852.7 (2) 

869.4 (2) 

881.1 (2) 

909.2 (3) 

929.9 (2) 

955.8 (1) 

(960.1/ 

964.9 (2) 

976.5 (2) 

1041.6 (2) 

1045.9 (3) 
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Table 3. (continued) 

Abso1utea 
Gamma-Ray Intensity 

210 (percent of At decays) 

.43 (2) 

.31 (2) 

.26(2) 

.46 (2} 

.47 (2) 

.10 (4 ) 

.21 (3) 

.06 (2) 

1. 72 (5) 

1.39 (5) 

.13 (2) 

.22 (2) 

.09 (3) 

.76 (3) 

1.81 (6) 

« 0.04)f 

.16 (4) 

.81 (4) 

.30 (4) 

.16 (3) 

(continued) 
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Table 3. (continued) 

Absolutea. 
Gamma.-Ray Intensity 

210 (percent of At dec~s) 
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Table 3. (continued) 

Absolutea 

Gamma-Ray Intensity Gamma-Ray Energy 

(keV) (percent of 2l0At decays) 

2237.9 (5) .018 (2) 

2246.6g (5) .026 (4) 

2254.0 (2) 1.53 (5) 

2266.8e (3) .029 (5) 

2272.7 (3) .35 (1) 

2284.5 (3) .019 (2) 

2290.0 (3) .012 (3) 

2306.2 (3) .037 (2) 

2352.8 (2) .14 (1) 

2386.8 (3) .008 (2) 

aAbsolute intensity values were derived by normalizing results to the intensity 

of the 1181.4 keV transition, which is known from the level scheme to be 100.0(25)%. 

bTransition intensities « 500 keV) were derived from measured gamma-ray 

intensities by correcting for internal conversion by using the theoretical values 
42,43 

of Hager and Seltzer ). 

cThese transitions were obtained by assignment of conversion electrons 
. 25, 

reported.by Hoff and Hollander ,. 

~his intensity was obtained by correcting for contribution from the single escape 

peak of the 1599.5 keV gamma-ray. 

e. 210 Asslgned to At decay but unplaced in present level scheme. 

f This transition was not observed in the singles spectrum due to the intense 

compton background but was observed in the coincidence spectra of the 639.4 keV 

transition. The intensity limit was extracted from the coincidence spectra. 

( continued) 
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Table 3 (continued) 

g 210· Assignment to At decay is uncertain. 

~e intensity was estimated from the relative electron intensities reported 

by Hoff and Hollander25 ). 

i The intensity was estimated from an intensity balance of the decay scheme. 
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In addition to previously reported transitions, we have been 

able to observe fourteen new transitions of very low intensity. Our 

present data are in good agreement with those reported previously with 

the exception of two discrepancies worthy of note. The transition at 

790.6±0.7 keY reported by Prussin and Hollander27 ) as belonging to the 

210 209 decay of . At is now known to arise from the decay of At 

(E = 790.2±0.1 keY (see section V)). Secondly, our gamma-ray data and 

conversion electron data (see section IVD3) give inconclusive evidence 

for the 125.2 keY transition originally reported by Hoff and Hollander25 ). 

Finally, we note the presence of a slight systematic error in the 

energies reported by Prussin and Hollander. In the range 700,..,1200 keY, 

their data tend to be higher than those reported. here by 0.5-0.7 keY. 

2. Gamma-Gamma Coincidence Spectra 

Three parameter (El, E2, 6T) gamma-ray coincidence data were 

collected with the large volume detectors and were stored digitally and 

serially on magnetic tape. El and E2 were the energies of two coincident 

events from each of the two detectors and 6T the time difference between 

the two events. (The gamma-ray signal from one detector (El) was used to 

start the time-to-amplitude converter (TAC) and the signal from the 

second detector (E2) was used to stop the TAC. The TAC output produced 

the third parameter 6T proportional to the time difference between the 

two events El and E2. See Appendix C for a more detailed discussion of 

the multiparameter experiment.) The experiment was performed over a 

thirty-hour period in which 2.9'107 events were stored. 
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The tapes of' data were later analyzed on LBL-CDC 6600 computer 

system for coincidence relations using a modified version of the code 

MSORT originally written by D. F. Lebeck of LBL. The code allows the 

setting of windows (or gates) on two of the three stored parameters 

(El, E2, ~T) so that in a scan of the three parameter data tapes, the 

third parameter can be sorted out arid a coincidence spectrum obtained. 

This technique has the advantage that all coinciderice events (including 

random events) can be stored and the gates set 'leisurely on the computer. 

This removes the requirement of doing many separate coincidence exper .. 

iments with one set of gates at a time, in order to achieve the same 

results: 

The code HSORT approximates the correction for random and compton 

coincidence events in the fbllowing way. With references to fig. 10, the 

random events are removed by subtracting a number of events in the random 

time spectrum (d) from the total number of valid events in the time gate 

(c) of the total recorded TAC spectrum. The net result should be the 

correct number of time events satisfying the proper (prompt) time coin-

cidence. Similarly, the energy spectrum must be corrected for coincidences 

due to compton scattered events of higher energy gamma's which fall in the 

selected energy gate. This is done by subtracting a number of events 

immediately above the photopeak .of the set energy' gate (b) from the total 

number of events in the energy gate (a). The result should be only the 

coincidentphotopeak energy events. In both subtractions for the random 

and compton coincident events, the width of the gates (number of channels) 

was such that a = band c = d. This method of sorting multiparameter 

18 coincidence tapes was also discussed by Bernthal ). 
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Fig. 10. Schematic diagram of coincidence gates (or windows) set for the 

y-y coincidence computer sorting of the data tapes. The upper figure 

represents gates set on the gamma-ray spectra to correct for compton 

events and the lower figure those for the TAC spectrum to correct for 

random coincidence events. 
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A sort of the' data tapes was first made to establish the gross 

spectra for each of the three parameters (El, E2, !J.T) stored on the 

tapes. This was done by leaving two of three gates open and scanning 

the tapes for all events of the third parameter. The results were 

three spectra containing the total number of events stored on the tapes 

for each parameter. The spectra of fig. 11 and fig. 12 represent the 

gross coincidence "singles" gamma spectra (El and E2) stored on the tapes 

with the only requirement that gamma pairs must have occured within the 

time range of the TAC in order to have been recorded and hence appear 

in figs. 11 and 12. Figure 13 shows the gross total time distribution 

(40 nsee FWHM) for all coincidences recorded. Ideally if only prompt 

and random energy events were stored, fig. 13 would be a gaussian 

(prompt) superimposed on a flat background of random coincidences. The 

deviation from this is due primarily to the delayed states populated in 

the 210At decay. The plot is semilogrithmic so that the slope of the 

timing tail, if the random background and prompt gaussian components were 

subtracted, is a measure of the half-life of the states populated. 

Another'effect which causes deviations from the gaussian shape is due to 

the leading edge timing. This effect and the compensation unit employed 

to minimize the tailing effect has been discussed in detail by Jaklevic 

21 et al. ). 

In order to sort the coincidence events, energy gates (E2) and 

the compton background subtraction gates were set on the spectrum of 

fig. 12. Simultaneously, the TAC spectrum of fig. 13 had gates set for 

the prompt and random events as shown in fig. 13. The energy gates (E2) 
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Fig. 13. "Gross" time distribution for the 210At y-y coincidence data. 

The 45 nsec gates were used to obtain the coincidence events shown in 

figs. 14-34. 
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used in fig. 12 are shown 'in Table 4. A scan of the tapes with these 

gates yielded prompt coincidence spectra. (El) from fig. 11. The results 

of these prompt sorts are shown in figs. 14-31 and are portions from the 

spectrum of fig. 11 satisfying the two set gates (E2 and~t). Several 

delayed .coincidence sorts were tried· and a sampling of those sorts is 

displayed in figs. 32-34. These results are discussed in connection with 

210 the construction of the At decay scheme in section E. 
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Table 4. Peak. and compton background gates used. Wi th reference to the gamma-ray 
spectrum of fig. 12, these gates were set. The time distribution gates were set 
as shown in fig. 13. The coincidence events from the spectrum of fig. 11, with 
these gates, returned by MSORT are shown in figs. 14-34. 

Energy 

keY 

U6.2 

~ 125 

201.8 

250.5 

298.8 

316.8 

334.3 

402.0 

498.8 

506.8 

518.3 

527.6 

584.0 

602.5 

615.3 

623.0 

630.9 

639.4 

643.8 

Peak. gate 

channels 

169 175 

183 189 

2"(9 286 

330 342 

343 348 

406 412 

427 435 

451 459 

542 549 

671_ 679 

680 688 

696 704 

709 717 

785 791 

809 816 

826 834 

. 837 844 

847 854 

857 864 

865 812 

background gate 
channels 

190 196 

190 196 

287 293 

349 361 

349 354 

413 419 

460 468 

460 468 

550 557 

719 727 

719 727 

719 727 

719 727 

793 799 

874 881 

874 882 

874 881 

874 881 

874 881 

874 881 
(continued) 
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Table 4 (continued) 

Energy Peak gate background gate 

keY channels channels 

701.0 941 948 950 957 

721.6 968 973 981 986 

724.7 974 979 981 986 

817.1 1096 1104 1106 1114 

852.7 1142 1151 1153 1162 

869.3 1165 1171 1172 1178 

881.1 1182 1190 1192 1200 

909.2 1218 1225 1226 1233 

929.9 1245 1254 1255 1264 

955.8 1280 1288 1289 1297 

964.9 1302 1305 1306 1309 

976.5 1309 1315 1316 1322 

1041.6 1395 1401 1409 1415 

1045.9 1402 1408 1409 1415 

~ 1087.2 1452 1458 1468 1474 

;;;. 1087.2 1459 1465 1468 1474 

1181.4 1579 1590 1591 1602 

1201.5 1605 ·1612 1621 1628 

1205.4 1613 1620 1613 1620 

1289.0 1723 1731 1732 1740 

1324.1 1769 1779 1780 1790 

(continued) 
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Table 4 (continued) 

Energy Peak gate background gate 

keV channels channels 

1436.1 1919 1928 1933 1942 

1483.3 1918 1992 1993 2007 

1543.5 2072 2082 2106 2116 

1552.1 2083 2093 2106 2116 

. 1599.5 2130 2145 2148 21.63 

1648.4 2199 2206 2207 2214 
'(",.;. 

1954.9 2601 2~12 2613 2626 

2238.9 2956 2965 3003 3012 

2246.6 2970 2979 3003 3012 

2254.0 2992 3001 3003 3012 

2212.1 3016 3026 3050 3060 

2352.8 3118 3131 3146 3159 

.':, 

, . 
":< 
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We show in pages 84-104 the complete set of y-y coincidence 

210 spectra (figs. 14-34) from the decay of At. Due to incomplete back-

ground subtractions, the more intense high energy transitions of 143E..7, 

1483.3, and 1599.5 keV sometimes occur where they would not if the snb-

traction were complete. This is also due in part to the low background 

in the 1500 keV region so that 10-30 counts has the appearance of a 

real photopeak. These peaks are appropriately marked in the figures. 

The reader may cont"inue at page 105 without a loss of content. 
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3. Internal Conversion Electron Spectra 

Internal conversion electron spectra taken with the 5-mm Si(1i) 

detector are shown in figs. 35 and 36. Figure 35 shows an electron spectrum 

in the energy region of 16-350keV. The conversion electron spectrum in 

the energy region of 

were determined with 

60-1600 keY are shown in fig. 36. The peak areas 

40 41 
the computer code SAMPO ' ). We have used these 

data along with the gamrna.,-ray intensities reported here to determine K, 

.1, and M conversion coefficients relative to the K-conversion coefficient 

. + + for. thel181keV (2 + 0 ) ground-state transition (pure E2) and these 

are given in Table 5 along with multipolarity assignments deduced by 

comparison with the theoretical values of Hager and seltzer42 ,43). (This 

method of obtaining relative conversion coefficients is referred to as the 

normalized peak-to-gamma peak (NPG) method and is explained in detail in 

Appendix F.) The K-conversion coefficients are also shown in fig. 37 

with the theoretical curves constructed from the data of ref. 42). A 

number of the results are worthy of some comment in the light of 

previously reported data. 

l25-keV transition: As mentioned in section 1VD2, no gamma-ray 

at this energy has been observed and the present data can only limit the 

intensity of such a transition to Iy ~ 0.32. This limit is four times 

greater than the limit set by Prussin and Hollander27 ). Our limit is 

greater because of the lack of compton suppressed data. However, we 

can not rule out the existence of this transition because our conversion 

electron data is inconclusive. While th.e resolution of our electron data 

is poor compared to that inherent in the magnetic spectrographic results 
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Table 5. Experimental and theoretical internal conversion coefficients: 210At • 

Transition Energy c Theoreticala conversion coefficient Assigned Experimental conversion 

keY ( -3 
Mult'ipolarity 

coeffici~nt . 10 ) 

E1(10-3) E2(10-3) Ml(10-3) 

46.6 (~1 + ~2)/~3 = 1010(80) 1980 1060 132800 E2 

116.2 ~= 1220 (140) 504 2580 1100 Ml 

~= 299 (35) 11.9 687 259 

201.8 c;c= 1240 (110) 65.3 165 1290 

~= 220 (22) 11.9 221 227 Ml 

'\1= 50 (10) 2.8 58.2 53.5 I 
I-' 
0 

245.3 c;c= 110 (13) 41 107 747 
rr 

~ co 102 (18) 7.28 ·98.6 131 E2 

(~1 + ~2)/~3 = 2320(240) 6600 2500 160000 

250.5 c;c= 700 (140) 39 102 705 Ml 

298.8 c;c = 440 (44) 26 68.2 434 Ml 

~ = 81 (9) 4.5 45.4 76.1 

316.8 ~= 314 (65) 22.7 59.8 370 Ml(+E2) 

~= 62 (8) 3.91 36.4 64.8 

(continued) 



5.59 14.7 63.0 Ml 

623.0 .. '1c = 6.4 (11) 5.46 14.3 61.0 E1 

(continued) 



Table 5 ( continued) 

Transition Energy c 'Theoretical a conversion coefficient. Assigned Experimental conversion Multipolarity 
keY coefficient (10-3) 

El(1O-3) E2(10-3) Ml(10-3) 

630.9 ~ = 57 (5) 5.32 14.0 59.1 Ml 
~ = 12.5 (16) 0.903 4.10 10.8 

639.4 '\ = 12.5 (17) 5.19 13.6 57.0 E2 

643.8 ~ = 4.7 (8) 5.12 13.5 56.0 E1 

701.0 ~ = 39 (4) 4.35 11.4 44.9 
Ml(+ E2) 

I 
f-J 

~ = 6.5 (11) 0.694 2.87 7.69 f-J 
0 
I 

724.7 ~ = 40 (4) 4.08 10.7 41.2 Ml 

817.2 ~.::: 30(2) 3.26 8.52 30.2 }.fi . 

~ ::: 5.5 (5) 0.514 1.93 5.13 

852.7 ~ :: 24 (2) 3.01 7.87 27.0 Ml 

869. 4 (~ ~ 17 (4»b 2.91 7.59 25.7 (Ml + E2)b 

881.1 ~ = 18.4 (25) 2.84 7.4 24.8 Ml + E2 

(continued) 





Transition .Energy 

keY 

1483.3 

1552.7 

1599.5 

Table 5 (continued) 

Experimentalc conversion 'l'heoretical a conversion coefficient 
. -3) 

coefficient (10 

'1< = 1.06 (10) 

'\ = 0.17 (2) 

'1< = 0.93 (10) 

1.14 

0.174 

1.01 

2.86' 

0.508 

2.50 

6.56 

1.10 

5.41 

aTheoretical values were obtained by computer interpolation43 ) from the tables of 
'. 42 

Hager and Seltzer ). 

Assigned 
Multipolarity 

El 

El 

bOnly a limit cuuld be set on the conversion electron intensity. as discussed in text, so that the assigned 

multip01arity is tentative. 

cThese (relative) conversion coefficients were measured relative to the 1181.4 keY (2+" 0+) transition which 

was assumed to be a pure E2transition. (See Appendix Ffor a .detailed discussion of the method.) 

I 
I-' 
I-' 
I\) 
I 
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Fig. 37. Comparison of experimental K-conversion coefficients with the 

theoretical values of Hager and Seltzer42 ).Liries are theoretical 

values
42

) and points are experiinental values measured relative to the 

1181.4 keY E2 transition. 
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of Hoff and Hollander25 ), our observation of a weak y~ray transition at 

201.8±0.2 keV suggests that at least one of the L-conversion lines 

reported by these authors should be assigned as the K-conversion line of 

the new transition. Assuming this, the measured value of a
L 

for the 

201.8 keV transition is also consistent with the multipolarity assign-

ment of Ml obtained from the K-conversion coefficient of this transition. 

83.4-keV transition: Hoff and Hollander25 ) reported the existence 

of weak conversion lines from 210At decay which could be assigned to a 

transition at this energy having E2 multipolarity. Because of low 

intensity and poor resolution this transition was not observed in our 

measurements or in the previous study by Prussin and Hollander27 ). 

However, in the recent in-beam studies by Bergstrom, Fant, and 

Wilkstrbm37 ), an 83. T, .. keV transition has been identified as the transition 

+ + 2 . 210 
between the 8 and 6 members of the lh9/2) ground state band l.n Po. 

These data place the location of the 8+ level at about 1557 keV. Recent 

209Bi (d.,t) studies by Tickle and Bardwick (TB)28) and Lanford29 ) also 

place a level at this energy (±5 keV). With our present data, we have 

obtained evidence for weak popUlation of this level following decay of 

210At and it is then reasonable to associate the transition reported by 

Hoff and Hollander with the decay of this level. 
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E. 210At Decay Scheme 

1. Introduction 

TO facilitate the presentation and detailed discussion of the 

level scheme in the next sections. a brief description of the expected 

levels and configurations· is given. For 210po we will first assume that 

there is no residual interaction between the two protons outside the 

208pb core in order to mak~ some zero-order energy estimates of the 

expected level structure. A schematic representation of the 210po 

ground state and neighboring experimenta19 ) single-particle states is 

given in fig. 38. A 0+ ground state would be expected as is observed for 

all even-even nuclei (because of the large pairing energy of 0+ states) 

2 2· 
with the configuration (7T(h

9
!2) V(Pl!2) )0+' Taking the three lowest 

configtU"ations for the 83rd proton from 209Bi experimental data, one can 

estimate the energies of a number of excited states of different spin for 

2l0p o. If there were no residual interaction between the 83rd and 84th 

t of 210po·, h 2l0p· ·f" t' uld h j t pro ons eac 0 con ~gura ~on wo ave an energy us 

equal to the sum of the energies of the two 209Bi levels from which it 

arises. We have listed in Table 2 of section .IIB the six possible 

210 degenerate Po configurations obtained for a three orbital shell model 

estimate with their spins, parities and (zero-order) energies uncorrected 

for the proton-proton interaction. These results predicted degenerate 

levels at 0, 897,.1609, 1794, 2506 and 3218 keV. Because of the residual 

interaction, however, some of these configurations will be depressed in 

energy while others will remain unshifted.· 

In addition to these two-proton states as described above, excited 

t " " 210p d·t . t t' f th 208pb Th f' t sta es w~ll occur ~n . 0 ue. 0 exc~ a ~on 0 e core.· e lrs 
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XBL7111-4821 

210 
Fig. 38. Representation of the Po ground-state and neighboring 

experimenta19 ) sing1e"'"partic1e states. 
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The 3- level is a collective state due to many protons and neutrons and 

the 5- and 4- levels are primarily due to neutron excitations from 

breaking the N = 126 shell to produce two states of the configuration 

Consideration (from the schematic diagr~ of fig. 38) 

of the single-particle orbitals in this region estimates the 4- and 5-

neutron levels as degenerate at an energy of approximately 2803 keV 

(plus the energy to break a pair of (Pl/2)2 neutrons). More complex 

excitations of 208pb are'known9) to occur in the energy range ;S 4 MeV. 

210 These excitations 'should produce states which appear in the Po level 

structure but we will not consider them further in this 

treatment. 

In summary our crude calculations predict a band of even-parity 

states of the configura,tion 7T(h
9

/ 2 )2 which start with the ground state 

and have spins 0, 2, 4, 6, 8. Next a series of even parity states of 

the configuration iT(h
9

/ 2 f
7
!2) which should be approximately 900 keV 

above the least depressed iT(h9/2 )2 level followed by the 3- collective 

core state. Finally a series of odd ... pari ty states due to the 

iT(h
9

/ 2 i
13

/ 2 ) configurations and neutron core states are predicted at 

approximately 3 MeV. At higher excitation two proton states and 

additional core excitations might be expected. 

2. The Level Scheme 

For the construction of the new level scheme shown ih fig. 39, 

y-ycoincidence measurements and, in the case of the weaker transitions, 

sum-difference relationships when supported by recent reaction 
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Fig. 39. Experimental decay scheme of 2l0At~ 
intensities are shown on the level scheme. 
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. . 28 29 30 . 
stud~es ' , ) have been used. Twenty-two excited states are proposed 

as populated in the electron-capture decay and succeeding gamma decay. 

These data permit the identification of eight new levels over the 

previous study by Prussin and Hollander27 ). The levels shown in. fig. 39 

with broken lines are relatively uncertain and should be taken as only 

tentatively identified in this work. Spin and parity assignments are 

based upon previously reported data, ourn'ew conversion electron measure­

ments, and the results of recent reaction studies 28 ,29,30). Figure 40 

shows the results obtained in the reaction studies plus the composite 

210po level structure deduced by a comparison of the levels observed in 

the electron-capture decay and those populated in the reaction studies. 

For convenience, the levels will be discussed in related groups 

which corresporidto levels arising from dominant configurations based on 

. 25 31 32) predictions of shell model calculat~ons " and our previous dis-

cussJ.on on the expected level structure. 

a; Even Parity Levels in the Energy Range 0-1556 keY 

These levels are believed to have the dominant configuration 

+ + + and 1473.3 keY Levels - 2 ,4 ,6 

The previously measured E2 multipolarities for the 1181. 4, 245.3 

and 46.6 keY transitions24 ,25,26,27), the angular distribution measure-

44 ments) and the new reaction studies (shown in fig. 40) have established 

the spin and parity assignInents for the 1181.4,1426.7. and 1473.4 keY 

+ + . + . levels at 2 ,4 , and 6 , respect~vely. Our internal converston 

coefficients (Table 5) support these previous assignments . . '. 
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Fig. 40. Summary of available data on levels in 210po below 4 MeV. The 

spin and parity assignments given in the composite level diagram have 

been deduced by a comparison of the data from reaction studies and the 
210 electron-capture decay of At. (Note that the spin and parity of the 

level at 3727.2 (in composite level diagram) should read (5)- not (5"").) 
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The energy of this level was first inferred by Yamazaki and 

Ewan45 ,46) and has been established in the 209Bi (a,t), 209Bi(3He,d) 

and 208Pb (a,2n) reaction studies (fig .• 40) of Tickle and Bardwick (TB)28), 

29), .. 30)' Lanford and Bergstrom et al. . The preliminary report by Bergstrom 

30) . + + .. et al. glves the energy of the 8 + 6 transltlon as 83.5 keV. While 

we have not been able to resolve the L-shell conversion electron lines 

from this transition' due to the intense Auger electron lines in the 

conversion electron spectrum, the high resolution magnetic spectrographic 

results of Hoff and Hollander25 ) clearly indicated the presence of such 

a line of E2 multipolarity in the decay of 210At . By assigning this 

+ , + trat!si tion as the 8 + 6 , we have been able to observe the weak feeding 
, , +, + + 
of the 8 level from the 8 and 7 levels at 2187.7 and 2338.3 keV, 

respectively. Our coincidence data on the 630.9, 250.5, and 1289.0 keV 

cascade and energy sum data are consistent with the population of this 

level. 

2 All levels of the TI(h
9

/ 2 ) + configurations are believed identified 
J 

'4+ 6+ 8+ as described above. The , and levels have measurable half-lives 

in the nanosecond range (due to the, low energy E2 transitions 37 ,44,4 5 ,46,47»). 

+ The half-life of the 6 level was remeasured by a delayed coincidence 

measurement of the 1436.7-245.3 keV gamma-ray cascade as 40±6 nsec in 
. 44' 

agreement with the value 38±5 nsec reported by Funk et al. ) . Shown in 

fig. 41 (with the appropriate random background subtractions performed) 

are the time (TAC) spectra for the 1436.7-245.3 keV (delayed) and 

1483.3-245.3 keV (prompt) gamma...;ray cascades obtained from our three 

parameter coincidence data in section IVD2. The shape of the 1483.3-245.3 

keV cascade time spectrum was 
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1436.77245.3 (,delayed) coincidence 
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.... J 
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Fig. 41. Time distribution curves for the 1436.7-245.3 and 1483.3-245.3 keY 

garhma-ray cascades. Stop pulses (with a fixed delay) for the pulse­

height circuitry were supplied by the 245.3 keY photopeak and start 

pulses by the 1436.7 and 1483.3 keY photopeaks. 

i ~ 
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used for the prompt component shape" subtracted for the 1436.3-245.3 keV 

+ cascade time spectrum to extract the half-life of the 6 level as 40±6 

nsec. The half-life of the 8+ level could not be measured by this 

technique because the population in the electron-capture decay was too 

weak ("".0.6% of the decays). However, it has been measured as 110±10 

nsec by in-beam techniques 37 ,47). 

b. Even Parity Levels in the Energy Range 2187-2438 keV 

These levels are believed to have the dominant configuration 

'IT(h9/ 2 f7/2) +' 
J ,+ 4+ 

1. 2382.4 and 2403.2 keV Levels - 5 2 

,These levels were established by Pruss'in and Hollander27 ) and we 

have been able to observe several new weak transitions involving these 
" 

levels. + The spin and parity of the 4 level at 2382.4 keV is established 

in our work through the 527.6 keV El transition from the 5 level at 

2910.0 keVand by the ,1201.2 (Ml+E2) and 955.8keV (Ml) transitions 

which connect this level to the 2+ and 4+ levels at 1181.4 and 1426.7 keV. 

This assignment is consistent with the results of the reaction studies 

shown in fig. 40. The spin and parity of the 5+ level at 2403.2 keV i.s 

+ + 
established by the 976.5 and 929.9 keV Ml transitions to the 4 and 6 

levels at 1426.7 and 1)+73.3 keV and this assignment is also consistent 

wi th the reaction studies., 

2. 2326.0 keV Level - 6+ 

The data obtained in ref. 27) established a tentative level at 

either 2278 or 2325 keY which decayed via the 852.7 keV transition to 

+, + 
either the 4 or6 levels at 1426.7 or 1473.3keV. Our y-y coincidence 

data show that the 852.7 keV transition is in delayed coincidence with 
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the 245.3 and 1181.4 keY transitions. This result along with the 

apparent absence of a transition at 125.2 keY (Section IVD3) indicates the 

existence of a level at 2326.0 keY. 

A level at this energy has also been observed in the reaction 

studies (fig. 40), and a spin and parity 6+ is indicated from these 

data. The measured Ml multipolarity of the 852.7 keY and the El multi-

polarity of the 584.0keV transition from the 5- level at 2910.0 keV are 

" 6+ consistent with the . assignment. The 584.0 and 852.7 keY transitions 

are also in prompt coincidence. 

we note here, evidence for the existence of a transition of 

" + + 
77.2 keY which connects the 5 level at 2403.2 keY to the 6 level at 

2326.0 keY. 210 
By re-examination of the original At magnetic conversion 

electron spectrographic plate taken by Hoff and HOllander25 ) in the Auger 

region, it was noted that the 60.2 keY (K - LnLn) line seemed too intense 

by a factor of about 1.7 compared to the same Auger line in the spectrum 

of 211At . No other electron lines were observed which could be 

associated with this line indicating that this line might correspond to 

an Ll conversion line of a weak 77.2 keY M1 transition. (In section J 

we discuss how these lower energy rr(h f )" + 
" 9/2 7/2 J"!' 

transitions might favorably compete.) ~ 

3. 2187.7 and 2438.3 keY Levels - 8+,7+ 

The levels at 2187.7 and 2438.3 keY have been observed in reaction 

t d ·28,29,30) d . "d 't . t" f 8+ d 7+ h b" s u ~es an sp~n an par~ y ass~gnmen so"" an ave een 

made, respectively. These assignments are consistent with our measured 

Ml multipolarities for the 630.9, 88l.1, 250.5 keY transitions involving 
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these levels. Since these levels are only populated weakly through 

radioactive decay, our data remain insufficient to clearly define the 

spins, but are consistent with the 8+ and 7+ assignments from reaction 

studies. 

we again note a possible tra~sition of 112.3 keY frem the 7+ 

level 2438.3 keY to the 6+ level at 2326.0 keV. 'Hoff and Hollander25 ) 

reported an unassigned electron line at 85.27 keY which might be the Ll 

conversion line of such an Ml transition. 

4. 
, " + 

2290.0 Tentative Level-(2 ) 

'This level is tentatively defined on the basis of the (a,t ) 

studies28 ,29) which suggest a level with a spin and parity of 1+ or 2+ 

in this region (2285 ± 5 keY) and by our 2290.0 keY transition to the 

210 . + 
ground state of Po and by decay of the 4 level at 2382.4 keY. The 

" 25 
latter transition (92.0 keY) was identified by Hoff' and Hollander ) as 

a probable E2transition. If our identification is correct and 

corresponds to the same level observed :in the re~ction studies 28 ,29) a 

spin of 2 (or 3) seemsrilost likely for this level. The (2+) -+ 2+ 

transiti,on to the 1181.4 keY level was too weak to be observed in our 

spectra so that this must remain a tentative level. 

c. Odd Parity Level at 2386.8keV 

The odd parity of this level was established from the 639.4 keY 

E2 transition from the 5- levelaL3026.2 keV.Figure 42 shows a portion 

of the gamma-ray spectrUm in the 640keV region with the corresponding 

K-conversion electron spectra. A qualitative inspection of fig. 42 also 

supports the assignments of the 615.3 and 630.9 keY (as Ml) and the 623.0 
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Y-ray spectra 
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Fig. 42. Spectrum of ganuna-rays (top) and conversion-electrons (bottom) 

from 610-650 keV transitions 'of 2l0At decay. 
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and 643.8 keY (as El) transitions; eachpair being of the same multi-

polarity, but different from each other. The relative increase of the 

639.4 keY K-conversion electrons relative to the 623.0 and 643.8 keY El 

transitions support the 639.4 keY E2·assignment. The L-conversion line 

of the 569.6 keY transition in 207pb is also present in Fig. 42. This 

.. . 211· /. 
state was populated from the alpha decay of Po and or the electron 

capture-decay of 207Bi. Both isotopes are produced from the decay of 

211 210 . 211 
At present in the At sources. The 569.6 kEN transition ( Po 

alpha decay) was also obs~rv.ed in the gamma-ray spectra (e.g. see fig. 8). 

The 639: 4 keY E2 transition from the 5 level at 3026.4 keY 

limits th~ spin and parity of the 2386.8 keY level to the range of 

(3-7)-, but the 2386.8 keY transition to the 0+ ground state further 

limits the assignment to (3,4) ..... The 1205.4 keY, gamma .... raywhich is in 

coincidence with the 639.2 keY transition to the 2+ level at 1181.4 keV, 

can only be limited to El (+< 15% M2) on which the assignment 3- is 

favored. 

The 1205.4 keY K-conversion electrons were not detectable above 

background in our electron spectrum of fig. ·36 so that a limit had to be 

.set on the maximum observable intensity above background. The limit was 

set by using the 1181.4 keY K-line as the standard line shape for 

various electron peak areas expected as detectable for the 1205.4 keY 

transition. Consideration of the energy region where the K-conversion 

electron peak occurs allowed a conservative limit of 1000 counts above 

background for the maximum non .... observable peak to be set. The maximum 

H2 admixture from such an intensity is 15% so th~t the 1205.4 keY 



-128-

transition was limited as El (+ < 15% M2). This limit favors the 3-

assignment for the 2386.8 keV level (which is probably the collective 

3- state as discussed in Section H). 

d. Odd Parity Levels in the Energy Range 2849-3183 keV 

These levels are believed to have the dominant configurations 

The parity of these levels has been established as odd in 

previous studies24 ,25,26,27) and the spin assignment of 5 to the 2910.0 

keV level is also well established. Th.e spin of the 3026.2 keV level 

has been established a 5 by determination of the multipolarity of the 

1552.7 keV transition (to the 6+ level at 1473.3 keV) as E1 + « 20% M2). 

The 1599.5 keV El transition to the 4+ level at 1426.7 keY then establishes 

this level as 5-. 

Shown in fig. 43 isa portion of the conversion electron spectrum 

in the energy region of the 1552.7 keV K-conversion lines. The proposed 

peak shapes (dotted lines) for the 1552.7 keV transition in fig. 43 have 

been calculated for transitions of either 100% M2 or 100% El. Because 

of the relatively low background ("'520 counts), a limit of 300 counts 

was set for the maximum unobservable electron intensity above background 

which limit the maximumM2 admixture as 20% for the 1552.5 keV transition. 

The 5- spin assignment for the 3026.2 keV level had been 

suggested by Schima et al. 26 ) from angular distribution measurements on 

the 1599.5-245.3 keV gamma-ray cascade. Prussin and Hollander27) favored 

a (4)- assignment based on-the large difference in the g83l1lIl8.-ray 
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Fig. 43. Spectrum of conversion electrons in the energy range of 

1440-1480 keV. The dotted lines for the 1552.5 K electron peak 

represent the theoretical intensities for pure M2 and El transitions. 
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branching ratio 11599/11552 as compared to the ratio 11483/I1436 for the 

analogous decay of the 5 level at 2910.0 keV. That this argument was 

weak can now be realized since the forbidden El transitions from these' 

two levels must take place thru small admixtures in the wavefunctions. 

Any slight variations in the amplitudes that make up the initial and 

final states can seriously eftect the gamma~ray branching ratios. Two 

possible mechanisms that could allow the gamma-ray transitions to take 

place could be for example small amplitudes of rr(h9/ 2 hll / 2 )J+ in final 

states or rr(h
9

/ 2 i ll/ 2 ).1''"' in the initial states. The allowed El 

transitions could. then take place through the comPonents 

rr(h9/ 2 i 13/ 2 ) J-~ rr(h9/ 2 hll / 2 ) J+ or rr(h9/ 2 i ll/ 2 ) J-~ rr(h9/ 2 )2 J+ 

(As will be discussed in Section I, these two 5- levels are . 

believed to arise from two dominant configurations TT(h9/ 2 i 13/ 2 )5_ and 

v(g9!2 Pl/2-~)5-·) 
The remaining levels in this group are tentatively identified 

through weak gamma-ray transitions observed in our work and we have 

combined these data with the preliminary results from recent reaction 

studies to arrive at suggested spin and parity assignments. Due to small 

level spacings and pOQrsta~istics, substantial differences exist between 

the conclusions drawn by (TB)28) and Lanford29 ). In the decay scheme of 

fig. 39 we have therefore indicated the most reasonable spin and parity 

assignments based upon available data and have given in fig. 40 a 

summary of all data ava:tla,ble on the levels of the rr(h
9

/ 2 113/2) 

multiplet. 
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2. 3075.1 keY Level~(4-) . 

The level shown at 3075.1 keVmay be identified with that 

observed in the reaction studies which have been assigned a spin and 

parity of 4-. (We have only observed a single gamma-ray transition 

defining this level.) 

3. 3124.7 ke V Level':'( 6 r 
This level is established froni the fact that the 602.5 and 721.6 

keY transitions are in coi.n~:tdence. The Ie-vel at 3124.7 keY has been 

seen by both TB28 ) and Lanford29 ) but was not identified in the (a,2n) 

. .. 31) studies of Bergstrom et ai. . Our gamma-ray data establish the parity 

as odd and limit the li.kely spin assignment to the range 4, 5, 6. With 

the assumption that this level is due primarily to the two proton 
, . 

configuration rr(h
9
!2 i

13
/ 2 ) , we tentatively identify this level with the 

6- level defined by Lanford. Although the original analysis ty TB28 ) was 

in conflict with th.is conclusion, a reanalysis 48) of the data taking into 

account fragmentation OVer ~ 5- s.tates at 2910.0 and 3026.2 keY 

reaul te.d in agreement with Lanford 29) . 

The assumption that this level is due to the h9/2 i13/2 con­

figuration seems reasonable through the following arguments. First the 

only likely core excitation .leadi.ng to levels in th.is energy range is the 

neutron configuration v(g9/2 P~~2)' Secondly as discussed in section I 

electron-capture in 2l0At proceeding to core-excitation in 210po should 

occur with much higher probabilities than those to levels of the simple 

210 two proton configuration of the 83rd and 84th protons of Po. (Note 

here the low values of log ft for transitions to the 5 levels in this 

region. ) 
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4. 3016.8 keY Tentative Level-(7"·,8~) 

We have tentatively included a level at 3016.8 keY in agreement 

with the results of the reaction studies of TB28 ) and Lanford29 ). The 

+ level is defined by only a single gannna-ray transition to the 6 level 

at 1473.3 keVand thus its spin is probably limited to the range 4-8. 

We favor a likely assignment of 7-, 8- to this level. 

5. 3111.4 keY Tentative Level-(3)-

The remaining level in this region was established from weak 

coincidence data on the 316.8-724.7-1205.4 keY gamma ... ray cascade 

(section IVD2). The level at 3111.4 keY was unresolved in the reaction 

studies and its decay to the 3'"" level at 2386.8 keY by an r.U transition 

defines the parity as odd and limits spi.n to the range 2~4. The weak 

population of thi.s level in S ... decay r.ules out its assignment as the 4-

member of the neutron excitation v(g9/2 P~/2)' The Ml decay to this 

level from the (4)- level at 3482.2 keY then suggests a tentative spin 

and parity assignment of (3)-. Finally if this is the 3 state of the 

rr(h
9

/ 2 i 13/ 2 ) configuration, the possibility exists that thi.s state may 

contain a small collective 3- component from the 2386.8 keY state (section G). 

In summary, levels in this energy region (2800-3400 keY) are 

expected to arise predominantly from the two proton configuration 

rr(h9/ 2 i 13/ 2 )J_ and evidence from th.is study and previous studies25 ,27) 

have also established the importance of contributions from excited states 

208 
of thePb core. In particular, the lowest energy core excitation is 

the neutron configuration v(g9/2 P~~2)5- (in analogy with 208pb ) at 

approximately 3200 keY. The corresp()nding 4- core configuration should 
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occur several hundred keY higher in energy and is consistent with our 

observation of two 5- and one (4-) states in this energy region. Of the 

rr(h
9

/ 2 i
13

/ 2 )J_ configurations, only the 2- member remains unassigned 

since the levels of the multiplet with spins 8, 9, 10, and 11 have been 

identified from reaction studi.es. We have included these in the composite 

level scheme shown in fig. 40. The location of the levels with spins 

10 and 11 at energies of 3183 and 2849 keY seem well defined. However, 

the definite assignment of spins 8 and 9 to the levels at 3138 and 3009 

keY respectively is open to question as reaction data are in conflict 

here. Both Bardwick and Tickle28 ) and Lanford29 ) have argued for an 

unresolved doublet at about 2845 keY composed of the 11- and (possibly) 

2- members of this multiplet. With our tentative assignment of the 

(3)'"' me)inber at 3111.4 keV, it would appear that the 2- member might 

belong :;tn the quartet of' states in the energy range 3000-3030 keY. While 

reaction studies require a greater strength at 2845 keY than can be 

accounted for by the 11- level alone, this may ,reflect a relatively 

weaker strength for the lower spin members of the multiplet due to 

configuration mixing with the rr( f7/2 i 13/ 2) J- states. The calculations 

of Kim and Rasmussen32 ) locate the levels of the rr(f7/ 2 i 13/ 2 ) proton 

multiplet at about 800-1000 keY above the corresponding rrCh9/2 113/2) 

multiplet,' Configuration mixing between these two configurations would 

leave the 2- and 11- members of the rr(h
9

/ 2 1
13

/ 2 ) multiplet pure and give 

them an apparent greater intensity i.o the (a,t) or (3He ,d) studies 

relative to the remaining levels of the rr(h
9
/ 2 i

13
/ 2 ) configuration. 
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e. Levels in the Energy Range 3428-3780 keY 
I 

These levels are all populated rather strongly in the decay of 

210At (log ft ~ 5.1 - 7.1) which may indicate large core components due 

to both proton and neutron excitations (in anology with 208Pb excited 

states in this region). Two proton states due to rr(f
7

/ 2 i 13/ 2 )J­

- --conf-i-gura-t-ions--shGul-d-als-o_occ:ur_in this region but should not be 

populated directly in the electron-capture decay ex(~ept thru core 

configuration admixtures. One might speculate that the states populated 

in the decay may be of spins 4, 5, and 6. Of the core excitations, the 

likely proton particle-hole states in this region would be of spins 4 

and 5 and due to the rr(h
9

/ 2 S~~2) configurations, in addition to neutron 

excitations. 

1. Level at 3428.2 keY - (4)-

The spin of this level is limited to (4, 5)- by observation of 

the 518.3 and 402.0 keY Ml transitions to the 5 levels at 2910.0 and 

3026.2 keY and by the gamma decay to the 2+ level at 1181.4 keY. The 

probable assignment of (4)- has been inferred by the Ml + E2 assignment 

to the 316.8 keY transition from this level to the (3)- level at 3111.4 

keY. As long as the latter level is limited to a spin of 2 or 3, the 

presence of any Ml component in the 316.8 keY transition re~uires both 

that the spin of the 3111.4 keY level be 3 and the spin of the 3428.2 

keVlevel be 4. 

2. Level at 3727.2 keY - (5)-

The spin and parity of this level is defined as (5)- by th.e 

measured Ml transitions to the levels of spin 4, 5, and 6. 
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3. Level at 3525.2 keV-(5.6)-

This spin and parity assignment to this level can be limited to 

(5,6)- if the 1087.2 keVtransition to the t level is placed correctly. 

We were able to set a (crude) limit for the multipolarity of the 1087.2 

keY tra,nsition as (El + < 50% M2) or (E3 + < 34% M2) which is not 

inconsistent with a (5,6)~ assignment. 

4 6 4 (4- - 6"') . (4+ + 6±) . Levels at 3 99. .3711. 5. and 3779.5 keV... ',5 I anq. -,5- •. 

These remaining levels can probably be limited to spins of 

(4,5,6) and odd parity although we have no data to rule out even parity 

for the levels at 3699.4 and 3711.5 keY. 
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F. Shell Model Comparison of Level Structure 

1. Introduction 

Using known experimental single-particle energies for the odd 

proton in 209Bi and a delta function singlet force to represent the 

residual proton-proton interaction49 ,50), Hoff and Hollander (ref. x)25) 

calculated the two-proton level structure shown in fig. 44. (The 

proton-proton coulomb interaction was also included in these calculations. ) 

In 1959 Newby and Konopinski (ref. y)3l) performed a much more 

de.tailed calculation on the 210po level structure but did not include 

contributions of neutron orbitals or collective excitations from the 

208 
Pb core. They used a gaussian singlet-even potential (IT

SE
) with no 

spin-orbit term (see section lIB). They reported the level spectra shown 

in fig. 44 and configuration-mixed wavefunctions for the even-parity 

states of spin 0, 2, 4, and 6. 

Kim and Rasmussen (ref. z)32) made another detailed (inert 208Pb 

core) calculation for 2l0po with a central force and no spin-orbit 

coupling. They included a non-central or tensor force in their calcu-

lations but the eigenvalues were found to be relatively insensitive to 

the details of configuration mixing and the strength of the tensor force. 

The results of their calculation are shown in fig. 44. 

Shown in fig. 44 with the two-proton shell model calculations 

of Hoff and Hollander (ref. x)15), Newby and Konopinski (ref. y)21),and 

. 22 210 
Kim and Rasmussen (ref. z) ) are the experimental levels for Po 

210 populated in the electron-capture decay of At. It is interesting that 

both in the theoretical and experimental spectrum, groupings of levels 
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Fig. 44. Comparison of the two-proton theoretical results of Hoff and 

Hollander (ref. x) 25) ,Newbyand Konopinski (ref, y )31) and Kim and 

Rasmussen (ref. z)32) with the experimental levels' ,')f 210po . 
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appear. This increases the confidence of making level assignments such 

that consistent assignments to almost all observed levels under 3.2 MeV 

can be made to configurations calculated from the simple two-proton 

model with two notable exceptions. The two exceptions are odd parity 

levels of spins 3 and 5 at 2386 and 2910 keV which have been identified 

as predominantly the collecti.ve and neutron v(g9/2 P~~2) core states of 

These are discussed in detail in sections G and I. 

2. Even Parity Levels in the Energy Range 0-1556 keV 

All calculations clearly predict a ground-state band of levels 

2 
due to the coupling of the 83rd and 84th protons in the 7T(h

9
!2) con-

, 
figuration and they are in reasonably good agreement with the observed 

energies of the low-lying excited states (0+, 2+, 4+, 6+, and 8+). The 

effect of the residual interaction (within the band) to depress the low 

spin members more than the high spin members is evident in all calcu-

lations. . + + 'The ,...., 1500 keY depression of the 0 state relative to the 8 

state is due to the large pairing energy associated for two identical 

nucleons in the same orbital. 

3. Even Parity Levels in the Energy Range 2187-2438 keY 

These even parity levels, with the e~ception of that of spin 0, 

are due to the 7r(h
9

/ 2 f7/2) configu.ration which all calculations predict 

in this energy region. (The 0+ state is due to the 7r(f
712

)2 configuration.) 

The 7r(f
7
/

2
)2 configurations are expected to be very weakly populated 

(if. at·· all) in the decay of 210At and not observable in our study. The 

exception of the odd parity level at 2386 keY is discu.ssed in section G. 
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4. Odd Parity Levels in the Energy Range 3016-3125 keY 

The next grouping of levels (at 3 MeV) in the experimental 

spectrum are of odd parity and of the dominant two proton configuration 

'IT(h
9

/
2 

i
13

/
2

). The theoretical calculations predict a group of odd 

parity levels of spins 2,....11 due to these configurations. The occurance 

of two 5 levels in the 3 MeV region is explained in detail in Section 

I as due to configuration mixing of the neutron core \)(g9/2 P~~2)5-
two proton -rr(h9/ 2 i 13/ 2 )5_ states to produce two 5- levels. the 

5. Higher Energy Excited States (> 3.2 MeV) 

At higher energies the two proton theoretica.l level spectra 

and 

become .less clear but odd parity states of the type 'IT(f7/2 i
13

/ 2 ) occur 

within the energy range that the· electron capture decay can populate. 

However, since core states (similar to 208pb ) have. been observed and 

identified in the lower energy spectrum, core states due to proton and/or 

neutrons excitations are expected to produce a complex series of states 

above 3 MeV. Configuration mixing of core states and two-proton sta.tes 

seems very likely. This point is discussed further in section I. 
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G. Odd Parity Level.at2386.8 keY 

We have identified the 2386.8 keY level in 210po as a 3- state. 

Our previous shell model discussion of 210po levels (section F) did not 

predict any odd parity states this low in energy which argues against 

the state arising from a simple two proton configuration. Shown in fig. 

45 is a plot of the experimental collective levels5l ,52,53) for nuclei 

in the lead region which makes the collective assigrunent .seem reasonable. 

Further the 3- level is not populated directly in the electron capture 

decay (log ft > 9.3) but is populated by garruna-ray decay from higher-

lying states. Inspection of fig. 45 shows that in the even-even lead 

isotopes (N ~ 126 neutrons) the 3- state occurs at a relatively constant 

energy of 2600 keY. 
207' .;...1 

Pb shows that the coupling qf the V(Pl/2) 

neutron-hole to the 3- collective state is weak and two such states 

occur in the 2600 keY energy region. For the odd,..even Tl isotopes, the 

coupling of the '1T(s~~2) proton hole to the 3- core state is again weak 

and produces a series of states at approximately 2600 keY. Weak coupling 

is also apparent for the odd proton couplings with the 3- state of 209Bi. 

210 210. 208 For the case of Pb and Po wlth two particles more than the Pb 

core, the 3- states seem to be depressed significantly. 

In 210pb , two 3 states, the lowest depressed'" 800 keY from 

2600 keY, have been experimentally observed 

210pb (t, t I) studies by Ellegaard et al. 54) . 

210 from Pb (p,p') and 

The collective strength of 

the lower 3- level at 1869 keV.was found to be approximately 2/3 that of 

. 208 - . 
the collective strength in Pb with the upper 3 level at 2828 keY 

having the remaining 1/3 strength. The fragmentation of the 3- strength 
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has been interpreted with a pa.rticle-vibrational coupling mode1 54 ,55) in 

terms of the configuration mixing of the v(g9/2 j15/2)3- state with the 

11 t ' 3- t t A' 'I . t t' . t f 210p f th " co ec lve· s a e. 8lml ar Sl ua lon eXlS s or 0 or e mlxlng 

of the two-proton configuration ;r(h9/2 i 13/ 2 )3- (which has been 

tentatively identified at 3111.4 keY) with the collective 3- core sta.te 

at 2386.8 keY. 
.. . . 55 56 

The result s of Hamamoto's calculat lon ' ) for the 

interaction matrix elements show this point. 

= 666 keY (for 210pb ) 

= 163 keY (for 210po ) 

However, the interaction between the 3- core state and the 3 

two-proton state is not as strong for 210po as the interaction for the 

two-neutron state of 210pb . This is because the interaction Hamiltonian 

HI'. is stronger 57 ) for single particle-matrix elements between coup lng 
-+ -+ -+ 

single-particle states with J = 5/, + S (e.g. g9/2' j15/2' i 13/ 2 ) and the 3 

collective states than with j = 1 - ~ (e.g. h
9

/ 2 ). 

These results might qualitatively explain the 200 keY depression 

(from 2600 keY) of the 3- core state in 210po while the depression 

(~800 keY) for 210pb is greater. The results of Hamamoto's 

calculations 55 ,56 ) for the ei~envalues of the 3- states are shown in 

Table 6. This allows us to conclude that the 3- level at 2386.8 keY in 

210po is approximately the full strength ccillective3 core state. 
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Table 6. Results of the 3- collective core and single-particle coupling 

calculation for 210pb and 210pObY Hamamoto 52 ,53). 

Isotope Spin-parity 

J1T 

-3 

-3 

Experiment 
keV 

1869 

2828 

2386.8 

(3111.4) 

Level Energy 

Theory 
keV 

2110 

3310 

2520 

2880 
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H. Weak Couplipg Calculation to Predict the Energies 
of the 3- and 5- Core states 

The energies of levels due to core states of 210po are expected 

208 to be shifted from those observed in Pb by the 83rd and 84th protons. 

Using experimental data on 209Bi to represent the proton-core inter-

210 action and the experimental data of Po to represent the proton-

proton interaction, we have estimated the energies of the core states for 

- - ( - + + the 3 and 5 collective excitations 3 coupled to ° and 2 D 

respectively) and the vCg9/ 2 P~~2)5'" neutron excitation of 210Po.The 

formalation of the calculation has been presented in detail in section 

lIC. 

The energy of the core states were estimated from the following 

equation 

E::::::E 
J 

c 

The energies of the 3- and 5- core states E
J 

were taken as the 

, 9) 'b d' 208pb Th t c E t k exper~mental energ~es 0 serve ~n . e erm J was a en as 
12 

zero since our calculation assumes the weak coupling of the 3- and 5 

core states to the 0+ and 2+ states in 210po . The values E
J 

used for 
2c 

th ' 209B,· t f~' hiT bl 7 e var~ous ~ pro on-core con 19urat~ons are s own n a e . 

- ( + The 3 collective state coupled to the 0 ground state) is 

predicted from 'Eq. 89 to be at 2630 keY which is consistent with other 

observed 3- states in the lead region (see section G). However, the 

experimental value is 2386.8 keY which is significantly depressed. The 
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Table 7. S · . d· . 9) d f 209B· 3- d 5-.pl.n an en~rgy asslgnments . use or l. an core 
states coupled weakly to the 1h9/2 proton. 

Spin and Parity 
+ 

. J 2c 

3/2+ 

9/2+ 

7/2+ 

11/2+ 

13/2+ 

5/2+ 

15/2+ 

.. 13/2+ 
. + 
3/2 
5/2+ 

li/2+ + 19/2+ 

17/2+ + 7/2+ (+1/2+) 
. + 

15/2 
9/2+ 

Energy 

EJ . 
·c 

(keV) 

2492 

2563 

2582 

2599 

2601 

2616 

2741 

2987 

3038 

3091 

3135 

3154 

3170 

3212 

Probable 
Configuration 

[(208Pb 3"") ® 1h ] 
9/2 J+ 

2c 
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250 keY depression may be indicative of particle-vibrational cOuPling63 ,65) 

as discussed in section G (i.e. configuration mixing between the two-

proton configuration 'TT(h9/ 2 i 13/ 2 )3_ and the collective 3- state). 

-1 ) The energy of the neutron core state V(g9/2 Pl/2 5- is calculated 

as 3058 keY which is within 150 keY of the 5 member of the 'TT(h
9

/ 2 i 13/ 2 ) 

. 25)· d K . k·· 31) configuration calculated by Hoff and Hollander , Newby an onoplns 1 , 

and Kim and Rasumssen 32). Configuration mixing of the two 5 states at 

nearly the same energy is expected. 'rhe result is that tHQ. configuration 

admixed 5- states should occur in the 3 MeV region. Ecpe:t'i:menta11y two 

5 states are observed at energies of 2910.0 and 3026.2 k.eV. We have 

been able to determine (from analysis of the B-decay) the following 

experimental wave functions for each of these 5 states by assumin~ that 

the levels are composed of only these two components (see section I for 

the calculation). 

(90) 

'l'hese experimental wavefunctions show that configuration mixing does 

take place with the lower 5 state at 2910.0 keY having the dominant core 

component. This is consistent with our weak coupling calculation. 

+ The energy of the 3- core state coupled to the 2 state at 1181.4 

keY was also computed with eq. (89). The energy of this 5 state is 

predicted as 3822 keY. This level occurs at an energy where other 5-
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. l ' '1'.' .' . 
states [('IT(h9/2~~12)' V(g9/2 f5/2)~·7r.(f712 i 13/ 2 )] are believed to 

exist so that a simple description may no longer be possible. Perhaps 

'. . 210 coulombexci.tation of a Po tar~etwould reveal such states as well 

·as the collective 3 state. 
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I. Electron-Capture Decay Rates and Particle-Hole 

C E 't t' . 210p ore xc~ a ~on In 0 

1. Introduction 

The log ft values for electron-capture transitions to levels in 

210po below 3400 keV have been obtained with the expanded nomogram of 

MoszkoWSki 22 ,58). For higher-lying levels log ft values have been 

obtained by using the method discussed by Konopinski and Rose 59 ) for 

allowed transitions (see Appendix B for the method). The K-to-total 

electron-capture ratios were taken from the graphs given in the Table of 

22 
Isotopes ). The Q-value for the electron-capture decay was taken as 

60 
QEC = 3877±26 keV ) and electron-capture branching ratios were obtained 

from our y-ray intensity data corrected for internal conversion. 

In their early paper Newby and Konopinski 31 ) discussed the 

importance of particle-hole core excitations in the level spectrum of 

210p o. Experimental evidence for such effects was first pointed out by 

. 25 
Hoff and Hollander ) through analysis of the electron-capture decay 

rates of 210At to the odd-parity levels in 210po above 3 MeV. Specifically, 

210 they pointed out that the decay of At (assumed ground-state configuration 

(7T(h~/2) \)(P~)2)) + to levels of the two proton configurations 7T(h
9

/ 2 )2, 
. 5 

7T(h
9

/ 2 f7/2) or 7T(h
9

/ 2 i 13/ 2 ) should all be highly forbidden due to the 

large change in orbital angular momentum required for conversion of an 

h9/2 proton into a Pl/2neutron. Experimentally, highly-hindered 

electron-capture transitions are evident for the allowed decay to all 

even-parity levels below 2.9 MeV. Above this energy, however, unhindered 

transitions of the first-forbidden type to the odd-parity levels at 
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2910 and 3026 keV were observed and were attributed to contributions 

in these states from neutronexdtation of the 208Pbcore. 

Recently a fairly complete picture of core-excited states, in 

208pb has been obtained in the energy range below about 4.1 MeV through 

numerous reaction studies. 
, 53 
The observed levels ' ) are shown to the left 

, 'f' 46 d th' d' t f' t' 61) , 'T bl '8 1n 19. an e1r Omlnan con 19ura 10ns are g1ven 1n a e . 

The lowest levels due to core excitation (3198 and 3475 keV) are the 

predominantly two components of the neutron excitation 

-1 ) v(g / p respectively. 
9 2 1/2 5-,4-

Although a number of the levels in the 

p.nergy range 3700:..4100 keV have unknown parentage, at least four levels 

arise predominantly from the neutron excitation 

proton excitation Configuration mixing between 

components of these excitations is evident from the wavefunctions for 

these states calculated by True et al. 61 ). 

In the case of 210po these core excitations occur in the 

vicinity of the odd-parity levels arising from the two .... proton config-

urations 7T(h
9

/ 2 i
13

/ 2 ) and 7f(f
7l2 

i
13

/ 2 ) _ as is ,evident from the 
J J 

level spectra calculated by Roff and Rollander25 ) and Kim and Rasmussen32 ) 

(fig. 44, section F). Although the effect of the additional 83rd and 

84th protons on the zero-order energies of the particle-hole core 

excitations,is unknown, energy shifts should be small and strong con-

figuration mixing between these states and those arising from the two-

proton configurations is expected. As a result although electron-capture 

210 210 ' 
decay of At to the two-proton components of levels in Po should be 

highly-hindered, decay to odd parity levels which contain components of 
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Fig. . Comparison of the experimental odd-parity levels of Pb and Po. 

The configurations shown for the 208pb levels represent the two largest 

components in each state as calculated by True, Ma, and Pinkston 61). 



Table 8. Dominant configurations of 208pb odd parity levels below 4.T MeV as calculated by True, Ma, 
. 61) and Pinkston . 

Energy a Spin 'Configurat ions b 

(MeV) J 

2.487 3 

3.350 5 

3.509 4 

3.680 5 

3.982 6 

4.066 4 

4.047 7 

(collective) 

~0.92 v(g9/2P~~2) + 0.20 TI(h9/2s~~2) 

-0.9~~(g9/2P~~2) + 0.25 v(g9/2f;~2) + 0.23.V(g9/2P~~2) 
-0.57 v(g9/2f;~2) + 0.52 TI(h9/2s~~2) + 0.36 V(ill/2V~~2) + 0.29 n(g9/2p~~2) 

-1 
0.98 v(g9/2f5/2) 

-1 .-1 
-0.87 n(h

9/ 2s1 / 2 ) - 0.47 n(h9/ 2d3/ 2 ) 

. -1 
-.99 v(g9/2f 5/2) 

a ·61 
Energies were those calculated in ref.' ) . 

b Only those configurations with amplitudes (ai ) greater than 0.2 are listed. 

I 
f-J 
Vl 
f-J 
I 
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-1 
the neutron particle-hole excitation V(g9/2 Pl/2) and/or the proton 

particle-hole excitation rr(h~/2 s~~2) will be relatively unhindered. In 

the first case, unhindered 1st forbidden decay is due to conversion of 

an Ih9/2 proton into a 2g
9
/2 neutron. For the proton excitation, decay 

of a 3s1/2 core proton in 210At to a 3Pl/2 neutron is similarly 

unhindered. From the experimental and theoretical data available, we 

1 d tha·t nh' d d Q d t dd 't 1 1 ' 210p . can conc u e u ~n ere ~- ecay 0 0 ~par~ y eve s ~n 0 ~s 

due primarily to components in these states arising from excitation of 

208 . 
the Pb core, and that the a-decay transition propabilities to levels 

in 210po above about 3 MeV should be a measure of the total amplitudes 

in these states of the neutron wavefunction Iv(g9/2 P~~2» and the 

proton wavefunction Irr(h~/2 s~~2»' This is of particular importance 

to the characterization of the more highly excited levels in 2l0po , 

since the complimentary information on amplitudes of two proton com­

ponents is derived from the reaction data of (a,t) and (3He ,d) studies. 

2.. Electron-Capture Decay to Levels at 2910.0 and 3026;2 keV 

Both of these levels are populated by relatively unhindered 

electron-capture transitions, and they are identified with the two states 

arising from configuration mixing of the first two-proton 5- state in 

210po (predominantly rr(h
9
/

2 
i
13

/
2

) _) and the first 5- level in 208pb 
5 

(the two-proton wavefunction undoubtedly contains a small component of 

the configuration rr(f7/2i13/2) 5-' but this does not affect the 

following argument). The wavefunction for the first 5 state in
208

Pb 

has been calculated by True, Ma. and Pinkston .(TMP) 61) . as 
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and the amplitudes of the two principle cqmpo~ents are.in agreement with 

the experimental data of McClatchie, Glashausser, and Hendrie62 ) and 

Bardwick and Tickle63 ). With the assumption that the ground state wave-

'210 I ( 3) (-1) . function of At is 'IT h9/2 \) Pl/2 > 5+' the electron-capture decay to 

the two 5- levels will be dominated by amplitudes of the first and second 

components of the above wavefunction that contribute to these states. 

As an estimate of the relative amplitudes of core and two proton 

components in these states we follow the analysis of first-forbidden 

13-decay given by Damgaard and Winther64 ), and Darrigaard, Brogli.a and 

65 . 208 
Riedel ). Their analysis has shown that in the region around Pb, 

the values of ft for 13- transitions of this type between single-particle 

or single-hole states can be estimated to a good approximation by the 

relation 

D 2 gv 

= 0) + B(" -

where D = 6250 sec and the B(,,) are given (in units of g~) as 

B(,,) = 2J. i
+ 1 I<J f HO(,,)UJ i >12 

l 
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In particular; the decay of 208Tl to the first two 5- levels in 208pb 

was shown to be dominated by the components in these states of the core 

-1 ) . 1 
excitations v(g9/2 Pl/2 and 'IT (h9/2 s~/2)' While the analysis has been 

carried out only for S- decay, it is reasonable to expect that the same 

formulation is applicable for examination of relative ft values in the 

electron-capture transitions involving the same particle configurations, 

In the present case we have made the simplifying assumptions that 

the wavefunction for the ground-state of 210At can be written as 

i'IT(h~/2) V(P~~2» c+ and that the wavefunctions for the two 5- levels in 
210 ) 

Po can be approximated by the two component vectors 

1JJ (2910) = ali'IT(h9/2 i 13/ 2 »5- + bliv(g9/2 P~~2»5-
5 

1JJ (3026) = a21'IT(h9/2 i 13/ 2 » _ + b2Iv(g9/2 P~~2» --5 5 5 

If we choose the phases so that the a's are positive, then 

b1 = ±(l - a~)1/2, a2 = ibll and ib2i = aI' We can then rewrite our 

second wavefunction of eq, (96) up to a phase 6 as 

It is further assumed that the full strength of the two proton and neutron 

core excitation components are accounted for in these states, With the 

final assumption that decay via the highly ~-forbidden transition 

'IT(h9 / 2 ) ~> V(PI/2) can be neglected, the ratio (ft)2910/(ft)3026 gives 



(ft)2910 

(rt)3026 ::: 1 
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2 
a

l 
::: 

2 - al 

2 
a
l = 

Ib /2 
1 , 

Using our measured ft values in the decay for these two levels we find 

1 -- = 0.40 
2.51 

Thus we may construct the experimental two component wavefunction (up to 

phase 0) for the two 5- levels. Using our arbitrary phase convention 

b = ±(l _a2 )1/2), the two-component vectors become 
11' 

These results can be compared directly to the relative two-proton 

ampltiudes obtained from the 209Bi (a,t) and 209Bi(3He,d) reaction 

studies of TB28 ) and Lanford29). In both studies the 5- level at 2910 keV 

was excited and well resolved from members of the nlh9/2 i 13/ 2 } 

multiplet. Since the 11:- memberpf this multiplet is expected to arise 

only frOin thistwo..,.proton configuration, the ratios I ,(2910) /1 (2945) , 
5 11 

corrected for the(2J +1) dependence of the reaction cross sections, 

directly yield experimental values for the amplitude ai. By assuming that 

the remainder of the two proton strength is located in the level at 3026 
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keY, the ratios of the two proton components in these states are 

estimated from these data as 

(102) 

and 

(103) 

The agreement between thes.e values and that derived from analysis of the 

electron-capture transition rates (eq. (99» is good, in spite of the 

many simplifying assumptions required in the calculations, and is 

sugge~tive of the correct interpretation of the character of these levels. 

Unfortunately the lack of experimental data and the complexity of the 

wavefunctions for other odd-parity states involving core excitations 

precludes extension of this analysis at present. The fact that only the 

two lowest energy core excitations are expected to contribute signif-

icantly to unhindered 8-decay does however permit the qualitative 

discussions given in the following paragraphs. 

3. Electron-Capture Decay to Levels at 3075.1 and 3428.2 keY 

The experimental results of Bondorf, von Brentano, and Richard
66

) 

have indicated that the wavefunction for the first 4- level in 208pb 

(at 3475 keY) can be written 
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I -1 ) = (0.96±0.02 v{g9/2 Pl/2 > 

(104) 

which is in good agreement with the calculated wavefunction of TMP61 ). 

The extent to which this configuration mixes with the 4- level arising 

from the rr(h
9

/ 2 i 13/ 2 ) configuration should be reduced relative to that 

observed in the 5- levels because of the larger difference in zeroth 

order energies of these states. Unhindered electron-capture decay is 

then expected cmly to the relatively pure core state and it is reason.,.. 

able to associate this state with the (4)- level at 342B.2keV. 

(log ft. = 6.9). Decay to the. (4)- level at 3075.1 keY is highly 

hindered (log ft = 8.9). While no quantit.ative estimates can be made, 

the reaction studies indicate that the greater part of the strength of 

the 1T(h
9

/ 2 i 13/ 2 )4- configuration is located in the latter level since 

the other member of this pair was apparently not excited to a measurable 

extent. 

4. Electron-Capture Decay to Levels at 3525.2, 3699.4, 3711.2, 3727.2, 
and 3779.5 keY 

The electron-capture decay to these levels is also relatively 

unhindered which reflect strong admixtures of particle-hole core com-

ponents in the wavefunction of. these states. Of the possible core 

components that are expect.ed here, the most probable admixture that can 

give rise to these fast transitions is the proton excitation 

1T (h9 / .. 2 s 1/ 2) 4- ,5-
in addition to the neutron excitation discussed 

above. The decay of the 3s1/2 t . 210At t· th 3 t' pro on ln . o· e Pl/2 neu ron ln 
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210po might be expected to occur with a somewhat greater absolute rate 

than for the similar decay of a Ih9/2 proton into a 2g
9

/ 2 neutron 

because of better overlap of the wavefunctions of the initial and final 

states. Thus the low log ft values assigned to transitions to the two 

highest energy levels of this group may be due to strong admixtures of 

this proton core excitation. The inverse of these decay processes, 

observed in the decay of 208Tl to the core states of 208pb , proceed with 

similar (but somewhat lower) log ft. 
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J.Gamma-Ray Transition Rates Between the Even Parity Levels 

The data available from reaction studies and S-decay of 2l0At 

now give a fairly detailed picture of the lower-lying levels in 2l0po . 

2 
All levels of the rr(h

9
/ 2 ) ground state multiplet are well characterized 

and except for the low spin members of the rr(h
9

/ 2 f7/2) multiplet, the 

major transitions in the decay of these levels are now known. Comparison 

of the shell model level sequence calcula.ted by Hoff and Hollander25 ), 

Newby and Konopinski 3l ) and Kim and Rasmussen'32) with the experimental 

spectrum (section P,fig. 42) indicates general agreement with energies 

and level spacing. With the decay properties of these levels known, the 

experimental data may serve as a strong guide to future calculations. 

In particular the IvU branchfng·ratios in decay of the odd spin members 

of the n(h
9

/ 2 f7/2) band to the low-lying even parity levels ma.y serve 

as a sensitive test of the rr(h9/ 2 f7/2) admixtures in the rr(h9/ 2 )2 band 

since Ml transitions to the major components are forbidden (flR- = 2). 

For the purpose of testing the accuracy of 2l0po wavefunctions 3l ,32,33) 

shown in Table 9, we have calculated (using the formalation presented in 

Appendix A) the total absolute gamma-ray transition probabilities TeA) 

for decay of a number of levels of the rr(h
9

/ 2 f7/2) multiplet. For the 

effective charge which is necess~y for the calculation of T(E2), we used 

. 67 
the value of 1. 5e for the proton as was discussed by Astner et a1.). 

The oscillator parameter \) for the calculation of E2 matrix elements was 

fixed at 0.165 from the relation \) = O.98/Al / 3 . The gyromagnetic ratio 

gj used for the T(Ml) calculations was obtained from the tabulated 

measured 
68 69 

magnetic moments ,.) for the lh9/2' 2f7/2 and li13/ 2 
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proton orbitals and from the Schmidt (free space) values' for the 2f 5/2' 

3P3/2 and 3Pl/2 orbitals occurring in the wavefunctions of Ma and True 33 ). 

The Table 10 sholY's the effective magnetic moments us-ed to obtain gj~ 

Schmidt values (used in the calculations in Appendix G) for all proton 

orbi tals are also shown. 

Listed in Table 9 are the wavefunctions of Ma and True (MT) 33) , 

Kim and Rasmussen (KR) 32) . and Newby and Konopinski 31 (NK) ) used to cal-

cUlate ·the .absolute gamma-ray transition probabilities shown in Table 11. 

The experimental level energies have been used to calcula.te the values of 

TO.) ra.ther than the theoretical level energies. With our rather limited 

data we can not state that one particular set of wavefunctions yielded 

calculations in better agreement with experimental data than any other. 

This can be seen more directly from the data given in Table 12 where we 

have listed experimental and theoretical E2-Ml gamma-ray mixing ratios 6
2 

for several transitions. A limit of 02 ~as set when the transitions were 
. 2 

measured as pure Ml (6 = 0). The limit correspbnds to the maximum E2 

admixture within our rather large error limits. Clearly, more experimental 

mixing ratios are needed in order to make any definite test of the wave-

functions using the transition probabilities. 

The calculations also point to relatively intense low-energy 

intraband transitions in competitiol1 with the more energetic interband 

decay to the levels of the dominant Tf(h9/2 )2 configuration. This lends 

some support to our placement of the 77.2, 92.1 and 112.2 keY transitions.in 

the decay scheme. ·CThe theoretical results also predict the Ml character 

of the 77.2 and 112.2 keY transitions.) A similar intraband transition 
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Table 10. Magnetic moments used to obtain the gyromagnetic ratios. 

Shell 

2f5/2 

Effective Moment Used 
)1 

4.08 

4.41 

7.9 

0.862 

3.793 

-0.2643 

Schmidt Value 
)1 

2.6241 

5.79275 

8.79275 

0.8623 

3.79275 

-0.26425 
==r==-=== 
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Table 12. E2-Ml Mixing Ratios (8 2 )a 

Angular c 
Transition 82 

Momentum Energy 
Theory 

J
i 

-+ J
f (keV) (experimental)b MT KR 

7 -+ 1 
8

2 250.5 <0.32 0.00028 0.00024 

8 -+ 2 81 630.9 <0.19 0.0328 0.078 

6 -+ 2 6
1 852.7 o 19+0 .16 

. -0.14 0.215 0.687 

7 -+ 1 
8
1 881.7 0.58+0 . 47 

-0.29 
0.167 0.673 

5 -+ 1 61 929.9 <0.32 0.012 0.0295 

4 -+ 
2 41 955.8 <0.29 0.155 1.898 

51 -+ 41 976.5 <0.19 1. 74 0.81 

aThe mixing ratio 8
2 is defined as 8

2 = 1< IIE211 > 12 == T(E2~ 
1< hull > 12 T(Ml 

bThe experimental 82 were obtained from comparison of our K-conversion coefficients with the 

theoretical values of Hager and seltzer
42

). 

NK 

0.173 

0.008 

0.746 

0.62 

c J
i 

and J
f 

refer to the spins of the initial and final states respectively. The subscripts 1 and 2 

refer to the first and second levels (increasing energy) of a given spin. 



may be responsible for the weak 125.2 keV transition reported by Hoff and 

Hollander25 ) . In general agreement between th.e calculated and experimental 

gamma-ray branching ratios in the decay of members 01' the 7fCh9/ 2 f7/2) 

band is also rather inconsistent. This is seen more directly by the data 

given in Table 13 where we have listed the experimental and theoretical 

gamma-ray branching ratios. It should be noted that a second set of 2l0po 

. 33 .. .. 
wavefunctions calculated byMT ) using different force parameters gave 

slightly better agreement in the gamma...,ray branching ratios While not 

significantly changing the agreement in the mixing ratios. MT33) are 

currently investigating this point. Qualitatively, however, the theo-

retical results do account for the low intensities of transitions not 

observed experimentally. For example, the transitions 6
2 
~ 81 (769.2 keV) , 

62 -+ .. 41 (899.3 keV) , 22 -+ 41 (863.3 keV) and 22 ~ 21 (1188.6 keV)· are 

predicted to have small intensities compared to the competing transitions 

observed experimentally. 

·All of the above calculations were repeated in Appendix G using 

all values of gj which were obtained from the Schmidt values as shown in 

Table 10. The T(Ml) values seemed rather sensitive to small changes in gj' 

For example, a 20% change for the f7/2 orbital changed several T(Ml) by 

more than two orders of magnitude. This point is discussed further in 

Appendix G. 

Finally in Table 14 we have listed the experimental and calculated 

2 absolute values of T(E2) for the n(h
9

/
2

) configurations. The results 

are in agreement which supports the value of 1.5e recommended by Astner 

et al. 67 ) for the effective charge of the proton in the lead region. 
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Table 13. Gamma-ray branching ratios for some transitions 

Transitions 

Energy 

(keV) 

881.1/964.9 

881.1/250.5 

881.1/112. 2 

929.9/976.5 

929.9/77.2 

955.8/909.2 

955.8/1201.2 

(Experiment)b 

1. 38::~~ 

1.04::~r 
(~(6.75)c 

0.94+. 09 
-.08 

(~(28.7)c 

20.1 +11.2 
-5.5 

11. 3+1.0 
-2.2 

Ratios 

MT 

8.59 

1.88 

31. 3 

3.63 

25.4 

2.71 

aThe y-raybranching ratios are defined as 

a 
Y/Y2 

Theory 

KR 

1.45 

0.82 

5.53 

0.71 

7.3 

0.72 

Yl/Y2 = (T(Ml) + T(E2))1/(T(Ml) + T(E2))2 from Table 11. 

in 210 Po. 

NK 

15.9 

0.657 

0.514 

bThe experimental ratios were obtained from our gamma-ray intensity data. 

Clntensity was estimated from the conversion electron line intensities in 

th . .. 25) e spectrographlc plates obtalned by Hoff and Hollander . 



Table 14. Comparison of the observed transition probabilities for the E2 transitions between the 1f(h9~2)2 
. configurations with .the calculated transition probabilities for the wave f'unctions of Me. and True (MT) 3), 

Kim and Rasmussen (KR)32) and Newby and Konopinski (NK)3l). The single-particleestimates22 ) are also given. 

Transition 
Total Experimental Experimental Theoretical 

Angular Energy Conversion -1 T(E2) -1 
Momentum Half Life T(E2) sec sec 

Coefficient '-1 
J .... J (keV) ·sec sec MT KR NK Single Particle 

i f 

21 .... 01 
1181.4 --- --- --- 8.3 lOll 6.9 loll 7.4 lOll 4.65 lOll 

41 .... 21 245.3 0.239 1.7(2) 10-9 3.3(4) 108 
3.5 10

8 3.4 108 3.4 108 1.8 108 

61 .... 41 46.6 272 38(5) 10~9 6.7(9) 104 6.1 104 5.7 10
4 

5.9 10
4 

4.4 104 

8 .... 6 83.5 16.2 110(8) 10-9 3.7(3) 105 4.6 105 4.1 105 --- 8.1 105 
1 1 
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K. Final Remarks 

The best summary of this study can be made with use of a figure. 

In fig. 47 we have shown the two-proton theoretical level structure of 

210 
Po calculated by Ma and True 33 ) and the experimental level structure 

f 210p d 208Pb o 0 an . The two-proton model does not include core exci-

tations and the "extra" 3- and 5- states in the region of ~ 3.2 MeV 

have been identified in sections G, H and I as due to core states. 

Above 3.2 MeV, the situation is not so clear. There are six states which 

are fed directly in the decay and these presumably have spins of 4, 5 or 

6. The sum of the number of 
208pb core states and the number of two-

proton states of spins 4, 5, or 6 in the energy range of 3.2 - 4.3 MeV 

is seven.· It is tempting to speculate that the experimental states 

which are fed in the decay have admixed configurations due to the two-

proton states and core states with the electron-capture decay proceeding 

via the core components as discussed in section IV I. 

It has been established from this study that the next generation 

"shell model" calculation for 210po should include configuration mixing 

of the two-proton configurations and core states. In order to aid such 

calculations several additional experiments could be performed. An 

angular correlation measurement of the gamma-rays from the decay of 210At 

might determine the spin of the odd parity states at 3428 and 3727 keV. 

H' h . 1 t' 209B, (3H d) t' , b ·d t k f 1.g er reso u 1.on ). e, reac 1.ons nught e use 0 100 or 

fragmentation of the n(h
9

/ 2 i 13/ 2) configurations over the n(f
7

/ 2 i 13/ 2 ) 

and/or the core configurations. In particular mixing of the (4)- states 

at 3075.1 and 3428.2 keV could be investigated. A 210po target might be 
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'" ,-",2~+ ____ -----
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. Theory· 

( b) 
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Experiment 
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Fig. 47. Comparison of the experimental level scheme of 210po (b) with a 

shell model CalCUlation41 ) (a) and with the experimental level: scheme of 

208pb 35) (c). The dotted lines connect levels believed to have 

components due to the same configuration. The zero-order energies of 

the two-proton configurations in 210po are shown to the left. 
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used to investigate the collective states via inelastic scattering. 

Configuration mixing of the 3- collective state with the rr(h
9
/ 2 i13/2 ) 

3 
configuration also could be investigated. This experiment might explain 

the 3- depression in energy from that observed in 208pb as discussed in 

section G. The configurations due the coupling of the 3 core state to 

+ the 2 first excited state might also be observable. (The 5- state was 

predicted at an energy of 3822 keY in section IVH.) 

Our gamma-ray decay transition probabilities discussed in section 

J showed that a sensitive test may exist for the wavefunctions calculated 

with various potentials. One might be able to adjust the parameters of 

the calculation until agreement of energy levels and gamma-ray branching 

ratios is achieved. 'I'he transition probability calculations predicted 

that low energy intraband transitions can compete among the higher energy 

interband transitions. However, we were not able to directly observe 

these transitions but rather make assignments to previously reported 

unassigned conversion electrons 25 ). Thus a high-resolution reinvestigation 

of low energy electron spectrum might allow other transitions to be 

observed and with a better intensity measurement. 

It seems clear that this nucleus because of its structure can 

serve as a useful guide for future theoretical calculations in lead 

region to test phenomenological and realistic potentials representing 

the residual interactions. 
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V. THE ELECTRON~APTURE DECAY OF 209At TO LEVELS IN 209po 

A. Introduction 

This nucleus is of theoretical interest because it has two 

protons more than a closed shell of Z = 82 and one neutron less than a 

6 209 ( ) closed shell of N = 12. The electron-capture decay of At 5.5h to 

209po populates levels of 209po and hence provides a means of studying 

the nuclear level structure. 

The ground-state spin and parity of 209At has not been measured 

but is predicted on the basis of the shell model and experimental data9 ) 

in the lead region to have the configuration 

( ( 3 s2 ) 
TI h9/2 1/2 9-/2 

o 6 
v(Pl/2 f5/2) +) _ 

o 9 /2 
The spin assignment of 9/2 gains 

some support from the measured71 ) spin of 9/2 for the ground-state of 

211 .. 209 72 
. At. The ground-state spin of Po has been measured ) as 1/2 and 

has the probable configuration (Tf(h~/2 s~/) + v(P~~2 f~/2) _ )_ 
. 0 1 /2 1 /2 

Thus states of spin 7/2, 9/2 and 11/2 should be directly populated in the 

decay and states of spin 1/2-5/2 and 13/2-15/2 by the gamma decay of 

higher-lying levels. 

Electron-capture decay transitions from the odd-even nucleus 

209At to theeven~odd nucleus 209po should favor population of single 

neutron (particle or hole) states if such transitions are not hindered. 

Direct decay to the ground-state would involve the conversion of an 

Ih9/2 proton to a 3Pl / 2 neutron which re~uires a change of four units 

(6£ = 4) in the orbital angular momentum (Le. 1T(h
9

/ 2 ) ~> v(Pl/2)) and 

should be hindered. Thus population of excited states is expected. 
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No previous studies of the decay have been made with high 

resolution Ge(Li) detectors so th'at a detailed investigation has been 

performed. In this section we report on the investigation of the 

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

and intensities of 8'7 y-rays between levels in 209po have been measured. 

The multipolarities of 27 transitions have been determined by measuring 

relative internal conversion coefficients. Sixty:-three of the transitions 

have been placed into a decay scheme with the aid of y-y coincidence 

measurements defining 20 l'evels. 209 The levels of Po have been compared 

with a weak coupling calculation using experimental data from the levels 

f 208B' 210p 209B· o 1, 0, 1 
207 and Pb to represent the neutron hole-proton 

and proton-proton interactions using the formalism presented in section 

IID. 
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B. Previous Studies 

209At (5.5h) was first identified by Barton, Ghiorso and Perlman73 ) 

in 1951 who reported decay by alpha emission and electron-capture. (The 

per cent alpha branching of 209 At per decay has been measured35 ) as: 

4.1±0.5%.) . The conversion electrons from the 209At decay were reported 

in 1954 by Mihelich, Schardt, and segre,24) although no decay scheme was 

proposed. In 1956 stoner 36 ) reported in detail the 209At conversion 

electron, gamma-ray and alpha spectra. He reported intense gamma-rays 

at 90.8, 195, 545 and 780 keY in coincidence and proposed the decay 

scheme shown in fig. 48b. The 209Bi(a,4n)209At reaction was used by 

Stoner to produce intense electron sources with appreciable amounts of 

210 . ( ) At present from the competing a,3n reaction. An alternate method 

of production involvingprotor. spallation of thorium metal to produce 

213Ra was used to isolate much smaller quantities of 209At after an 

appropriate decay period. This produced low intensity sources free of 

210Ji.tfor measurement of the ganuna-ray spectra. 

In .1965 Yamazaki and Matthias74 ) investigated the levels of 209po 

with the 208pb(a,3n)209poreaction and Ge(Li) detectors. They established 

the spin sequence 9/2(782Q) 5/2(545Q) 1/2 for the lower levels of 209po 

shown in fig. 48a. Yamazaki and Matthias74 ) also reported a lOOns 

. .. . . +. 210 
isomeric level at an energy slmllar to the 8 level of Po. They 

suggested the possible two particle-one hole configurations 

((h2 ) v(p-l)) for the isomeric level. 
n 9/2 8+ 1/2 17-/2,15-/2 

During the course of our study, preliminary reports have been 

made by Alpsten, Appleqvist, and Astner75 ) and Alpsten and Astner76 ) on 
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Summary of previous studies of 209po level structure. 

Level scheme of 209po proposed by Yamazaki and Matthias74 ). 
210 36 . 

Decay scheme of At proposed by Stoner ). 

I 
! "; 
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the, electron-capture decay. -Bergstrom etal. 77) issued a preliminary 

t 't' t' 'f th- 208p' b(' 3 ')2b9p , t' repor on a re1nves 19a 10n,o ' 'e , a, n 0 reac ,10n. 
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C. Source Preparation 

Sources used in this study were obtained by the 209Bi(a,4n)209At 

reaction in the Berkeley 88-inch cyclotron at bombarding energies of 
, 

49-51 MeV, with bismuth metal target thicknesses of 30~59 mg/cm2 . The 

astatine was separated from the bismuth target by volatilization and 

sources were prepared as previously described36 ,38,39) in section IVe. 

These sources contained, in addition to 209At, varying amounts of 208At , 

210At and 211At from the competing (a,5n), (a,3n) and (a,2n) reactions, 

respectively, depending upon the energy of the incident alpha particles. 

The (a,3n) and (a,2n) cross sections had been previously 

determined78 ,79) in the energy region of 20-42 MeV. The (a,4n) and 

(a,5n) cross sections had not been studied in the energy region of 41-65 

MeV. To determine the (a,4n) and (a,5n) cross sections relative to the 

(a,3n), a measurement was made of the relative gamma-ray activities of 

astatine isotopes produced in a series of four stacked foils with an 

incident beam energy of 72 MeV. Measurement of the relative gamma-ray 

intensities of three transitions of 1181.4, 545.0 and 686 keV and consi-

deration of t~e decay schemes allowed determination of the relative atom 

. 210 209 208 rat1.OS At/ At/ At that were produced. These measurements yielded 

the relative production cross section ratios of three astatine isotopes 

at mean bombarding energies of. 68, 61. 7, 54.6 and 47.7 MeV. These 

results are shown in Table 15. 

In order to qualitatively compare these gamma-ray ratios to 

previous cross sections measurements at lower energies «42 MeV), an 

extrapol~tion of the (a,3n) reaction cross section was made and is shown 



Table 15. Relative gamma-ray ratios and cross sections for various astatine isotopes produced by 209Bi(4He,xn) 
reactions baseconmeas8red gamma-ray transition intensities. The 1181.4, 545.0, and 686 keY y-ray transitions 
in 210po, 209po, and 20 Po were measured (relatively) to arrive at these values after correcting for alpha­
branching and appropriate decay times. 

Alpha Energya Gamma-ray ratios Relative cross section (barns) 

HeV 
210At /210At 209A.t/21OAt 208At l10At 209At/208At a(a.3rt) 

b a(a,4n) b ... b 
a(a.5n) . 

68 1.0 2·9 18.95 0.15 0.07 0.226 1.32 

61 1.0 3.4 24.8 0.14 0.12 0.455 2.98 

54 1.0 5.45 11.7 0.465 2;0 1.21 2.34 

47 1.0 4.2 0.785 5.35 5.2 2.43 0.408 

~e error (estimated ±2.5 keY) reflects uncertainty in the target thicknesses and corrections for energy losses 

within the targets and aluminum backing foi1s 80 ). 

bThis cross section value is based on earlier results78 ,79) at lower energy and the extrapolation procedure 

described in the text. 
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as a dotted line in fig. 49. This extrapolated shape of the (a,3n) 

cross section was used on~y to provide a normalization point for the 

measured relative cross section ratios of Table 15 and these results 

are included in fig. 49. All data points of fig. 49 in the region 45-70 

MeV are results of our measurements based on this exprapolation pro­

cedure. Because of the uncertainty in the validity of this extra-

polation procedure, no errors in the absolute cross section are shown. 

However, errors in the measured relative cross sections ratios (due to 

uncertainty in half-life, relative photon intensity determinations, and 

counting times) were estimated as ±8%. Errors shown in fig. 49 for the 

helium-ion energy reflect the uncertainty in the target thicknesses and 

corrections80 ) for energy losses within the targets and aluminum backing 

foils. 

To identify 208At , the energies and intensities of the major 

radiations reported by Treytl, Hyde, and Yamazaki 8l ) were remeasured. 

We note that the 208At could be minimized by bombarding below the thres­

hold energy (~48 MeV) for production of detectable amounts relative to 

the 209At. The "impurities" from 210At in spectra were identified by 

comparison of the energies arid intensities of gamma-rays and conversion 

electrons reported in section IV. 

It should be noted that this production method limited obser­

vation of the weaker transitions following the decay of 209At due to an 

increased background. Typically, at the end of bombardment, the . largest 

ratio of the relative gamma-rays of (209At ) to (210At ) was approximately 

4-5~ to 1. In order to check the relative y-ray intensities obtained 

".: ., 
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from mixed sources, some data were taken with appreciable amounts of 

208At in the sample because of the higher I (209At )/I (2l0At ) ratios. 
y y 

Toward the end of our study, we were fortunate to obtain a low 

intensi ty mass separated astatine source from M. C. Michel and the 

(virgin) Berkeley Isotope Separator in order to further check on 

intensity assignments with mixed astatine sources. The sample Was 

essentially free of 210At (~10-3% relative to 209At ). The portion of 

the 5 mm aluminwll collection foil from the mass separator containing the 

mass 209 deposit was used directly as a source for obtaining gamma-r~ 

and conversion electron spectra. 
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D. Experimental Results 

1. Gamma-Ray Singles Spectra 

. 209 . 
The data for At gamma-ray singles measurements were collected 

as previously described in section II:tA.. Mixed sources of astatine 

(210At , 209At and 208At ) were used (see section IIIC) and data were 

collected over a per!iod of 0.25-20 hours after end of bombardment to 

, " t·h 210At b k· d mlnlmlze e ac groun . Figures 50 and 51 show spectra taken with 

3 . 
the 35-cm (active volume) coaxial Ge(Li) detector over the energy 

ranges of 100-1600 keV and 630-2760 keV respectively. Photopealts from 

208 
. At are present in the spectrum of fig. 50. A gamma-ray spectrum of 

the lower energy range of 16-240 keV obtained with the Si(Li) detector 

is shown in section VD3 in the bottom of fig. 75. This spectrum was 

obtained with a Teflon absorber covering the source to distinguish 

between gamma-rays and conversion electrons. 

209 To investigate weak gamma-ray transitions, a mass separated At 

source of low intensity was obtained and the resulting activity measured 

with the Ge(Li) spectrometer. The spectrum obtained is shown i,n fig. 52. 

The low intensity source coupled with the large volume of the detector 

produced many sum peaks. However, several new transitions were iden-

. tified from this spectrum and several other transitions barely obser-

vable above the high compton background with mixed sources were c.onfirmed. 

, 210At t 't' Four occured at the same energy as some lntense· ranSl lons. 

Table 16 lists additional transitions observed with the mass separated 

source but which could not be definitely assigned to 209At decay. Clearly 

a more intense source is needed to .. extract more definite information from 

such a spectrum. 
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6 
. ,., t d 209A Table l, Weak transitions observed from a ·low ~ntens~ty mass separa e t 

source. The assignment of these transitions to 209At decay is uncertain and 
these are not placed in the cUl'rent level scheme. 

Absolute 
Gamma-ray gamma-ray 

Energy intensity 

keY 209 % of At EC decays 

515,1 (3 ) .05 (2) 

523.0 (3) .04 (2) 

1084.0 (4 ) 0.037 (5) 

1112.9 (6) 0.022 (6 ) 

1202.3 (4 ) 0.022 (6 ) 

1210.2 (4 ) 0.047 (10) 

1295.8 (4 ) 0.026 (6 ) 

1299.0 (5 ) 0.022 (6) 

1361.7 (6) b.0092 .( 40 ) 

1419.4 (4) . ·0.041 (9) 

1421.5 (5) .·0.023 (8) 

1529.4 (5) 0.016 (5) 

1706.1 (7 ) 0.013 (2) 

2102.0 (4 ) 0.008 (3) 
--==~=~ .-
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The energies and intensities of the y-rays were obtained by 

, 40 41 
analysis of the spectra with the computer code SAMPO ' ). Energy 

calibrations were obtained using the standard energies compiled19 ) in 

Appendix D. The relative photope~ efficiency was determined with an 

IAEA calibrated intensity set and 180~f as described in Appendix E. 

Uncertainties in the relative photopeak efficiency measurements are 

estimated to be ±5% in the energy range of 100-600 keV and ±4% in the 

range 500-2800 keV. In Table 17 we list the energies and absolute 

gamma-ray intensities per electron-capture decay of the observed photo­

peaks assigned to the decay of 209 At. The assignments were "based on 

half-life measurements for the mo~e intense transitions and by comparison 

of spectra taken with different ratios of astatine isotopes. The errors 

quoted include the calibration and fitting errors. 

In Table 17, below 500 keV where transition multipolarities were 

assumed or measured, the total transition intensity is also shown. The 

theoretical conversion coefficients of Hager and Seltzer42 ,43) were used 

to derive these results. The multipolarities of the 113.2 and 151.5 keV 

transitions were assumed to be pure E2 and the 195.0 keV transition was 

determined in section VD2 to be Ml + 20% E2. The 90.8 keV gamma-ray not 

resolvable from the K x-rays with the detectors employed so that the 

reported gamma-ray intensity is based on our measured relative L-conversion 

electron intensities and the theoretical E2 conversion coefficient (see 

section VD3). The multipolarity of the 104.2 keV transition could not 

be determined from this study and we have listed the transition inten-

sities in Table 17 for both Ml and E2 multipolarities. 



Gamma-ray 
Energy 

(keV) 

90.8 (2) 

104.2 (2) 

113.2 (3 ) 

15l.5 (3) 

191.1 (3)d 

195.0 (1) 

233.7 (1) 

239.2 (1) 

32l.1 (2) 

342.8 (2)d 

388.9 (2) 

415.8 (6)c 

433.8 (3)c 

447.7 (2) 

Gamma-ray 
Energy 

(keV) 

545.0 (1 ) 

55l.0 .( 3) 

552.4 (4) 

554.6 (4) 
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Table 17. Gamma-rays ob·served in the decay of 209 At. 

Abso1utea Abso1uteb 

gamma-ray 
intensity 

(% of 209At EC decays) 

(1.69 (i2»k 

2.50 (25) 

0.16 (4) 

0.055 (20) 

0.41 (7) 

25.0 (l.2) 

l.14 (9) 

14.25 (50) 

0·71 (3) 

0.57 (3) 

0.56 (3) 

0.06 (2) 

0.08 (2) 

0.28 (2) 

. a 
Absolute 
gamma-ray Gamma-ray 
intensity Energy 

(% of 209At EC decays) (keV) 

97.4 (30) 1272.9 (2)d 

5.21 (24) 1311·7 (3) 

l.36 (20) 1342.9 (3) d.1 

0.61 (11 ) 1357·0 (2 ) 

transition 
intensity 

(% of 209At EC decays) 

(19.8 (15»k 

(
17.9 (E2») 
28.4 (MI) 

(0.85)e 

(0.13)e 

65.0 (32)f 

2.33 (18) 

15.05 (65) 

0.72 (4) 

0.67 (5) 

0.70 (5) 

Abso1utea 

gamma-ray 
intensity 

(% of 209At EC decays) 

0.22 (2) 

0.056 (6) 

0.070 (6) 

0.18 (1) 

(continued) 
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Table 17 (continued) 

Absolutea Absolutea 

Gamma-ray gamma-ray Gamma-ray gamma-ray 
Energy intensity Energy intensity 

(keV) 209 (% of At EC decays) (keV) 209 (% of At EC decays) 

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

630.3 (2) 0.75 (3) 1411.1 (4)d,g 0.057 (8) 

666.2 (1) 2.01 (7) 1427.0 (3)c 0.030 (6) 

719.6 (3)d 0.08 (1 ) 1446.15 (10) 0.56 (2) 

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

781.9 (1 ) 87.0 (26 ) 1478.9 (3) 0.044 (4) 

790.2 (1 ) 66.3 (20) 1484.7 (3)c 0.10 (1 ) 

'{99.1 (2)d 0.11 (2) 1490.8 (2 ) 0.28 (2) 

809.8 (3)d,g 0.036 (8) 1533.1 (2)d 0.16 (1 ) 

815.6 (3) 0.24 (3) 1537.7 (1) 0.51 (3) 

817.7 (3)d,c 0.18 (4 ) 1575.6 (2 ) 0.89 (4 ) 

826.8 (3)d,g 0.05 (1 ) 1581.6 (1 ) 1.87 (7) 

854.4 (2 ) 0.62 (4 ) 1622.4 (2)d 0.18 (1 ) 

864.0 (1 ) 2.11 (10 ) 1651.5 (5 ) 0.043 (4) 

903.05 (10) 3.87 (12) 1687.3 (2)d 0.40 (2) 

910.7 (5)d,g 0.078 (11)11 1730.0 (4 )c 0.013 (2) 

922.0 (3)d,g 0.077 (10) 1745.8 (3) 0.086. (5) 

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

985.2 (2 ) 0.8 (l)h 1786.5 (2)d 0.13 (1 ) 

999.6 (2)d 0.17 (1) 1803.8 (2)d 0.056 (4 ) 

1008.4 (4)d,g 0.038 (9) 1810.0 (2)d 0.039 (4 ) 

(continued) 
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.. Table 17 (continued) 
. a 

Absolute Absolutea 

Gamma-ray gamma-ray Gamma-ray gamma-ray 
Energy intensity Energy intensity 

(keV) 209 (% of AtEC decays) (keV) (%or 209At EC decays) 

1037.8 (4)d,g 0.030 (6) 1861.4 (5)d,j 0.008 (2) 

1074.8 (2 ) 0.21 (1) 1947.7 (4 )d ·0.014 (2) 

1092.8 (4)d 0.049 (7) 2109.5 (3) 0.042 (4 ) 

1103.46 (10) . 5.5 (2) 2245.8 (6)d 0.007 (1) 

1136.5. (3) 0.075 (10) 2292.3 (5)d,g 0.014 (4)i 

1141.4 (3) 0.34 (2) 2319.6 (4) 0.007 (2) 

1147.4 (3) L37 (10) 2342.9 (4)d 0.017 (5) 

1148.8 (3) 0.85 (10) 2357.7 (6) 0.007 (2) 

1170.75 (10) 3.1 (2) 2363.7 (4 ) 0.015 (2) 

1175.4 (2) 2.0 (1 ) 2368.3 (4)d 0.012 (2 ) 

1183.0 (3)d,c 0.16 (2) 2433.44 (20) 0.015 (2) 

1192·9 (3) 0.16 (7 ) 2528.1 (6 ) 0.0025 (10) 

1213.8 (2)d 0.46 (4) 2555.4 (4)d 0.002 (1 ) 

1217.2 (2) 1:13 (8) 2588.9 (4 )d 0.017 (3) 

1243.9 (2)d 0.16 (2) 2645.6 (3)d 0;010 (3) 

1262.6 (1 ) 2.00 (8) 2654.4 (4 ) 0.002i (9) . 

aAbsolute intensity per electron capture decay is based on the new level scheme. 

bThe theoretical conversion coefficients ·42 
of Hager and Seltzer ) were used to 

derive these transition intensities. 

CAssignment to 209At decay is based on the observation of the transition in a 
. . 209 d low lntenslty At mass separate source. 

(continued) 
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Table 17 (continued) 

dThese transitions are unplaced in the present level scheme. 

eThe mul tipolarity of this tra.nsition was assumed E2. 

f The multipolarity of this transition was assumed 111 .+ 20% E2 based on our 

measured a K, a L, and ~ values (se~ section VD3). 

gThis transition was observed very weakly in mixed 2l0At and 209At sources so 

that assignment to 209At decay is uncertain. This was also observed in the 

low intensity 209At mass separated source. 

~e intensity was corrected for a 205Bi component. 

i The intensity was corrected for a 226Ra component from room background. 

JAssignment to 209At decay is uncertain C205Bi?). 

kThese intensities were extracted fr~m the relative cocversion electron 

intensities where the 90.8 keY transition was measured as 100% E2. 

lAssignment ,to 209At decay is uncertain. 
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2. Gamma-Gamma Coincidence Spectra 

Three parameter gamma-gamma coincidence measurements of ' two 

mixed sources wer~ taken with two coaxial Ge(Li) detectors operated 

"on line" with a PDP-7 multiparameter data acquisition system16 ,17,18) 

(see section IIIB). The second source was obtained approximately midway 

through the 32-hourexperiment to enhance the ratio of 209At to 210 At . 

. The axes of the two detectors were positioned at 90° with respect to the 

sources and were separated by a graded lead-cadmium-copper shield to 

minimize scattering between the detectors. A fast-coincidence electronic 

arrangement (see Appendix C) similar to that described by Jaklevic et a1. 21) 

was used. The width of the distribution (shown in fig. 53) for the 

experiment was about 46 ns (FWHM). (Coincidences record~d for the 

populatiori of delayed states in 210At and 209Atare primarily responsible 

for the (delayed coincidence) shape of the time spectrum of fig. 53.) 

A total of 3.9.107 three parameter (El, E2, I1T) events were stored 

serially on magnetic tape for later sorting and analysis on the LBL 

CDc-66oo computer system using the methods described in section IVD2. 

(The sorting routine employed permitted subtraction of random events and 

events associated with the neighboring compton distributions from each 

energy gate.) The gross coincidence spectra collected for each of the 

coaxial detectors are shown in figs. 54 and 55. The coincidence sorting 

was performed by setting gates (for photopeak and compton background 

coincident events) on the energy spectrum of fig. 55 and the time 

spectrum of fig. 53. Shown in Table 18 are the gates set in the spectrum 

of fig. 55 for the sorting of the tapes. Approximately sixty sorts were 
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209At time delay spectrum 
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Fig. 53. "Gross" time distribution for the 209At y.,..y coincidence data. 

The 150 nsec gates were used to obtain the coincidence events shown 

in figs. 56-74. 
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Table 18. Peak and compton background gates used. With reference to the gamma-r~ spectrum of fig. 55, 
these gates were set. The"time distribution gates were set as shown in fig. 53. The coincidence events 
from the spectrum of fig. 54 (with these gates) as returned by MSORT are shown in figs. 56-74. 

Energy Peak gate 13ackground gate Energy Peak gate 13ackground gate 
keV channels channels :keV channels channels 

90.8 136 140 141 145 854.4 1146 1153 1177 n84 

104.2 153 160 176 183 864.0 1160 1166 1177 1183 

113.2 163 170 176 183 903.1 1210 1220 1221 1231 

191.1 264 269 290 295 985.2 1~21 1328 1349 1356 

195.0 269 279 290 300 999.6 1340 1348 1349 1357 

233.7 319 325 345 351 ~ 1022 1368 1376 1380 1388 
I 

239.2 325 334 345 354 1074.8 1441 1449 1450 1458 f-' 
\0 
Vl 

321.1 433 442 445 454 1103.5 1477 1488 1489 1500 
I 

342.8 462 471 472 481 1141.4 1530 1537 1549 1556 

388.9 525 533 534 542 ~ 1148 1537 1546 1549 1558 

447.7 601 613 615 627 1110.7 1566 1575 1640 1649 

545.0 732 741 754 763 1175.4 1576 1582 1593 1599 

551.0 740 745 760 765 1192.9 1595 1701 1643 1649 

552.4 745 748 760 763 1213.S 1624 1631 1642 1649 

554.6 749 755 756 762 1217.2 1631 1641 1641 1652 

596.4 802 808 809 815 1262.6 1689 1700 1716 1727 
continued) 

, 



Table 18 (continued) 

Energy Peak gate Background gate Energy Peak gate Background gate 
keY channels channels keY channels channels 

~ 623 834 840 854 860 1311. 7 1753 1762 1763 1772 

630.3 847 853 854 860 ~ 1337 1785 1795 1796 1805 

666.2 895 903 904 912 1357.0 1816 1825 1826 1835 

719.6 964 975 976 987 1446.1 1933 1944 1959 1910 

150.9 1006 1018 1019 1031 1456.4 1946 1951 1959 1970 

781.9 1046. 1058 1079 1091 1490.8 1994 2004 2005 2012 

790.2 1059 1011 1079 1091 1533.1 2049 2055 2066 2072 
I 

799.1 1073 1081 1119 1127 1531.7 2056 2064 2066 2074 f-' 
\0 
.0\ 

809.8 1087 1095 1119 1127 1575.6 2106 2114 2124 2132 I 

815.6 1095 1100 1108 1113 1581.6 2114 2123 2124 2133 

817.7 1101 1106 1107 1112 1687.3 2252 2265 2266 2219 

1243.9 1666 1615 1676 1685 

1272.9 1703 1114 1716 1727 

1767.0 2354 2369 2370 2385 
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performed at a resolving time of about 150 ns. Prompt coincidence 

spectra (from the spectrum of fig. 54) are shown in figs. 56-74. Gamma-
210 ... . 

ray photopeaks of At were not present to any "significant" degree in 

the sorted spectra. The 209At coincidence results are discussed in 

connection with the construction of the decay scheme in section E. 
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We show in pages 199-217 the complete set of prompt y-y 

coincidence spectra (figs. 56-74) from the decay of 209At. Due to 

incomplete background subtractions, some photopeaks due to the 210At 

decay occur in the spectra. These peaks are denoted on figs. 56-74 by 

the symbol.. The reader may continue at page 218 without a loss of 

content. 
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Fig. 14. Gamma-ray spectra in prompt coincidence with E = 1243.9 keY .. y . 
(top), Ey = 1272.8 keY (middle) and Ey = 1761.0 keV. (bottom) • 
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3. Internal Conversion Electron Spectra 

Sources for electron measurements were prepared as described in 

section VC. Spectra of conversion electrons were obtained with a 

5-mm x 0.785 cm2 (active volume)Si(Li) detector operated at liquid 

nitrogen temperature coupled to the same data acquisition system and 

pulse electronics used in the gamma~ray singles measurements. This 

system gave a resolution of 1.2 keY (FWHM) for 100 keY electrons and 

2.2 keY (FWHM) for the 1063 K-electrons from the decay of 207Bi. The 

electron spectra were analyzed for energies and intensities with the 

40 41 computer code SAMFO ' ). The K-electron lines of the stronger 

transitions were used as internal energy calibration standards. The 

relative efficiency of the Si(Li) spectrometer was determined to ±8% 

over the energy range of 100-1500 keY and to ±12% over the range of 

1200-1700 keY using the methods described in Appendix F. 

The conversion electron spectra obtained for 209At decay with a 

low intensity mass separated source are shown in figs. 75 and 76. 

Because of the relatively high compton background and complex spectra 

obtained with mixed 209At and 210At sources, the conversi.on coefficients 

of only the more intense (or highly converted) transitions could be 

determined. The conversion coefficients for many weaker transitions w.ere 

determined with the mass separated 209At source because of the reduced 

background. Other spectra obtained with mixed astatine isotopes were 

used to extract conversion coefficients of the stronger transitions where 

pulse summing of the x-r~s and electrons caused interference in the 

spectr~ of fig. 76. We have used these data along with the gamma-ray 
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intensities to deterIiline the K, Land M conversion coefficients relative 

to that for- the 545.0 keV (5/2- -+ 1/2 .... ) ground-state transition (assumed 

to be pure E2) and these are given in Table 19 along with the multi-

polarity assignments deduced by comparison with the theoreticai values 

_ - 42,43\ 
of Hager and Seltzer i. The theoretical K-conversion coefficients 

for the 1767.0 keV transition are those of Sliv arid Band82 ). The K-

conversion coefficients are also shown in fig. 77 with the theoretical 

curves constructed from the values of ref. 42). We comment on two of 

our results. 

90.8 keV transition: As mentioned in section VDl, no gamma-ray 

photon intensity was determined for this transition. However, our 

measured (aL + aL )/aL ratio determined this as an E2 transition. The 
12 3 

measurement-of the total L--electron intensity relative to the 545.0 keV 

K-electron intensity deterIilined the 90.8 keV transition intensity as 

19.8% thru use of the theoretical E2 conversion coefficient. This 

established our estimate of 1.69±0.12% for the 90.8 keV gamma-ray 

intensity. 

195.0 keV transition: The Iilixing ratio Ml + 20% E2 for thi.s 

transition was deterIilined from the ratio of our measured K and M con-

version coefficients. The experimental ratio was 193±21 and the theo-

retical ratio for Ml + 20% is aK/~ = 193.5. 



Transition 
energy 

keY 

90.8 

195.0 

233.7 

239.2 

321.1 

342.8 

388.9 

447.7 

523.0 

Table 19. Experimental and theoretical internal conversion coefficients! 209At • ' 

d Experimental conversion 
coefficient 

(10..;3) 

(aL + ~ )/~ = 1.34 (10) 
123 

aK = 1170 (120) 

~ = 220 (20) 

~ = 61 (7) 

~ = 760 (50) 

aL :: 136 (10) 

(~.f = 28 (10»)& 

aK = 37 (4) 

~ = 5.0 (10) 

(aK = 26 (15») & 

'i<: = 110 (10) 

~ = 190 (20) 

~ = 130 (20) 

(~ = 320 (80)e 

Theoretlcalc conversion coefficient Assigned 
multipolarity 

El(10-3 ) 

70.9 

13 

3.06 

46 

8.22 

1.93 

43.5 

7.75 

22 

19 

14.4 

10.7 

7.73 

E2(10-3 ) Ml(10-3 ) 

1.304 

178 1420 

256 250 

67.4 58.9 

119 855 

120 151 

31.5 35.5 

113 801 

109 141 

58 357 

30.1 299 

28.1 213 

21 146 

20.4 96.6 

M2(10-3 ) 

5910 

1800 

456 

3230 

910 

229 

2990 

834 

1150 

935 

631 

410 

257 

E2 

Ml + 20% E2 

Ml 

El 

(E1)& 

Ml+E2 

Ml 

Ml 

(M2)e 

(continued ) 
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d 
Transition Experimental conversion 

energy coefficient 

keY (10-3) 

545.0 ~ == 18.{ 

596.4 aK = 31 (5) 

630.3 ~' = 13.5 (40) 

666.2 ~ = 13 (2) 

aL = 3.0 (8) 

719.6 (~ = 130 (40»e 

781.9 ~ = 9.1 (7) 

~ = 1.9(2) 

790.1 ~ = 3.3 (3) 

'\ = 0.50 (7) 

815.6 (~ = 29 (8»a 

817.7 (~ = 16 (8»a 

Table 19 (continued) 

·c 
Theoretical conversion coefficient 

E1(10-3) E2(10-3) Ml(10-3) M2(lO-3) 

18.7 

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 

3.27 8.55 30.3 72.3 

3.26 8.51 30.1 71.8 

Assigned 
mul tipolarity 

pure E2 

Ml + E2 

; 

Ml 

E2 

(M2)e 

E2 

El 

(Ml)a 

(Ml + E2)a 

(continued) 

I 
I\) 
I\) 
W 
I 



d 
Transition EXperimental conversion 

energy coefficient 

keY (10-3) 

854.4 <l .= 26 
K 

( 5 ) 

903.1 <lK = 3.3 (4) 

1103.5 <lK = 9.0 (9) 

<lr, = 1.6 (4) 

1136.5 ~ = 37 (12) 

1141.4 ~ = 19 (6) 

1170.7 ~ =4.6 (6) 

<lr, = 0.94 (32) 

1175.4 ~ = 4.9 (8) 

1213.8 (~ = 6.8 (20))a 

1217.2 (<lK = 7.1 (20) )a 

1262.6 ~ = 1.8 (4) 

Table 19 (continued) 

Theoretica1c conversion coefficient 

E1(10-3) E2(10.;.3) Ml(10-3) M2(U)-3 ) 

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 

1.71 4.39 12.0 27.4 

0.264 0.838 2.03 5.12 

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 

Assigned 
mu:J.tipo1arity 

M1 

El 

Ml+E2 

M2 

M1 

E2 

E2 

(Ml. + E2)& 

(Ml + E2)& 

El 

( continued) 
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Table 19 (continued) 

d 
Transition Experimental conversion 'c ' Assigned 

energy coefficient Theoretical conversion coefficient mul tipolarity 

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

1446.1 ~ = 4.4 (10) 1.19 2.99 7.0 1.59 Ml + E2 

1581.6 a = 
K 

0.87 (40) 1.03 2.55 5.57 12.7 El 

1767.0 ~ = 9.6 (20) 0.854 2.01b 
3.96

b 
9.3

b 
M2 

-cc 

aThis value was extracted from a complex (doublet) peak and is only suggestive due to poor resolution. 

bThis theoretical conversion coefficient was obtained by extrapolation from the tables of SHv and Band82,. 
c' , 43 ' . , 42 

Theoretical values were obtained by computer interpolation ) from the tables of Hager and Seltzer ). 

~he NPG method (see Appendix F), assuming the 545.0 keY transition (5/2- ~ 1/2-) was pure E2, was used 
to extract these relative internal conversion coefficients. 

e The, assignment of this conversion coefficient is uncertain. 

I 
I\) 

.1\) 
Vl 
I 



-226-

10
1 

10 0 

-c: 
Q) 

0 --Q) - I 
0 10 
0 

c: 
0 

en 
~ 

Q) 

10- 2 ----I M2 > 
c: 
0 MI 
u 
I E3 
~ E2 

10- 3 
EI 

_4 
10 L-L-L-L-L-L-L-L-L-~~~~~~~~~~~ 

o 500 
Transition energy 

XBL7I1I-4672 

Fig. 77. Comparison of the experimental K-cortversion coefficients of some 

209At transitions with the theoretical values of Hager and seltzer42 ). 

Lines are theoretical Values
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) and points are experimental values 

measured relative to the 545.0 keY E2 transition. The values for M2 

transitions were extrapolated (dotted line) to 1770 keY. 



-227-

E. 209At Decay Scheme 

1. Introduction 

Before discussing in detail the level scheme in the next sections, 

a brief qualitative description of the expected level structure of 209po 

is given. A schematic representation of the 209po ground state con­

figuration is given in fig. 78 based on experimenta19) single-particle 

states in the lead region. A series of states which are single neutron 

(particle or hole) in character are expected to be observed in this 

even-odd. nucleus. Zero-order energy estimates of these states may be 

made from the even-odd nucleus 207pb . The addition of the 83rd and 84th 

protons in 209po is expected to alter the energy of the single"",neutron 

states from those observed in 207pb. -1 -1 
In particular .the 3P1/2' 2f5/2' 

-1 . -1 1 1 
3P3/2' li13/ 2 , 2g9/2 and lill / 2 neutron particle or hole states are 

observed at energies of 0, 570, 898, 1633. 2340, 2803 and 3581 keV in 

207pb.· Similar states are expected in the level structure of 209po. 

The 83rd and 84th protons of 209po are also expected to produce 

a series of two-proton states similar to those observed in section IV for 

210 . d 209p 1· d t th t Po to Wh2Ch the od -neutron of 0 can coup e to pro uce sta es a 

are ,of two proton-one neutron in character. If the co-qplings involved 

are weak, these states should occur at energies similar to those observed 

in 210po . For example the P~~2 neutron-hole can couple to the 2+ two­

proton state (at 1181.4 keV in 210po ) to produce two states of spin 3/2 

and 5/2 near 1181.4 keV. The configurations would be 
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Fig. 78. Representation of the 209po ground-state and neighboring 

experimental9 ) single-particle states. 
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For energies ~ 2 MeV the level structure should become very 

complex since the number of possible configurations for the even-odd 

209po nucleus becomes very large. 

2. The Level Scheme 

Coincidence measurements and the sum-difference relationships of 

our y ... ray energies have been used to construct the leV'el scheme shown in 

fig. 79. 
. . 209 

Twenty excited states of' Po are proposed as populated in 

the decay of 209At. Spin and parity assignments are based on previously 

reported data and our internal conversion el.ectron measure,:nents. Levels 

shown with broken lines are relative uncertain and should be taken as 

only tentatively identified. Several weak transitions observed with the 

mass separated source for which no coincidence relations were established, 

but which fit between known levels from energy sum-difference relations, 

are s.hown as broken lines indicating a tentative placement. The levels 

are discussed below in related groups. 

a. Odd Parity Ground and First Excited States at 0.0 and 545.0 keV 

The ground state spin has been measured as 1/2 by Vander Sluis 

and Griffin72) and it is reasonable to associate this state with a Pl/2 

neutron in analogy with 207p1:>. The configuration of the ground state of 

209po would then be [TI(h9~2) + V(P~~2)] _ 
o 1/2 

The first excited state at 545.0 keV was assigned a spin and 

parity of 5/2- by Yamazaki and Matthias74 ) from angular distribution 

measurements of gamma-rays from the 208Pb(a.,3n)209po reaction. The 

shell model predicts a low-lying 1'_ ,_ neutron hole 
. - ,/~ . 

state and the 

. 9) . 207 ( -1 ) experImental levels of Pb show such a v f5/2 state at 570 keY so 
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~7.3 <0.36 

~6.4 <5.5. 
> 6-6 <4.7 
~7.1 .< 1'·5 
~6.4 < ".5 
> 8.0 <0·26 
>8.0 <.33 

> 8.6 .<0-1 

>8.3 <1.0 

>8.4 < 0.8 

> 7.4 < 12(>1) 

:!; 8.5 :: I. 
>8.5 < 0.5 
>8.4 < I. 

>9.1 <0.1 

.( 3/2) <0 • .1 

'. 5/2 < 3.2 

1/2 
__________ I_O_2~y~ __________ ~ ________ ~ ____ ~~~0.0 . 

. . 

209
pO 

84 

Fig. 79. Experimental dec~. scheme'of 209At . 
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that the spin and parity assignment of 5/2- for this level is reasonable. 

Our measured log ft ~ 8.3 is consistent with this assignment as direct 

decay to this state would be a second forbidden transition. 

We assume in the following discussion of the decay scheme that 

the ground state and first excited state are 1/2- and 5/2-, respectively 

with a 545.0 keY E2 transition connecting them. The 545.0 keY E2 

transition was used to measure relative conversion coefficients of other 

transitions (see Section VD3). Assignments of spin and parities to other 

levels were inferred directly by our relative conversion coefficients 

w~th these assumptions. 

b. Even.Parity Level at 2312.2 keY 

This level receives about 78% of the electron capture decay. 

The weak 1767.0 and 1136.5 keY M2 transitions to the 5/2- levels at 

545.0 and 1175.4 keY establish the parity as even and limits the spin to 

1/2 or 9/2. The spin 1/2 can be ruled out by the log ft value and by 

transitions from the 2312.2 keY level to other high-spin levels which 

then establish the spin as 9/2. + We favor the assignment 9/2 which can 

be associated wi.th the probable dominant configuration 

2 
(rr(h

9
/ 2 ) v(g9/2)) . The electron-capture decay would be of the first 

0+ . 9/2+ 
forbidden type (rr(h

9
/ 2 ) -+- v(g9/2)) and the low log ft is similar to 

other values for first-forbidden beta decays in the lead region 65 ). 

c. Odd Parity Level at 854.4 keY 

This level was established from the y~y coincidence data on the 

854.4 and 554.6 keY cascade. Our coincidence measurements also showed 

that the 321.1 keVtransition should not be placed between the 1409.1 and 
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854.4 keY levels. The Ml multipolarity of the 854.4 keY transition 

establishes the parity of the 854.4 keY level as odd and limits the spin 

to 1/2 or 3/2. The ordering of the transitions used to establish the 

level at 854.4 keY is due to an anology with the \! (P;~2) state at 898 keY 

. 207pb 
~n • Our log ft ~ 9.5 is consistent if this level had the dominant 

neutron-hole configuration \!(P3~2)' Also the 309.4 keY transition 

connecting this level to the 5/2- level at 545.0keV is missing as in 

207pb. We favor the assignment (3/2)- for this level as due to the 

dominant configuration ('JT(h9~2) \!(P;~2)) _ 
. 0+ 312 

d. Odd Parity Levels at 1175.4, 1326.9, 1409.1, 1417.8 and 1522.0 keY 

The parity of the 1175.4 keY level is established as odd and the 

spin is limited to (3/2, 5/2) by the 1175.4 keY E2and 630.3 keY M1 

transitions to the 5/2'"" states at 0.0 and 545. OkeV. The weak 1136.5 M2 

+ transition from the 9/2 level at 2312.2 keY then establishes the spin 

as 5/2. 

Yamazaki and Matthias74 ) established the 1326.9 keY level as 9/2-. 

The 78l~9 keY E2 transition to the 5/2- level is consistent with their 

assignment. 

The level at 1409.1 keY was established from y-y coincidence 

relations of the 903.05, 233.7, and 1175.4 keY transitions. The 903.05 keY 

El transition from the 9/2+ level at 2312.2 keVestablishes the parity 

as odd and limits the spin to (7/2, 912, 11/2). The 233.7keV M1 

transition to the 5/2- level at 1175.4 keY establishes the spin of the 

level as 7/2. 
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The 90.8 keY transition was determined as pure E2 from our 

measurement of the ratio (~ + ~ )/~ in sectionVD3.This agr~~s· 
1 2 3 

assignment made by Stoner36 ) and by Alpsten, Appleqvist and with the E2 

Astner75 ) • The spin and parity of the level at 1417.8 keY can only be 

limited to (5/2, 7/2, 9/2, ll/2, 13/2)- on the basis of the 90.8 keY E2 

transition since no other multipolarities of transitions involving this 

level were determined. However, if the 90.8 keY transition was pure E2 

with no Ml component, the limits for the spin can be reduced to 5/2 or 

13/2. There are several arguments for favoring the high spin 

assignment of 13/2. First, the strong intensity reported in the 208Pb 

(a,3n) reaction studies by Bergstrom et al. 77 ) for the 90.8 keY transition 

indicates population of this (high-spin) level. Second, the lack of 

transitions from this level to low-spin states below is another argument 

for the high-spin assignment. We favor the assignment of (13/2)- which 

requires the 90.8 keY transition to be pure E2. 

The 1522.0 keY level is of odd parity because of the 790.2 keY 

El transition from the 9/2+ level at 2312.2 keY. The spin can only be 

limited to (7/2, 9/2, 11/2). The population of this level in 208pb (a,3n) 

reaction studies77 ) and the lack of transitions to the 5/2- levels are 

weak arguments for choosing the higher spin (11/2) which we favor. 

e. Odd Parity Levels at 1715.8 and 1991.2 keY 

These levels were established from coincidence data. The parity 

of the 1715.8 keY level is established as odd by the 1170.75 keVE2 

transition. The spin can be limited to 7/2 or 9/2 by the 388.9 keY Ml 

transition to the 9/2- level at l326.9keV. 
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The parity of the level at 1991.2 keY is established as odd by 

the 321.1 keY El transition. The 1446.15 keY Ml + E2 transition to the 

5/2- level at 545.0 keY and the 321.1 keY El transition from the 9/2+ 

level at 2312.2 keY limit the spin assignments to 7/2 or 9/2. Weak 

evidence that the 815.6 keY transition to the 5/2- level at 545.0 keV is 

of Ml multipolarity favors, the assignment (7/2)-. 

f. Even Parity Level at 1761.1 keY 

The parity is established as even by the 239.2 keY El transition 

to the odd parity level at 1522.0 keY. The 239.2keV transition was also 

observed in the in-beam work of Bergstrom et al. 77 ) so that a high-spin 

assignment is likely. Our conversion data only limit the s'pin to (9/2, 
I 

11/2, 13/2). 
, 8 

A shell model calculati.on 3) predicts a low-lying even 

. / + 0 par1ty 13 2 state at 191 keY due to the dominant configuration 

(1T(h
9
/)2 V(i

13
/ 2 )) • 207pb also has a low-lying 13/2+ state at 

13/2+ 
1633 keY due to the i13/2 neutron-hole so that we favor the assignment 

+ (13/2) for this level. 

g. Even Parity Levels at 2759.8, 2864.6, 2902.5, 2908.5 a,nd 2978.5 keY 

The level at 2759.8 keY was established from our coincidence 

data. The measured Ml multipolarity for the 447.7 keY transition 

determines the parity as even and limits the spin to (7/2, 9/2, 11/2). 

The parity of the levels at 2864.6 and 2902.5 keY is established 

as even by the 1103.46 keY Ml + E2 and 1141.4 keY Ml transitions to the even 

parity level at 1761.1 keY. The spin of the level at 2864.6 keY can be 

limited to (11/2, 13/2, 15/2) by the 1103.46 keY Ml + E2 

transition to the (13/2)+ level at 1761.1 keV. The low log ft of 6.4 for 
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decay to this level and the weak 2319.6 keY transiti0n to the 5/2- level 

at 545.0 keY make the assignment (11/2)+ more likely. The1l41. 4 keY Ml 

+ transition to the (13/2) level at 1761.1 keY Emit the assignment of the 

2902.5 keY level to (11/2, 13/2, 15/2)+. The weak 2357.7 keY transition 

to 545.0 keY 5/2- level coupled with the relatively low log ft of 7.1 
. . + 

argue for the assignment (11/2) . 

The 1581.6 keVE1 transition to the 9/2- leyel at 1326.9 keY 

limit the spin and parity of the 2908.5 keY level to (7/2, 9/2, 11/2)+ 
. . 

which is consistent with other transitions from this level and the 

log ft value of 6.6. 

The parity of the level at 2978.4 keY is established as even by 

the 1262.6keV El transition to the odd parity level at 1'715.8 keY. The 

spin can pe limited to (5/2, 7/2, 9/2, 11/2). The strength of the 

1217.2 keY transition to the (13/2)+ level at 1417.9 keY coupled with 

weak evidence of the 1217.2 keY multipolarity as Ml + E2 argue strongly 

. + 
fora (9/2, 11/2) assigrunent. 

\ 

The log ft of 6.4 and other transitions 

from this level are consistent with these assignments. 

h. Levels at 2654.2, 2836.0, 3072.8, and 3251.9 keY 

The level at 2654.2 keY was placed from our energy sum-difference 

data for the three transitions of 2654.4, 2109.5, and 1478.9 keY. 

Allowin~ M2 and E3 transitions, tentative spin and parity assignments ,of 

(5/2±, 7/2+) are suggested for this level. 

The level at 2836.0 keY was established from the 1074.8 keY -

239.2 keY y-y coincidence relation. The spin and multipolarity remain 

( - + + +) undetermined but the probable assignments of 7/2,9/2-,11/2-,13/2 can 
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be made based on the gamma~ray branching to the 7/2- and (13/2)+ levels 

at 1326.9 and 1761.1 keY. 

The level at 3072.8 keY was established from energy sum-difference 

relations. Transitions to the 5/2- level at 545.0 keY and the (13/2)+ 

level at 1761.1 ke V coupled with the log ft of 7.3 argue weakly for 

tentative assignments of (7/2-, 9/2±, 11/2+) for this level. 

A tentative level was placed at 3251.9 keY from energy sum-

difference relations. The 939.5 and 415.8 keY transitions were observed 

with the mass separated source but not in mixed astatine sources 

indicating the weakness of the transitions involved. Our log ft ~ 7.1 

limit was set assuming that no feeding of this level occurred from 

higher-lying states. We can not make a definite spin or parity assign-

+ + + + 
ment for this level although (7/2-,9/2-,11/2-,13/2-) are likely 

estimates. 
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F. Electron-Capture Decay Rates·· (log· ft values ~ 

The 209At electron~capture branching ratios to the various 209po 

levels were estimated in our work from the total transition intensity 

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

internal conversion. For decay energies::::' 700 keY, the expanded version 

of the nomogram of MoszkoWSki 58 ,22) was used and for decay energies of 

~ 700 keVthe method discussed by Konopinski and Rose 59 ) for allowed 

transitions was employed. This method is discussed in detail in 

A i 60) ppend x B. The Q-value was taken for the electI'cm-capt1..U'e decay as 

Q = 3485±15 ke.V and the half-life was taken as 5.5 hOUTS. The EC . 

transition intensities were corrected for fI'actional decay by K-capture 

using the·graphs in the ref. 22). 
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G. 209po Level Structure in Comparison ivi th Levels of 207 Pb and 210po 

207 . . The low-lying states of Pb are determined by the odd neutron 

210 and of. Po by the 83rd and 84th protons. It is. of interest to compare 

the experimental and theoretical level structure of 209po with the 

. 9) 207 210 experlmental levels of Pb and Po. The comparison can be used to 

209 . qualitatively describe the low-lying levels of Po in terms of neutron 

(hole or particle) states and neutron states weakly coupled to the two-

209 . 
proton states. A shell m9del calculation for Po by Baldridge, Freed 

and Gibbons 83 ) using a semirealistic core polarization84 ) approach can 

serve as a guide in making the comparisons. They have calculated the 

209 level spectrum of Po up to 1910 keV using a non-local Tabakin inter-

action plus pairing forces (PO' P2 , and P4 ) which simulate the core 

polarization. 

To make the comparisons we discuss the 209po level structure in 

two sections using the experimental results and the tneoreti.cal calculation 

to group the states according to their dominant configuration. 

1. Neutron-Hole and Neutron-Particle States 

We have plotted in fig. 80 the experimentally9) observed states 

of 207Pb due to the odd neutron and four of these states in 209po as 

calculated by Baldridge, Freed and Gibbons 83 ). Also shown are five 

experimental states of 209po which we believe to correspond to states 

arising predominately from the odd neutron as in 207pb. 

The correspondence for the first four levels is quite good and 

-1 -1 -1 -1 209 
the 3Pl/2' 2f5/2' 3P3/2' and li13/2 neutron-hole states in Po are thus 

believed identified. The theoretical wavefunctions83 ) for the 3P~~2' 
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Fig. 80. Comparison of the experimental level structure of 209po 

(arising from the odd neutron) (b) with the experimental9 ) level 

scheme of 207pb (a) and with ~ shell model calculation83 ) (c). 
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-1 -1 
2f5/2' and li13/2 neutron st~tes had amplitudes a. ~ 0.94 for these 

]. 

neutron components. -1 
The 3P3/2 state was not as pure (with a P3/2 

amplitude of only 0.863) because of configuration mixing with other 

near-by 3/2- stat.es arising from the coupling of the neutron-hole states 

with the two-proton states coupled to other than zero. The main con­

tributo.r is the configuration [1T(ho/22 ) + v(p~1/2)] at 1181 keY as 
7 2 3/2 

discussed in section VG2. Our experimental log ft values involving these 

four levels are relatively high (~8.3) and are consistent with these 

neutron-hole states assignments. + The 9/2 level was not calculated 

theoretically but we can argue for its identification as the dominant 

2g
9

/ 2 neutron-particle state from our experimental observations. The 

ground state of 209At presumably has the configuration 

[1T(h
9

72) _ V(f5~2) +] and in the electron:-'capture decay a Ih9/2 
9/2 0 9/2 

proton would undergo the transition to a neutron. Transitions from the 

odd-even (neutron) nucleus 209At to the even-odd (neutron) nucleus 209po 

should favor population of single neutron states (or states with such 

large components) where the transition is not hindered. Transitions to 

the four neutron states previously discussed would be of the type 

EC 
1T(lh9/ 2 ) --l> V( 3Pl/2)' or V(2f5/ 2 ), or V(3Pl/2)' or V(li13/ 2 ). These 

transitions are hindered because of the relatively large ~t or ~j changes 

+ 
involved and our values of log ft support this. The log ft for the 9/2 

level is low (log ft = 6.15) indicating an unhindered transition. It is 
. + 

reasonable to identify this level with spin and parity of 9/2 as the 

dominant 2g
9

/ 2 neutron state where the transition 1T(lh
9

/ 2 ) ~> V(2g9/~) 

would be of the first-forbidden type and relatively unhindered. A 
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similar log ft value has been observed in the decay of 210At to 210po 

and explained in section IV as due to the same transition. The 9/2+ 

level in 209po compared with the experimental 9/2+ level in 207Pb is 

depressed about 500 keY in energy. This could be due in part to con-
, + 

figuration mixing with other 9/2 states in the approximate same energy 

region as discussed further in section V I. 

In summary, we favor identifying the levels at 0.0, 545.0, 854.4, 

-1 -1 -1' -1 I 
1761.1 and 2312.2 keY as the 3Pl/2' 2f5/2' 3P3/2' li13/2 and 2g9/ 2 

neutron states, respectively. 

2. ComEarison with the Zero-Order Weak Coupling Model 

We will use the experimental levels of 207Pb and 210po to obtain 

zero-order estimates of the level energies for a series of odd parity 

stat~sof209po in the energy region:;;;:;; 2 MeV. A model for states in 

209po can be constructed by considering the couplings of neutron (hole 

or particle) states to the (h
9

/ 2 )2 two-proton configurations. For this 

model, we take the first three levels at 0, 570, and 898 keY in 207 Pb as 

-1 -1 -1 
the single neutron-hole states 3Pl/2' 2f5/ 2 , and 3P3/2' respectively, and 

states th,e 2+, 4+, 6+ and 8+ we consider the zero-order coupling of these 

'210 ' 
(two-proton) excited states of Po at 1181, 1427, 1473, and 1557 keY, 

respectively. The resulting band structure is shown in column (b) of 

fig. 81. The residual interactions between the neutron-hole and the 

two-protons, if included, would remove'the degeneracy of the coupled 

states. This zero-order model predicts nothing about the order of the 

states once the degeneracy is removed but,the density of levels at 2 MeV 

is predicted to be very high. 
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The experimental levels of 210Poare·shown in column (a) of 

fig. 81. Shown in column (e) are the levels from the theoretical cal .... 

culation of Baldridge, Freed and Gibbons 84 ),and in column (d) our 

experimental levels of 209po in this energy region. This simple model 

is in very good qualitative agreement with the level structure of the 

available experimental data and the more complex theoretical calculation 

which included configuration mixing. It seems probable that the 

1326.9, 

V(P~~2) 

1409.1, 1417.8, and 1522.0 keY have the dominant configurat~on 

+ + . + 
coupled tq the 2 , 4 , and 6 configurations of the 83rd and 

84th protons, each in the lh9/2 orbital. The level at 1715.8 keY 

assigned (7/2, 9/2)'" may belong to the states arising from the f5'}2 

+ neutron-hOle coupled to the 2 two-proton state. Finally the (7/2)-

"",1 
level at 1991.2 keY may be one of the f5/2 neutron-hole states coupled 

to the 4+, 6+, or 8+ two-proton configurations; however, the possibility 

that this state may have a large amplitude of the single-hole config­

uration V(2f7~2) due to configuration mixing can not be excluded. In any 

event this level, and others occuring higher in energy, should be very 

highly mixed due to the many different configurations possible from such 

an odd A nucleus. 
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H. Comparison with the Weak Coupling Model 

The description of the 11 - 210 and 13 states of Po at approx-

imately 4.3 MeV by Blomqvist ~ al. 33) in terms of weak particle-core 

coupling has met with limited success. Briefly, the two levels were 

+ treated as the weak coupling of the 8 two-proton configuration with the 

- . - 208 . 3 and 5 Pb core states. In section lID a formalism was extended to 

estimate level energies of 209po by including the coupling of the odd 

-+ 
neutron with angular momentum j to the two-proton angular momenta 

n 

0
1 

and 1
2

) coupled to an angular momentum (j l J
2

)J. We assumed that the 

proton-proton interaction could be approximated from experimental data 

on the levels of 210po and the neutron hole-proton interaction from 

available experimental data on the levels of 208Bi in the following way. 

We defined the mass (or energy) of a state in 209po with angular 

-+ I 209 momentum I as M ( Po). (The mass of MI(~) of excited states of 

-+ A 
angular momentum· I of a nucleus X includes the ground state mas.5. plUS 

the energy of the excited state.) Recoupling of two~proton angular 

-+ -+ momenta jl and j2 in terms of RacM coefficients lead to the following 

expression to estimate the mass of 209po . 

I 209 (jlj2)J 210 jn 207 0+ (208pb ) 
M ( p~) = M (Po) + M ( Pb) - M 

+L: 
J' 

(105) 



. --

where 

-+ -+ -+ 
I =J + j 

n 
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'-+ -+ -+ 
J = j + j . 1 2 

. -+ -+ -+ 
and J' = j + j 

1 n 
(106 ) 

We have defined the term representing the neutron hole~proton inter­

action in terms of experimental masses of 208Bi ,.· 209Bi , 208pb and 207 Pb 

as 

(107) 

For the evaluation of eq. (105), we used the tables of ground­

state masses of Wapstra and Gove73 ), and the experimental level energies 

d· . ". t f 207p'b 208B··· d 209Bo d d b N' 1 an sp~n ass~gnmen s . or " 1 an l. recommen e y uc ear 

Data9 ). These values have been given in fig. 4 and Table 7 for 207Pb 

and 209Bi while Tab1e 20 shows the values used for 208Bi • The results 

of the calculation are shown in column (c) of fig. 81 and in Table 2l. 

The agreement of this weak coupling calculation with the experimental 

results is quantitatively very good up to 1552 keV.The correct order of 

the V(P~~2)couPlingS to the 4+ and 6+ two-proton configurations is 

predicted. (Our previous zero-order calculation could not predict the 

ordering as the states were degenerate.) An apparent discrepancy of the 

first 3/2- state in columns (c) and (d) seems to exist. However,the 

weak coupling calculation did not allow for any configuration mixing with 

the nearby (-- 150 keV) (7T(h9~2) + V(P~~2)) . _ state. Configuration 
2 3/2 

mixing of the two 3/2- sta.tes would lower the energy of the first 3/2""" 

state into better agreement with the experimental value; The effect of 
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Table 20. Spin, parity, and energy assignments9 ) used for 208Bi states. 

Spin and Parity 

J7f 

(6)+ 

(4)+ 

(5)+ 

(3)+ 

(7)+ 

(2)+ 

(5 )+ 

(4)+ 

(3)+ 

(6)+ 

Energy 

keY 

0.0 

63.5 

510.3 

602.3 

629 

634.4 

650.1 

925.6 

887 

960 

1070 

1096 

Configuration 

'TT(lh9l2 ) \)(2'f;~2) 

7f(lh9/ 2 ) \)(3P;~2) 
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.. 209 . 
Table 21. Energy levels of . Po calculated with the weak coupling model. 

Spin and Parity Energy a Spin and Parity Energy a 

J1T keY JTf keV 

(0+ 1/2-) 1/2- 0 (4+ 5/2-) 3/2- 2068 

(0+ 5/2-) 5/2- 633 (4+ 5/2-) 5/2- 2126 

(0+ 3/2-) 3/2- 1052 (4+ 5/2-)7/2- 2150 
(4+ 5/2-) 9/2":"" 2028 

+-(2 1/2 ) 5/2- 1169 (4+ 5/2-) lli2- 2092 
+ - -(2 1/2 ) 3/2 1200 (4+ 5/2-) 13/2- 1999 

(4+ 1/2-) 9/2- 1385 
(4 + 1/2-) 7/2- 1458 (6+ 5/2~)7/2- 2173 
(6+ 1/2-) 13/2- 1435 + - .-(6 5/2) 9/2 2284 

(6+ 1/2-) 11/2 1518 (6+ 5/2-) 11/2- 2153 
(8+ 1/2-) 17/2- 1496 (6+ 5/2-) 13/2- 2141 

(8+ 1/2-:) 15/2- 1614 (6+ 5/2-) 15/2- 2117 
(6+ 5/2-) 17/2- 2058 

(2+ 5/2--) 1/2- 1794 
(2+ 5/2-) 3/2- 1692 (8+ 5/2-) 11/2- 2444 

(2+ 5/2-) 5/2- 1946 (8+ 5/2-) 13/2~ 2303 

(2+ 5/2-) 7/2-. 1866 (8+ 5/2-) 15/2- 2150 
(2+ 5/2-) 9/2- 1744 (8+ 5/2-) 17/2- 2181 

(8+ 5/2-) 19/2- 2100 

(2+ 3/2-) 1/2- 2088 (8+ 5/2-) 21/2- 2181 

(2+ 3/2-) 3/2- 2204 

(2+ 3/2-) 5/2- 2341 

(2+ 3/2'-) 7/2- 2203 

a
Th 

. 209 .. 
e ground state mass of Po was subtracted from all values calculated 

with Eq. (105) in order to give the ground state energy as 0.0 keV. 
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configuration mixing on the 3/2- states, as well as others, can be 

observed from the theoretica183 ) level structure of column (e) which 

included mixing. Perhaps the good agreement of the remaining levels in 

column (c) with (d) is indicative of the purity of the states and is 

proof that the weak coupling model is a very good approximation for 

explaining the low-lying nuclear structure of this nucleus. 

It should be noted that this weak coupling calculation depends 

strongly and rather sensitively on the level energies and spin asaign-

t t th 1 . 1 208B·· men s 0 0 er nuc e1, name y, 1. Perhaps a further consistency of 

data in the lead region can be tested with this weak coupling approach 

as more detailed data becomes available for other nuclei, and hopefully 

the lower-lying states predicted for nuclei for which detailed spectro-

scopic information does not exist. 
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I. Final Remarks 

With the present data not much can be said with certainty: of the 

remaining levels in the energy region greater than 2.3 MeV. However, 

we note the rather. low values of log ft to several of the even parity 

states at approximately 2.8;"3.0 MeV which are fed directly in the' decay. 

Applying the zero-order weak coupling model to 209po in this energy 

region,a. high density of levels at 3 MeV was predicted. In particular, 

even parity states of spins 3/2-23/2, two each except for 3/2 and 23/2, 

are expected due to the configurations (1T(h9/ 2 i13/2)v(P~~2)) + (A com"" 
J 

, f th 2l0p f' t' (h ' ) d' d ' t' parlson 0 e 0 con 19ura lons 1T 9/2 l13/2 _ lscusse In sec lon 
J 

i 
IV provided the energy estimate as 3 MeV.) Population by electron-

capture of any "pure" state in 209po of the above configuration requires 
. ... EC . 

the transition 1T(h
9

/ 2 ) --;:. v(Pl/2) and should be relatively hindered 

because of the large change in orbital angular momentum (1::.£ = 4). 
. .. + 

However, configuration mixing of the two 9/2 states with the config-

uration (1T(h9~2) + v(g9/2) . +) .. + would allow an unhindered decay 
o 9/2 9/2 

through this admixed component. The transition would be via a first-

EC forbidden decay of the type 1T(lh
9

/ 2 ) --:> V(2g
9

/ 2 ) which is also 
. + 

believed to be mainly responsible for decay to the 9/2 level at 

23l2.2keV . 

. Unhindered electron-capture decay could also populate states in 

the 3 MeV energy region with small components of the type 

3 -1) ( -1 ) 208 1T(h s v p due to nroton excitations of the' Pb core. 9/2 1/2 1/2 ,j;; 

(States 

in 2l0po at 3.8 MeV of the configuration 1T(h
9

72 S~/'2)vCP1/2) were 

believed responsible for the low values of log ft·in the decay of 2l0At 
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in section IV.) The 7/2+, 9/2+, 11/2+ states of 209po due to the con­

figurations Tf(h972 s~~2)\)(P~~2) are predicted with a zero-order weak 

coupling model at an energy of '" 3.8 MeV which is greater than the dec~ 

( ) 209 energy 3.5 MeV of Po. Such states would not be directly populated 

in the electron-capture dec~ and this might explain why no higher-lying 

le"ITels of 209po were observed as directly fed with any appreciable 

strength in the decay. However, configuration mixing with lower-lying 

+ + + 
7/2 , 9/2 ,11/2 states would provide a second component to be populated 

in the decay via a first-forbidden transition of the type 

'TT(3s l / 2 )' ~> V( 3Pl/2)' 

-1 
In summary the 3Pl/2' 

-1 -1 -1 1 
2f5/2' 3P3/2' li13/2 and 2g

9/ 2 states in 

209po arising from the odd-neutron have been identified. The effect of 

. 207 83rd and 84th protons on these states, when compared to Pb, was to 

depress the energy of the 2g
9

/2 neutron-particle state by 500 keV. This 

is probably due to configuration mixing with other 9/2+ states which 

occur in the. same energy region. -1 -1 
The energies of the 3Pl / 2 , 2f

5
/ 2 , and 

-1 
li

13
/ 2 neutron-hole states were not.altered appreciably from those 

observed in 207pb and these results were summarized in fig. 80. Odd 

parity states due to the weak coupling of the two-proton configurations 

'TT(h
9

/ 2 )2 with the V(P~~2) neutron-hole also have been identified. A 

weak coupling model was found to describe the 209po level structure for 

energies of less than 2 MeV with the exception of one serious discrepancy 

in the energy of the V(P3~2) neutron-hole state. This discrepancy 

between experiment and theory was removed in a detailed shell model 

calculation83 ) with configuration mixing which was not included in our 
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weak coupling calculation. The experimental, weak coupling model, and 

shell model level structure in the energy region of less than 2.3 MeV 

are summarized in fig. 81 where the agreement was found to be very good. 

The absence in our study of a series of odd parity states of the 

configuration 7T(h9/ 2 f7/2)\)(P~~2) (which a zero-order weak coupling 

model predicts at 2.4 MeV) does not alter our conclusions about the 

validity of weak coupling to describe the 209po level structure. Direct 

decay of 209At to these "pure" states would be hindered in the same w~ 

as direct dec~ of 210At to configurations in 210po of tb-e type 

7T(h
9 / 2 f7/2)\)(Pl~2) where values of log ft were observed to be ;;;.. 8 (see 

section IV). No odd parity states exist in the immedi.ate eri.ergy region 

for configuration mixing which could allow an unhindered decay. Thus 

these states in 209p~ should be populated only by gamma de.c~ of higher 

lying levels. The fact that 78% of the decay "bypasses" these states by 

populating the lower-lying 9/2+ level at 2.3 MeV could explain the 

absence of these levels in our decay scheme. The 208Bi(a,t)209po 

reaction, if possible, should populate such states and would help confirm 

or refute the weak coupling model at energies greater than 2.3 MeV, even 

though the density of levels expected is very high. 

209 209 The study of Po through the electron-capture decay of At 

has revealed only a limited number of states. All of the states due to 

the 2f'5J2 and 3P3~2 neutron-holes coupled to the configurations 7T(h9~) + 
J 

have not been observed. These and many other states not populated in the 

beta decay could be populated and studied by different reactions. In 

particular, further 208Pb (a,3n) studies and possibly a high resolution 
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208Bi (a,t) or 208Bi (3He ,d) reaction study would be very informative. It 

is now known85 ) that the 2l0po(p,d)209po has been investigated and the 

data are being analyzed. The results of this reaction study should be 

most interesting as the weak coupling model can be further tested. 

States of the configuration [(n(h9!2) + V(P~~2)] should be populated 
J J 

very weakly, (only through small admixtures) compared to the neutron-

hole states. 
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APPENDIX A 

GAMMA-RAY TRANSITION PROBABILITIES 

The transition probability for gamma-ray transitions within a 

nucleus has been formulated by several authorsl ,2,3,4). We shall outline 

the methods for calculation of Ml and E2 transition rates for the one and 

two proton models after a general formalism. El, M2, and E3 transition 

rates will not be considered. The transition probability T(E(t)1M; J i + J f ) 

(in units of [sec]-l) for the emission of a given gamma radiation of 

multipoletype E(t) (e.g. Ml or E2) carrying off orbital angular momentum 

L (with projection M) for a nucleus going from some initial excited 

+ + 
state J i to some final state J f is given by 

(

E (MeV) )2L+l 8n (L + 1) 1 Y . 
T ( E ( t ) 1M; J

l
· + J f ) = ~~~---=-.!.....-""""2· h 197 . 3 B (E ( t ) 1M; J. + 

L[(2L + l)!!] l 

where B(E(T)1M; J i + J
f

), the reduced transition probability, is defined 

by 

B(E(t)1M; J i + J f ) = ~ 1 (J~fI6~(E(t))IJiMi) 12 

MM
f 

(2) 

TheWigner-Eckart theorem3 ) Can be applied to eq. (2) to remove 

the M dependence. Using the (double-bar) reduced matrix element as 

defined in ref. 3), eq. (2) can b~ rewritten as the square of a reduced 

matrix element. 



B(E(t)L; J
i 

+J
f

) = ~ 
MMf' 

= 
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1 / (J II OL (E ( t ) II J. ) /2 
2J. + 1 l' . 1 

1 

"L The multipole operator 0M(E(t» in eq. (3) has different forms 

for electric and magnetic transitions .. It is.assumed that it can be 

written as a sum of single particle operators involving the coordinates 

of each nucleon p, i.e., 

summed over all p particles involved in the transition. The In§!:gnetic 

mul tipole operators O~(Ml) have the generalforml ) 

eh L [ + = -2m g (p)s + c sp 
p p 

2g~(p) 

L + 1. 

(4) 

;p + ~g!(~) \] .. V r~ ~Wp) 
(5) 

L where YM(r.l ) are spherical harmonics and r is the ra.dialcoordinate of . p . p 

the particle p which is assumed to have the orbital angular momentum 1; . p 
+ + 

and spin s coupled to a total angular momentum J. The factors g~ and 
p . p 

gs are the g factors for the free-proton (or neutron). The second form 
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-+ 
of eq. (5) was obtained from the relation t 

p 
-+ = J p - s p 

The Ml operators 

are rather complicated functions with different forms for the various 

M components. As an example the magnetic dipole operator has the form 

2· 
for the M = 0 component ) 

eh 
2mc 

p 
~ gs(p) sz +g~(p) ~z 
p 

However, to calculate thega.m:ina-ray transition probabilities, reduced 

matrix elements of these operators are needed and the explicit forms 

(6) 

for all components will not be considered further. The reduced matrix 

elements for the Ml and E2 operators will be defined later. (See eq. (10), 

eq. (11), eq. (23), Eq. (25), and eq. (26).) 

The electric multipole operator has the form 

L L 
e r YMW ) 

P P 
p 

The operator for E2 transitions has the form for the M components. 

2 2(n' e r YM.G I 
P P 

(8) 

Having given the forms for the roul tipole operators, the transition 

probabilities of eq.(l) (in units of [secrl ) can be rewritten in terms 

of the evaluated constants, the transition energy E , and reduced .. y 

transi tion probabilities asl ) 
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T(El) = 1.59 1015 .E3 . B(El) 
Y 

T(E2) = 1.22 109 E5 B(E2) y 

T(E3) = 5.67 102 E7 B(E3) y 

T(E4) = 1.69 · 10-4 . E9 . B(E4) 
y 

T(Ml) = 1.76 · 1013 .. E3 
y 

B(Ml) 

T(M2) = 1.35 107 E5 . B(M2) y 

T(M3) = 6.28 · 100 • E7 . B(M3) y 

T(M4) 1.87 -6 . 9 B(M4) = · 10 . E . 
Y 

The units of the quantities in eq. (9) are Ey in (MeV),B(EI..) in e
2 

[fm]2L,and B(ML) in (~hc)2 [fm]2(L-l). 
p 

I. SINGLE-PARTICLE MODEL 

This model applies to an odd A nucleus in which the odd nuc,leon 

is assumed to undergo the transition from a state of initial angular 

momentum 1i to a final state jf as the nucleus emits a gamma-ray. In 

+ 
this model the angular momentum of the nucleus J is assumed to be the same 

as the angular momentum of the nucleon undergoing the transition. If the 

initial and final states of the nucleus involved. in the transition are 

pure single-particle states, the expressions for the reduced transition 
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probabilities can be simplified to terms involving a Clebsch-Gordon 

coefficient and a matrix element of radial wavefunctions. For the 

j -+ -+ 
special case of f = J i + L, the magnetic reduced transition probability 

1 3 of eq. (3) takes the form ' ) 

B (ML; J. -+ J =L+J.)= (~c) (gs 
2 ) 2 {2L + l~ 

s.p. 1. f 1. L + 1 gRo L 4Tf p 

[J; L 
J r [fm]2(L-l) { 1< JflrL-llJ

i 
>1

2 
(10) 

0 2 

with the selection rule 1:f = 1:
i 

+ L - 1. The Clebsch-Gordon coefficient 

[
J i L J i ] in eq. (10) has the phase convention of ref. 3). 

2" 0 2' -+ -+ 
~f the more general restriction IJf - Jil < L for magnetic 

transitions is allowed, a more complex expression (but of the same form 

as eq. (10) results with the additional selection rule3 )) that 

-+ -+ -+ 
Ro

i 
- Ro f + L - 1 must be even. The det.ailed expression of the reduced 

transition probability for this case is given in ref. 1) and ref. 3) (in 

full half-page gloryl). The reduced transition probabiltiy for single-

particle electric multipole transitions is 

B (EL; J. -+ J
f

) s .p. 1. . 

2 [J. 
L. (2L + 1) 1. = 4Tf .. 1 

2 
(11 ) 

-+ -+ -+ 3 
with the selection rule that Ro

i 
+ L - Ro

f 
must be even ). 

The transition probabilities of eq. (9) may be calculated in 

terms of eq. (10) and eq. (11) once the radial matrix elements 



-265-

L 
( J fir IJ

i
) have been determined .. The radial wavefunctl.ons needed to 

compute the matrix elements may be obtained from various potentials. It 

should be noted that the calculations of the Ml transition rates is 
.. . 

trivial as the matrix elements are unity. A partial list of computed 

matrix elements near closed shells is . given in ref. 1) fora Woods-Saxon 

potential. These allow evaluation of matrix elements for most E2 

transitions. Hence Ml andE2 transitions probabilities for odd A nuclei 

maybe calculated relatively simply within the framework of the single-

particle model. 

In order to standardize the comparison of transition rates for 

different nuclei, the Weisskopf single-particle estimates are often 

employed. These estimates involve some further approximations 2 ,4) of 

eg. (10) and eg. (11) which rem9ve the model dependence for the cal-

culation of radial matrix elements. There are four additional basic 

assumptions made over the previous formalism. The radial wave function 

for both the initial and final states is assumed constant throughout the 

nucleus (for r < R) and to vanish outside (for r > R). This leads to 

the two approximations 

3R 
L + 3 

(12 ) 

where the nuclear radius is taken as 

R = 1.2 Al/3 Ifm) 

-+- -+-
Third, the transit.ion is assumed to go from an initial state J. = L + 1/2 

]. 
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-+ 
to a final (lsl/2) state with J f = 1/2. This fixes the Clebsch-Gordon 

coefficients as unity. Finally for ML transitions the following 

approximation is made 

2 ( 2gQ, ) 
L . gs - L + 1 = 10 (14) 

These four approximations give the Weisskopf estimates4) for the. reduced 

transition probabilities. Replacing the appropriate quantities in eq. 

(10) and eq. (11) we obtain 

~(ML) 
10 (1.2)2(L-l} A2(L-l)/3 (~S [fm]2(L-l) (15) = 

.'TT 

B (l<.;:L) 
(1. 2~2L (L ~ 3Y 

A2L/3 2 [fm]2L = 
4'TT 

e 
W 

The units of eq. (15) are referred to as Weisskopf units. 

II. TWO-PROTON MODEL 

This model calculates for even-even nuclei the gamma-ray 

transition probabilities between states which are composed of mixed 

configurations of two identical nucleons. Consider a pure state formed 

from two protons of angular momenta 
-+ -+ 
jl = a and j2 = b coupled together 

-+ . -+.-+-+ 
to the angular momenta J (i.e. a + b = J). The two-particle wavefunction 

ljJ = la(ab)JM) for such a state must be properly antisymmetrized which is 

denoted by the curved ket I 
function can be written as 3 ) 

). Explicitly the pure two-particle wave-
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where the normalization factor i~s 

(17) 

We have used in eq. (16) the notation a(l) to represent the particle of 

angular momentum J
l 

located at the radial position r l . Any additional 

quantum numbers needed to specify the states are represented by a. Since 

'IT states of the same J can configuration mix, the actual wavefunction of 

a state will bea linear combination of two-particle states of the same 

'IT (ab)J . The wavefunction, for an initial state (with C b(a.) representing a ~ . 

the amplitudes of various two~particle components) can be written in 

terms of.two-particle antisymmetrized components as 

laJ.M.)= ~ cb,(a.)laab;J.M.) ~ ~ ~a ~. ~ ~ (18) 

(ab) 

where the summation is only over allowed two-particle configurations not 

prohibited'by the Pauli principle. 

Consider the gamma transition between an initial state laJ .M. ) and 
~ ~ 

a final state la I JfMf ). Only angular momentum (coordin~tes or) quantum 

numbers can change in the emission of a gamma-ray. Two nucleons in the 

initial state with the spatial coordinates a(l) and b(2) will have the 

same spatial coordinates in the final state but may have different values 

of angular momenta c(l) and d(2). This allows single-particle 

transitions of the typea(l) -+cCl) and/or b(2) -+ d(2). The reduced 
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matrix element of eq. (3) can be computed using the form of eq. (18) for 

the wavefunction of the initial and final states. 

B(E(t)L; 3J.' ~ 3
f

) = 1 I 
23. + 1 J. 

1: 
(abcd) 

1 
= ---~-23. + 1 J. 

[ 1: cab(ai ) ccd(af} NabNcd [(a~ c(1)d(2); 3 f ll6L
Uai a(1)b(2); 3i ) 

(abed) 

a+b-3 
-(-) i (a£. c(1)d(2); 3

f
lloL ila

i 
b(1)a(2); J

i 
} 

(19 ) 

Equation (19) can be simplified by recoupling the angular momenta of the 

two particles. The two-particle bra and ket vectors of the fourth term 

when recoupled have the following relationships: 

la. b(1)a(2); J.M. > J. . J. J. 

d+c-Jf 
= (-) la~ c(2)d(1); J~f } 

(20) 
b+a-J. 

= (-) J. la. a(2)b(1); JiM. > J. J. 

Replacing these forms in the vectors of the fourth term shows that the 

first term and fourth term are identical (because the double intergrations 

involved in the matrix elements are over dummy parameters 
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+ + 
dx

l 
dx

2 
... ) and the phase factor vanishes). 

Hence the first and fourth terms maybe cO.mbined into' a single term equal 

to' twice the first. The same method may be used to combine the secO.nd 

and third terms. The result is that eq. (19) can be rewritten as the 

first two terms with an additional factor of two. 

1 
B (E ( t )L; J

l
· -+ J

f
) = ~....;;;;..-

2J. + 1 
l 

[2: 
(ab) 
(cd) 

a+b-J. ]2 
_(_) l (O:f'c(1)d(2); J

f
Il6L UO:,b(1)a(2); J.) l 

l 2· 

(21 ) 

To evaluate the reduced two-particle matrix elements of eq. (21), we use 

AL 
the fact that 0 is a sum of (two) O.perators each involving only the 

spatial coordinates of r
l 

(or (1)) and r
2 

(or (2)). This allows eq. (21) 

to be rewritten in terms of two single-particle reduced matrix elements. 

We use the assumption that the spatial coordinates of a(l) and c(l) are 

the same but different than those of b(2) and d(2) (Le. the allowed 

transitions are a(l) + c(l) and/or b(2) + d(2)). Consider only the 

first term of eq. (21). The two-parti cle reduced matrix· element may be 

rewritten in terms of two single-particle reduced matrix elements3 ,5). 
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a-c+J -J 
= 0db (-) f i 1(2Jr + 1)(2Ji + 1) W(baJfL; Jic) (ai-c(1)1I0L(1)lla i a(1» 

The second term of eq. (21) may be evaluated by simply replacing a(l) with 

bel) and b(2) with a(2) in eq. (22). We note that the form of eg. (22) 

requires that only ~ particle contribute to the transition. As an 

example, consider the transition a(l) -+ bel) which is represented by the 

first term of eq. (22). The delta function 0db requires that b(2) = d(2), 

but if a(l) -+ b(l) :f:. a(l.) the 2nd term vanishes. This is why only one 

particle can be involved in the gamma-ray transition. All quantities 

necessary to evaluate eg. (21) have been defined in this model except 

for the single-particle reduced matrix elements of the multipole operators 

in eq. (22). The single-particle matrix elements have been defined in a 

paper by True and Fora6) for Ml and E2 transitions. Reduced matrix 

elements of the Ml operators are generally divided into two groups which 

are either diagonal or nondiagonal in the single-particle angular 

momentum. Explicitly. the diagonal Ml single-particle reduced matrix 

elements are given by5,6) 

( (n JI.. 1/2)cIlOM
l

(Ml)II (n JI.. 1/2)a > = ~'IT la(a + 1)(28,+ 1) g ~ ° c c a a WIT a 2m c ac 
p 
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where g is the g factorfortflestate (R, 1/2)j . The value of g can a a a a 

be obtained from the ' relation for the magnetic moment t and the total 
" 

-+ 
angular momentum j " a 

g. == g 
J a a 

17: 1 
= ..l.I:!.L..-

11a l 

For calculations g is obtained from eq. (24) with the experimental a . 

(24) 

value of the magnetic moment (in units of nucleon magnetons) which has 

been measured for many single-particles states. However, the Schmidt 

values are used if the appropriate moment has not been measured. 

The off-diagonal Ml single"-particle reduced matrix elements have 

5 6 the form' ) 

( en R, 1/2) c II 31 (Ml ) II (n R, 1/2) a ) 
c c' M a a 

with the additional selection rule 

15 (1 ;.,. 15 ) 
n n ac 

a c 

11 - j 1<1. 
a c' 

The single-particle 

reduced matrix elements for the E2 operator are given in terms of a 

Clebsch-Gordon coefficient and radial matrix in a form similar to eq. 

2 2 
' '1 ,R, +R, 

1 < c 1 ria ) I' ;:; [1 +( .. ) a c] (26) 
c. ' 
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+ + 
with the additional selection rule!j - j ! ~ 2. All values necessary a c 

to evaluate the transition probability of eq. (1) or eq. (9) for Ml and 

E2 transitions have been defined within this two proton model. The 

modification of this treatment necessary for the odd-odd nuclei is 

straight forward. 
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APPENDIX B 

THEORETICAL LOG FT CALCULATIONS - ELECTRON-CAPTURE 

I . INTRODUCTION 

For 13-, 13+, or EC decay the nomogram method of Moszkowski
l

) or 

Verrall etal. 2 ) is generally used for rapid calculations of log ft 

value£ once the ( .)part. experimental partial half-lives t l / 2 for 
expt. 

the levels populated in the dec~ have been determined. These nomograms 

are also reproduced in an expanded version in the T.able of Isotopes 3 ). 

However, when the decay energy Qd is less than about 300 keV (for Z N 85), 

the nomogram method fails to give the correct values of log ft due to the 

neglect of the electron binding energy BE(X) (of the daughter nucleus) in 

the expressions used in the original calculations for f. It has been 

noted5) that log ft v-alues obtained from the nomograms for first-forbidden 

-+ 
nonunique transitions (!:J.J = 0, 1 yes) often show deviations of 30% from 

+ those calculated theoretically for S decay (which were then corrected 

with the K/S+ ratio to obtain the value off for electron-capture). 

Presented below are a series of formulas which take into account the 

electron binding energy corrections. These formulas were used for cal-

culation of the log ft values in this work. This rrrethod gives the same 

results (for Z = 85) as the nomogram method 'for Q
d 
~ 400 keV and log ft 

values 0.1-0.8 units lower for BE(K) < Q
d 
~ 400 keV. 

II. METHOD 

Reproduced here are two equations from volume 2 of Siegbahn4) 

(chapter 2) which .allow the user to get from his text to the actual case 
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of doing a calculation. The formulation was written by Konopinski and 

4 
Rose ) and the interested reader should cons'ult the original article for 

details. 4 From the text) we have the following equations: 

27T 3 
= ·~n 2 --

2 
g 

(1)· (p. 1341 eq. (21)) 

and 

(2) (p. 1359 eq. (77A)) 

The total allowed decay rate by all allowed modes (e.g. K, L, M, ... 

+ 
capture) is defined as A-, 2 g is the coupling constant, and gK(R) is 

the large radial wavefunction for the electron evaluated at the nuclear 

radius.. The K-electron capture rate is given by AK and cq is the energy 

available for the neutrino. 

where the decay energy Q
d 

is defined as 

2 Qd = cq + BE(X) =Wo + me 

. The units c = h = m = 1 are used which implies 

q = Qd - BE(X) 

where the units of energy are in terms of· electron restniass (MeV) . 

(4) 
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We now assume that the approximation So =:!: .; for allowed 

transitions (6I = 0, 1 no) holds for 1st-forbidden electron-capture 

decays (i.e. SO,l ==' s). Substituting our approximation SO,l = S, we can 

combine eqs. (1) and (2) 

ft = 
R.n 2 7T 

=~ 2 
(6) 

All three values in eq. (6) may be obtained with reference to fig. 1 and 

the following methods: 

(b) q 

This is a dimensionless quantity obtained from fig. la 

for the Z (parent) of interest. 

This can be evaluated from eq. (5) where the decay energy 

Qd is obtained from the (Q-value) energy available for 

electron-capture decay QEC and the energy of the level 

En to which the decay proceeds in the daughter (units 
Nev 

of electron mass): 

This is the partial half-life if all decay went by K­

capture.This quantity is obtainable from the experimen­

tally determined partial half-life (t
l

/ 2 )part. thru use of 
expt. 

fig. Ib and the ratio of total electron-capture EC (total) 

to K-electrori capture EC(K) as follows: 

= (t ) part. 
1/2 . expt. 

EC(total) 
Ec(K) 

(8) 

where the total to K-capture rate is defined as 
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Fig. 1. (a) Large radial wavefunction gK(R) for the ls-electrons evaluated 

at the radius R 1). 

(b) Subshell ratios for electron capture3 ). 
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EC(K) + EC(L
l 

+ Lll + L
lll

) + EC(M+ N + ... ) 

EC(K) 

Using the approximation EC(L
lll

) ~ 0 (which is valid for allowed and 

approximately valid for first-forbidden nonunique transitions 3,5)), eq. (9) 

reduces to 

EC(M + N + 
Ec(L) 

(10) 

For allowed and first-forbidden nonunique transitions 3 ) 

where kl(Z) is given by fig. lb. The values for 

may be read directly from fig. lb also. Finally 

(11 ) 

EC(Lll ) EC(M + N + 
EC(L) and EC(L) 

1 . 
rewriting eq. (6) in 

teTms of eqs. (5), (8), (10), and (11) we arrive at the final expression 

used in our log ft calculations 

(12) 

In summary, eq. (12) allows the calculation of log ft values for 

... ) 

allowed or first-forbidden decays thru use of fig. 1 and eq. (7) once the 

'. 
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decay energy is known. ('lll:J.ebinding energies of the electrons and the 

+ . 3 K/S ratJ..os are tabulated in ref. .).) 

",. 
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APPENDIX· C 

DATA ACQUISITION SYSTEM 

ABS'rRACT 

The electronic systems used for Sand y-ray spectroscopy are 

described in the form of a user is mrumal •. The assembly and testing of 

singles and coincidence logic circuits utilizing a PDP-7 . cOmputer is 

discussed. 
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I. INTRODUCTION 

It is the purpose of this note to outline the types, and the use, 

of electronics and other hardware used in our laboratory at LBL in 

spectroscopy experiments in conjunction with a PDP-7 computer data 

acquisition system shown in fig. 1. This is intended to help ease the 

minds of future graduate students faster after their first introduction 

to the system and also serve as a guide in setting up the systems 

initially. The text is in the form of a user's manual, and if details 

1 2 345 are desired, one is referred to the available technical references ' , , , ) 

on which it is based. Singles and coincidence electronics and methods are 

discussed. The PDP-7 system has been well documented4,5,6 and no attempt 

is made here to expand on it. 

II. GAMMA-RAY "SINGLES" 

The electronics used with the PDP-7 computer system to collect 

experimental data is discussed with reference to fig. 2. 

A. Linear Amplifier (LRL model #11 x 5501-Pl) 

The amplifierl ) will accept by switch control either positive or 

negative preamp pulses and it contains a pole-zero' preamp compensation 

adjust screw. One sets the pole-zero compensation by bringing the output 

pulse overshoots or undershoots to the baseline with a scope set on a 

high gain. The final adjustment is best Iilade with a long-time constant 

on the oscilloscope. The unit has two outputs (1) slow: which has been 

optimumaly filtered, gaussian-shaped, and pole.,-zero compensated for 

pulse height analysis (2) fast: which has only differential shaping so 
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Fig . 1. The PDP-7 data acquistion system
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that all optimum timing information is still conta.ined in the signal. 

The input is internally terminated so that no terminator should be used. 

B. Pile-up Rejector and Slow-Rise Time Inspect (LRL model #11 x 5551-Pl) 

The slow output signal from the amplifier, used for pulse height 

analysis, passes thru the linear gate to the analyzer only when the pile-

up rej ector yroduces a valid output pulse which opens the linear gate 

(fig. 2). 
1 . 

The pile-up rejector) has two functions: (1) rejection of 

pulses whicl). occur too close in time (pile-up rejector); (2) rejection 

of "slow-rise" pulses, which result from slow, partial charge collection 

in the detector which occurs when a gamma-ray is absorbed just outside 

the active volume region. The pile-up rejector input is obtained from 

the fast output of the linear amplifier. 

The pile-up circuit rejects a pulse preceeded by another within 

a variable (5-30 ~sec, "inspect-time" knob) preset time (e.g. 25 llsec), 

or one which is followed by another within approximately 0.5 llsec. It 

has two adjustments; an input discriminator and a "inspect-time" setting. 

Set the discriminator just above the noise-level by triggering the scope 

on the discriminator output and observing the slow output of the linear 

amplifier. Set the "inspect-time" by setting the output (of the pin-

jack) to approximately 25 llsec time duration. 

The slow rise-time inspect m~ be switched in with a toggle 

switch and has three adjustments; an input discriminator (set it roughly 

to the same dial-setting as the input-discriminator on the pile-up 

inspect unit), a maximum rise-time adjustment, and dead-time setting. 

The maximum rise-time is adjusted in one of two ways: (1) with the 
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linear gate input gated by the valid output of the pile-up rejector, 

observe the output signal of the linear gate and decrease the maximum 

rise-time screw until the highest pulses (near saturation) disappear 

and then back the screw off one or two turns; (2) with the linear gate 

open but the delay in, observe the output while gating the scope on the 

dead-time pin-jack in the maximum rise-time section of the pile-up 

rejector (note: this pulse is negative). These pulses are the rejected 

pulses due to excessive rise-time. Decrease the maximum rise-time 

requirement screw until the highest pulses just start appearing with 

increasing intensity and then back off one or two turns. The dead-time 

adjustment for the slow rise-time inspect should normally be set at 

approximately 30 ~sec. 

When a pulse passes all tests imposed by the pile-up rejector 

unit, it emits a valid output logic pulse which opens the linear gate, 

allowing the energy signal (slow output of the amplifier) to pass. 

Finally if the external coincidence toggle switch on the pile-up 

rejector is engaged, an external signal, occuring at the same time as the-

valid output, is also required to produce a valid output to open the 

linear gate. The input signals to this unit should be terminated (125 n). 

C. Linear Gate (LRL model #11 x 55l0-Pl) 

In the trigger mode the linear gatel ) takes two inputs. The 

gate trigger signal (e.g. from the pile-up rejector) drives the gate 

trigger which then allows input pulses (e.g. from the slow output from 

the amplifier) to pass. There is also a special baseline restorer 

circuit in the linear gate to insure that modulation of pulse-heights due 
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to baseline errors are minimized. The final output of this unit has a 

variable width "chopper" so that the width of the output pulse to the 

analyzer can be varied in order to avoid an excessive pulse duration. 

The width should be adjusted to obtain approximately symmetrical pulses. 

Also, care must be taken to match the voltage pedestal in this unit. 

Set the pedestal by removing the (slow) input signal and allowing only 

the valid output pulses of the pile-up rejector to enter the trigger. 

Trigger the scope off the ~iscriminator output (pile-up rejector) while 

looking at the linear gate output On a high gain setting. Adjust the 

pedestal screw until the DC levels are matched. The unit also has the 

option of mixing multiple inputs and a fixed delay (1.5 \.Isec) switch 

that can be engaged. Thus this unit can also be used as a signal mixer 

and/or a linear delay box, whether or not used in the trigger mode. The 

delay is normally in when the Unit is used with the pile:-up rejector. 

Again all inputs to this unit should be terminated. 

D. ADC (LRL model #11 x 4680). 

The analogue-to-digital converter (ADe) used in all experiments 

was of the high speed successive binary approximation type and is 

described in detail in ref. 2) and was interfaced to the PDP-1 4,5). 

E. Conclusion 

Hopefully, study of fig. 2 and the sections on the electronic 

components will allow the "singles" experiment to be set up easily. 

Figure 3 is·a more detailed schematic drawing of the electronic components 

described above and is taken from ref. 1). 
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Fig. 3(b). Block diagram of the high-rate. linear amplification systeml ). 
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III. COINCIDENCE (MULTIPARAMETER) DATA SYSTEM 

A. Coincidence Logic Circuit 

If one knows how to set the energy part of the coincidence 

circuit in fig. 4 (see gamma-ray "singles" section for the amplifier, 

pile-up rejector, and linear gate), only the methods of setting the 

timing part of the circuit remain. With reference to fig. 4, the 

following procedures based on experience are outlined: 

(A) Set the gains of two of the four linear amplifiers to cover 

the range of pulse heights of interest. These will be used to extract 

the timing information, with the leading edge method,by taking their 

fast outputs. (In principle, pulse saturation should not matter since 

leading edge timing is used after the xlO amplifier.) Only two linear 

amplifiers are necessary but four make it unnecessary to readjust the 

timing circuit (except for the energy-walk compensator) when the energy 

range is changed. 

(B) * With no inputs to the xlO amplifiers, set the xlO amplifier 

DC level (output) slightly negative (or zero) so that the fast dis-

crlminator level can be adjusted just above the noise level. These xlO 

amplifiers take negative signals and a pulse inverter (e.g. EG& G model 

#IT100) must be used to connect the fast output of linear amplifier to 

the xlO amplifier. An impedence matcher (125 st -+ 50 st) is also used and 

no termination is needed on 50 st inputs to the xlO ampli,fier. 

* All fast circuits are 50 st and slow ones 125 st. All unused fast outputs 

on the discriminators and TAC, as well as the negative signal output of 

the TAC, must be terminated. 
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(c) With the output of the xlO amplifier: connected to the fast 

discriminator DC input (negative signal), the gated switch "on", and the 

attenuated switch = 1, set the fast discriminator level (10 turn pot) . , 

just above the noise level so that the slow rising pulses (low energy) 

are detected with a minimum of "walk". Set the discriminator leve1 by 

triggering the scope on the slow output of the fast discriminator while 

Jooking at the slow output of the linear amplifier. The discriminator 

level is very sensitive to the DC level setting on the xlO amplifier so 

if the fast dis criminator 'cannot be set low enough (i. e., down to the 

noise level before "zeroing-out" the pot), set the DC level more 

negative. The idea is to have some leeway for adjusting the discriminator 

pot for any slight noise or DC level variations during the course of an 

experiment. Put the delay board (e.g. 80 nsec) before the fast dis-

criminator to avoid any possible attenuation of the signal that m~ 

cause a failure in driving the STOP signal on the time-to-amplitude 

converter (TAC). The present output of the fast discriminator i.s "just!! 

enough to drive the EG and G TAC which requires input signals ~ 200 

mvolts. 

(D) Run the fast discriminators outputs to the START-STOP inputs 

of the TAC. The TAC START-STOP inputs are internally terminated. Check 

the system constructed so far by looking for the output signal of the 

START-STOP posts of the TAC with a source present (e.g. 22Na with 1800 

detector geometry). 

(E) Connect the valid STOP output of the TAC (negative signal) 

to a BNC del-a-gate (negative input). Take the positive del-a-gate output 
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and run to both pile-up rejectors (external coincidence input) and set 

the external coincidence switch "on" on both pile-up rejectors. Vary 
, . 

the del-a-gate settings so as to mak.e the signal time-coincident with 

the valid output signals of the pile-up rejectors. This external 

coincidence will reduce the vali:.d outputs of the pile""'lup rejectors to 

those pulses that are coincident in both @ and ® and have produced 

a valid' TAC signal. (0 and ® refer to detectors START = CD and 

STOP = ® .) Note however tJ:lat it is still possible for one pile-up 

rejector to not produce a valid output (due to pulse pile-up on one side) 

so that a further coincidence test of valid outputs of the pile-up 

rejectors still must be made. To do this final test connect the output 

signal from the pile-up rejectors to the slow coincidence unit. (This 

can be done by' connecting the valid output to the rear "trigger" input 
. . 

on the linear gate' (1) and then c'onnecting the front "trigg3r" input 

(now producing an output) to the slow coincidence input. Terminate 

only once and at the slow coincidence input.) 

(F) From the. linee,r gates (1), run the outputs to the rear 

inputs of the linear gates (2) and do not terminate. From the front of 

the ~ linear gate input posts, take the signals (gamma-ray energy 

pulses) arid run them to the START and STOP posts of the TAC walk com-

pensator (terminated). (By splitting the signal in this manner, the two 

coinCident (gamma) signals are available for energy analysis and for the 

logrithmic 'I'AC walk compensator inputs.) We shall require a further 

coincidence on the linear gates (2). 
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(G) Connect the output of the TAC to a linear (delay) gate (3) 

input (no trigger mode) in order to delay the TAC signal (if needed) 

which probably occurs before the energy signals at the output of the 

gates (1). Connect the output of this gate to the energy-walk com­

pensator "TAC" signal input. In the end, the TAC signal == T and the two 

energy signals == E(l) and E(2) must be coincident in time. 

(H) Connect the TAC walk compensator output to the linear gate 

(4) input. This signal, when gated, has the final coincidence logic, 

and also selects the "clean" portion of the time signal (by varying the 

delays and width of the "chopper") which contains the TAC and compensation 

signals mixed together. The output of this gate == T should occur at the 

same time as the energy signals at the outputs of gates (2), and be of 

approximately the same width (see fig. a). 

(1) Connect the slow coincidence output of section (E) to a dual 

delay gate unit. (This coincidence output occurs only for events for 

which neither y-ray was pile-up rejected.) Split the slow coincident 

output and use as the inputs to both delay gates so that two variable 

delay signals are now available. Adjust both delay signals to make the 

signals time coincident with E(l) and E(2) (at the input of the linear 

gates (2)). A coincidence on (T, E(l), E(2)) can be required by taking 

one of these delay gate signals to the trigger input of the linear gates 

(2) and (3). The second delay gate signal should occUr at the same time 

as the first and is used as a valid coincidence signal which starts the 

computer processing the four coincident parameters (E(l), E(2), T, T4) and 

is fourth parameter (dummy == T4) input to the analyzer. 
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(J) The four output pulses (E(l), E(2) ,T, T4) of fig. 4 sent 

to the PDP-7 should occur at the same time and look crudely like those 

shown in fig. a. 

Portion of compensated 
TAC signal select by 
linear gate (3) . 
=T 

·fixed 

Fig. a 

Tenergy signals" E(l), E(2) 

dummy == T4 
(logic PU15,€) 

l vai-iable width due to choppers 
on delay ·gates 
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B. Conclusions 

The final signals (T, E(l), E(2), T4) must all start at the same 

time on the scope. These are the four coincident inputs to the PDP-7 

computer and the multiplexer unit for the multiparameter data (coincidence) 

experiment. 

Some patient juggling of the delays is usually necessary in order 

to make the required coincidences. This is done most effectively by 

adjusting the st,retchers on the TAC, TAC walk compensator, and the dua.l 

delay gates (timing and widths) to match the relatively fixed time of 

the energy signals. 

The details on the use and the need for the TAC walk. compensation 

unit were discussed by Jaklevic et al. 3 ). 

A list of the model numbers for the equipment used for the 

coincidence circuit of fig. 4 not described in the l1singles II section 

follows: 

Double xlO D.C. Amplifiers (LRL model #18 x 1281-P2) 

100 MHz fast Discriminator (LRL model #18 x 1201-p4) 

TAC (EG & G model Th 200 A/N) 

TAC Energy Walk compensator (LRL model #11 x 6891-Pl) 

BNC Del-a-gate 

Dual Delay Gate 

Slow Coincidence Box 

(BNC model #CT-lA 

(LRL model #11 x 6361~Pl) 

(LRL model #11 x 5591-Pl) 

The coincidence system (resolving time) can be optimized by 

placing a 22Na source between two 180 0 detectors' toutili.ze the 511-511 
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keV gamma-ray prompt coincidence. The timing spectrum is then optimized 

by adjusting the TAC walk compensation unit until the spectrum is made 

as symmetrical as possible and .the width (FWHM) and the ta.iling (due to 

differen:t pulse rise-times) is the smallest possible for the detectors 

being used. 

IV. ANALOGUE MULTIPLEXER UNIT AND PDP-7 CCDMPUTER 

The PDP-7 peripheral hardware6 ) used is shown in fig. 5. The 

multiplexer (LRL model #11 x 444o-Pl) accepts the four coincident input 

signals (T, E(l), E(2), T4) and stretches them individually in tiIne so 

that one 4096 ADC can analyze all four signals. Analysis is started by 

receipt of a valid coincidence input (T4). The total time to process all 

four pulses is approximately 200 ].Isec and is constant for each event due 

2 .. 
to the successive binary approximatiori ADC unit). These four processed 

parameters (E (1), E (2), T, T4) then go to the buffer storage area of the 

18 bitPDP-7. When the storage buffer (512 words) is full, the data is 

written by an Ampex tape unit (model #C208), 3 words per coincident event, 

(512 words equal one record) on an IBM magnetic tape. The IBM tapes are 

240.0' in length and can hold approximately by 20.5 million characters 

each. They require 2-6 hours to fill depending on the input rate of 

coincident events. The data is thus written, 170 coincident events at a 

time, for later sorting and analysis on the CDC 6600. The time leftover 

between processing coincident events ieused to generate a. 6.144 channel 

display of the data being collected. The following is a representation 

of the area and parameters displayed by the PDP-7 during the experiment. 
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Fig . 5. The PDP-7 periphera l hardware us ed i n acquiring mult i parameter 

coincidence data
6 ) . 
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Detector Detector T T4 Buffer Window Window Window 

CD @ 1 2 3 

(1024)a (1024)a [(256)a (256)a (512)a] (1024)a (1024)a (1024)a 

AOb Alb A2b A3
b 

Z2b 
Z3

b 
ZOb Zlb 

. ~umber of Channels bDisplay Switches 

NOTES: 

Detectors G) and ® refer to the f~114096 channel spectra compressed 

to a display of 1024 channels for the START and STOP detectors, 

respectively. 

T is the time distribution of the (gamma-gannna) coincidences. 

T4 is the dummy parameter. 

Buffer: it looks like snow--don't panic I 

Windows are events coincident in Detector @ with 3 gates (2 display 

markers for each gate) set on the spectrum of Detector (2) (e.g. pick 

three peaks in the first (1024) display group (AO) and then coincident 

events between selected windows are displayed as three (1024) groups 

(Zl, Z2, Z3). 

One can refer to the PDP-7users manuals4 ;5 for more detailed 

operation of the computer and multiparameter programs. MULTIS is the 

program used for sorting of data tapes and MULTID R is the program for 

the acquisition of multiparameter data on the PDP-7 .. 
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APPENDIX D 

* GAMMA-RAY CALIBRATION STANDARDS 

ABSTRACT 

A collection of y ..... ray energies and intensities is given that are 

sui table.for use in the calibration of high resolution y-ray spectrometers. 

The energy range included in this tabulation is 25 keY < E < 3452 keY. 
y 

Adopted values are given for gamma-ray energies based on weighted averages 

of the uncertainties reported in the literature. Relative y-ray 

.intensities are also given for 133Ba , 182Ta and 56Co • No attem.pt was 

made to establish weighted averages for the intensity values. 

* This appendix appeared as a Lawrence Radiation Laboratory Report 

UCRL-20476 (April 1971), 
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I. INTRODUCTION 

With the development of high resolution Ge(Li) detectors 

coupled with highly stablized linear electronics and computer photopeak 

analysis of data, it has become possible to measure gamma-ray energies 

to a precision of better than 0.1 keY. However, to do this, it is 

necessary to have available a large number of standards with energies 

known to better than tens of eV. Marionl ) compiled a list of such 

standards in 1968, but since that time there have been improvements in 

the measurements of standards, and their number has increased sub-

staritially. Because the newer information is scattered in the literature, 

it is the purpose of this report to collect and tabulate those measure-

ments and references for standards that are routinely being used in our 

nuclea.r spectroscopy research. In the recent literature, the most, 

extenr>ive work has been that of Gunnink ~t §J:... 2,13). 

Gamma-ray energies are listed by source in Table 1. The original 

data are shown along with the reference. The "adopted values II that are 

given represent weighted averages (weighted inversely as the square of 

the author's stated uncertainties). The errors given are the larger of 

the 0 values as defined below. E. and O. are the author's stated energy 
~ ~ 

and error, respectively. 

LE./o~ 
n ~ ~ 

2 1 2 1 
2: (E - E.)2 E 

i 
0 = 

Ll/o~ 
0 = --- = 

L1/O~ n - 1 m ~ m 
. ~ i=l . ~ 
~ ~ 

Marion'sl) values, which are also tabulated, often represent weighted 
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averages of several measurements. In these cases the original measure­

ments reported by ref. 1) were used in obtaining the new weighted set of 

adopted values. 

'rable 2 lists gamma-ray energy and intensity measurements for 

133B 182T d 56C a, a, an o. No attempt was 'lIlade to establish a weighted set 

. 2) of intensity values. The energy values of Gunnink. et al. are used for 

56 . 133' 182 Co while weighted sets are g~ven for Ba and Ta. 

The lB2Ta low energy (84-265 keV) y-ray intensity measurements18 ) 

were made using a cs.librated 10,...,cm3 Ge (Li) detector. Detai.ls of these 

measurements are to be published later. (See Appendix E.) 
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Table 1. Gamma-ray energies used as calibration standards listed: by source. 

Isotope 

17°Tm 

l{)9Cd 

57Co 

Half'­
Life 

432.9 ± O.By 

120d 

453d 

211.6 ± 0.5d 

'V-Ray Energy 

keY 

26.348 ± 0.010 

26.345± 0.010 

59.543 ± 0.015 

59.536 ± 0.010 

84.2572 ± 0.0026 

84.257 ± 0.003 

88.034 ± 0.010 

88.035 ± 0.006 

88.036 ± 0.008 

122.046 ± 0.020 

122.061 ± 0.010 

122.04 ± 0.02 

Refs. 

1 

12 

1 

13 

11 

12 

13 

9 

11 

13 

9 

14 

136.465 ± 0.020 13 

136.471 ± 0.010 9 

136.47 ± 0.02 14 

Adopted 

26.3465 ± 0.007 

59.538 ± 0.008 

84.251 ± 0.002 

88.035 ± 0.004 

122.055 ± 0.013 

136.470 ± 0.008 

{continued} 
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Table 1. (continued) 

'V-Ray Energy 

Isotope Half- keY Ref's. Adopted Life 

203Hg 46.8 ± 0.2d 279.191 ± 0.008 1 

279.179 ± 0.010 13 279.186 ± 0.009 

113Sn 115.2 ± 0.8d 391.688 ± 0.010 9 

391.71 ± 0.02 23 391,692 ± 0.018 

198Au 2.7d 411. 795 ± 0.009 1-

411.792 ± 0.008
e 

13 411.795 ± 0.009 

137Cs 30.5 ± 0.3y 661.635 ± 0.076 1 

'.'. 661.615 ± 0.030 2 661.618 ± 0.028 

54Mn 312.6 ± 0.3d 834.81 ± 0.03 1 

834,84 ± 0.05 
c 2 834.81 ± 0.03 

88y 107.4 ± 0.8d 898.04 ± 0,04 1 

898.023 ±0.065 13 

898.010 ± 0.030 10 898.021 .± 0.023 

1836.13 ± 0.040 1 

1836,127 ± 0,050 2 

1836.030.± 0.030b ,c 10 1836.129 ±.031 

(continued) 



Isotope 

24Na 

Half­
Life 

5.28 ± O.Oly 

2.602 ± 0.005y 

15h 
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Table 1. (continued) 

y-Ray Energy 

keV Refs •. 

11 73 • 23 ± 0.04 1 

1173.231 ± 0.030 13 

1332.49 ± 0.04 1 

1332.505 ± 0.025 2 

511.006 ± 0.002c 1 

511.0041 ± 0.0016 15 

1274.55 ± 0.04 1 

1274,550 ± 0.040c 13 . 

1368.526 ± 0.044 1 

1731.91 ± 0.12
c 1 

1732.130 ± 0.060a 2 

2753.92 ± 0.12 1 

2754.142 ± 0.060 2 

Adopted 

1173.231 ± 0.024 

1332.501 ± 0.021 

511.0041 ± 0.0016 

1274.55 ± 0.04 

1368.526 ± 0.044 

1732.130 ± 0.060 

2754.098 ± 0.183 

(continued ) 
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Table 1. (continued) 

y-Ray Energy 

Isotope Ha1f- keY Refs. Adopted Life 

40K 9 1.26 . 10 y 1460.75 ± 0.06 1 

1460.9 ± 0.3 16 

1460.95 ± 0.07 23 1460.836 ± 0.11 

1460.75 ± .06c 18 

207B1 30y 569.653 ± 0.020 10 

569.62 ± 0.06 1 569.650 ± 0.030 

1063.63 ± 0.030 10 

1063.44 ± 0.090 1 (1063.611 ± 0.172) 

1769.71 ± O.l3c 1 

1770.22 ± 0~040c 10 

1770,06 ± 0.07 7 1770.06 ± 0.07 

192Ir 74.2d 295.938 ± 0.009 1 

295.938 ± 0.010 2 295.938 ± 0.007 

308.429 ± 0.010 1 

308.440 ± b.OIO 2 308.435 ± 0.008 

316.486 ± 0.010 1 

316.490 ±0.010 2 316.488 ± 0.007 

(continued) 



Isotope Half­
Life 

192rr (continued) 

253d 
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Table 1. (continued) 

y-Ray Energy 

keV 

468 .. 053 ± 0.014 

468.060 ± 0.010 

588.557 ± 0.017 

Refs. 

1 

2 

1 

604.385 ± 0.017 1 

604.378 ± 0.020 2 

612.435 ± 0.017 1 

612.430 ± 0.020 

446.77 ± 0.04 

446.790 ± 0.020 

2 

5 

10 

620.22 ± 0,03 5 

620.310 ± 0.020 10 

657.71 ± 0.03 5 

657.720 ± 0.020 10 

657.75 ± 0.04 14 

Adopted 

468.058 ± 0.008 

588.557 ± 0.017 

604.382 ± 0.013 

612.433 ± 0.013 

446.786 ± 0.020 

620.282 ± 0.068 

657.722 ± 0.022 

hontinued) 



Isotope Half­
Life 

110mAS (continued) 
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Table 1. (continued) 

'Y-Ray Energy 

keY Refs. 

677.55 ± 0.03 5 

677.580.± 0.020 10 

677.58 ± 0.05 

686.80 ± 0.03 5 

686.950 ± 0.030 10 

686:95 ± 0.05 14 

706.68 ± 0.04 5 

106.650 ± 0.020 10 

706.63 ± 0.06 14 

744.19.± 0.04 5 

744.260 ± 0.030 10 

744.23 ± 0.07 14 

763.88 ± 0.04 5 

763.920 ± 0.030 10 

763.93 ± 0.07 14 

Adopted 

677.572 ± 0.017 

686.886 ± .088 

706.654 ± 0.025 

744.234 ± 0.036 

763.908 ± 0.027 

(continued) 



Isotope Ha1f'­
Lif'e 

110mAg (continued) 
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Table 1. (continued) 

y-Ray Energy 

keV Ref's. 

818.00 ± 0.04 ; 5 

817.995 ± 0.030 10 

817.95 ± 0.08 14 

884 . 67 ± 0.04 5 

884.650 ± 0.030 . 10 

884.68 ± 0.04 6 

884.69 ± 0.05 14 

937.48 ± 0.04 5 

937.450 ± 0.030 10 

937.48 ± 0.04 6 

937.54 ± 0.07 14 

1384.22 ± 0.04 5 

1384.240 ± 0.040 10 

1384.26 ± 0.05 6 

1475.73 ± 0.04 5 

1475.710 ± 0.040 10 

1475.76 ± 0.07 6 

Adopted 

817.993 ± 0.031 

884.667 ± 0.019 

937.472 ± 0.042 

1384.237 ± 0.025 

1475.726 ± 0.027 

(continued) 



Isotope Half­
Life 

110m .' 
Ag 'continued) 

108mAg 127 ± 7y 
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-
Table 1. (continued) 

y-Ray·Energy 

keY . Refs. 

1504.9 ± 0.08 5 

1504.945 ± 0.040 10 

150,5.01 ± 0.07 6 

1562.22 ± ~.06 5 

1562.255 ± 0.050 . 10 

1562.35 ± 0.08 

434.0 ± 0.10 

433.94 ± 0.06 

6 

5 

14 

614.37 ± 0.10 5 

Adopted 

1504.951 ± 0.055 

1562.261 ± 0.069 

433.956 ± 0.051 
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Table 1. (continued) 

y-Ray Energy 

Isotope Ha1:f- keV Refs. Adopted Li:fe 

228Th (cont inued) 583.139 ± 0.023 1(208T1 ) 

727.1 ± 0.1 1(212Bi ) 

727.08 ± 6.07 727.09 ± 0.06 

785.37 ± 0.08 7(212Bi) 

763.13 ± 0.08 7(208T1 ) 

860.37 ± 0.08 7(208T1 ) 

893.43 ± 0.09 7 (212Bi) 

1078.62 ± 0.10 7(212Bi) 

1592.696 ± 0.050a 2C208T1) 

1620.50 ± 0.10 7(212Bi) 

2614.47 ± 0,10 1(208Tl ) 

2614.708 ± 0.050 2 2614.66 ± 0.20 

(continued) 
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Table 1. (continued) 

aSince these values are for double-escape pair peaks, care, as warned by 

Gunnink et al. 20), should be employed if using them. 

bTbe calibration is from the double-escape peak. 

cThis is not included in the adopted value given. 

10 See ref. ). 

d228Th energies listed are from daUg~tersin 228Th decay chain. 



Table 2. Ga~a-ray energies and intensities used as calibration standards listed by source 
c~~-=r.:."1.1:·~~· 

y-Ray Energy y-Ray Intend ty 

Isotope Half- keY Refs. . Adopted Relative Refs. Life 

133Ea 7.2y ~3.18 ± 0.04 1 3.78 ± 0.09 19 

53.17 ± 0.01 8 53.171 ± 0.010 3.81 ± .10 8 

79.60 ± 0.05 1 

79.63 ± 0.03 6 4.50 ± .40 8 

80.997 i 0.006 1 

80.99 ± 0.01 8 55.3 ± 3.0 c 8 

80.998 ± 0.008 . 9 I 
W .... 
~ 
I 

160.66 ± 0.06 1 1.21 ± 0.05 19 
160.63 ± 0.02 8 160.633 ± 0.027 1.12 ± 0.05 8 

223.37 ± 0.23e 1 0.803 ± 0.042 19 
223.12 ± 0.01 8 223.12 ± 0.01 0.78 ± 0,04 8 

276.46 ± 0.2e 1 11.61 ± 0.17 19 

276.45 ± 0.02 8 11.6 ± 0.2 8 

276.397± 0.012 9 276.411 ± 0.041 . 
(continued) 



Table 2. (continued) 

Y-Ray Energy y-Ray Intensity 

Isotope lialf- keY Refs. Adopted Relative Refs. Life· 

133Ba (continued) 303.08 ± 0.2e 1 29.75 ± 0.29 19 

302.93 ± 0.03 8 29.6 ± 0.3 8 
302.851 ± .015 9 302.867 ± 0.065 

356.27 ± 0.14e 1 100. 19 

356.09 ± 0.04 8 100. 8 

356.005 ± 0.017 9 356.018 ± 0.073 

384.10 ± 0.18e 1 14.18 ± 0.26 19 I 
w 

383.83 ±0.03 8 14.1 ± 0.3 8 I-" 
VI 

383.851 ± 0.020 9 383.845 ± 0.017 
I 

182Ta 115d 84.257 ± 0.003 12 7.6 ± 0.4 18 

84.678 ± 0.003 17 

100.106 ± 0.003 12 40.2 ±l.0 18 

100.104 ± 0.002 3
d 100.105 ± 0.002 

1:52.435 ± 0.003 3
d 20.5 ± 0.51 1.8 

156.387 ± 0.003 3
d 7.63 ± 0.19. 18 

179.393 ± 0.004 3
d 8.81 ± 0.22 18 

198.358 ± 0.008 17 4.15 ± 0.11 18 

(continued) 





Table 2. ( continued) 

Y-Ray Energy y-Ray Intensity 

Isotope . Half- keY Refs. Adopted Relative Refs·. Life 

182 (. ) Ta continued 1221.399 ± 0.013 4 79;3 ± 1.2 4 

1221.42 ± 0.10 3 
1221.42 ± 0.04 6 1221.401 ± 0.019 

1231.010 ± 0.013 4 33.4 ± 0.5 4 

1257.412 ± 0.013 4 4.33 ± 0.07 4 

1273.725 ± 0.013 4 1.90 ± 0.04 4 

1289.147 ± 0.013· 4 4.05 ± 0.07 4 

1342.714 ± 0.051 4 0.75 ± 0.02 4 I 
w 

1373.825 ± 0.013 4 0.66 ± 0.02 4 I-' 
~ 
I 

1387.396 ± 0.013 4 0.217± 0.01 4 

1410.100 ± 0.100 4 0.117 ± 0.008 4 

1453.115 ± 0.013 4 0.123 ± 0.010 4 

56co 77d 846.79 ±0.030 20 100. 20 

846.782 ± 0.060 2 100. 22 

846.76 ± 0.05 1 100. 1 

846.741 ± 0.025 21 846.782 ± 0.060b 100. 21 

1037.91 ± 0.030 20 14.302 ±.170 20 

1037.851 ± 0.060 2 13.08 ± 0.35 22 

1037.97 ± 0.07 1 13.02 ± 0.35 . 1 

1037.84 ± 0.05 21 1037.851 ± o.o60b 12.9 ± 0.5 21 

( c~ntinued) 



Isotope Half­
Life 

56 Co (continued) 

Table 2. (continued) 

y-Ray Energy 

keV Refs. Adopted 

117.5.13 ± 0.050 20 

1175.085 ± 0.070 2 

1175.026 ± 0.13 1 

1175.1 ± 0.1 21 1175.085 ± 0.070b 

1238.30 ± 0.020 20 

1238.290 ± 0.040 2 

1238.34 ± 0.09 1 

1238.28 ± 0.06 21 1238.290 ± 0.040b 

1360.22 ± 0.030 20 

1360.219 ± 0.040 2 

1360.35 ± 0.090 1 

1360.26 ± 0.04 21 1360.219 ± .040b 

1771.41 ± 0.030 20 

1771.33 ± 0.06 2 

1771.57 ± 0.10 1 

1771. 38 ± 0.15 21 1771.33 ± 0.06b 

2015.36 ± 0.030 20 

2015.33 ± 0.07 2 

-_._---_ .. _------

Y-:-Ray Intensity 

Relative .Ref's. 

2.302 ± 0.025 20 

1.73 ± 0.13 22 

1.86 ± 0.23 1 

2.26 ± 0.23 21 

67.638 ± 0.680 20 

68.3 ± 1.4 22 

69.35 ± 1.47 1 

67.8 ± 1.5 21 I 
w 
I-' 
CP 
I 

4.340 ± 0.045 20 

4.15 ± 0.12 22 

4.38 ± 0.16 1 

4.16± 0.21 21 

15.778 ± 0.160 20 

14.95 ± 0.40 22 

15.30 ± 0.53 1 

16.5 ± 0.8 21 

3.095 ± 0.031 20 

2.78 ± 0.14 22 

(continued) 



Table 2. (continued) 

y-Ray Energy y-Ray Intensity 

Isotope Ha1f- keY Refs. Adopted· Relative Refs. Life 

56co (continued) 2015.49 ± 0.20 1 2.93 ± 0.16 1 

20i5.24 ± 0.12 21 2015.33 ± 0.07b 2.99 ± 0.20 21 

2034.92 ± 0.030 20 7.952 ± 0.080 20 

2034.90 ± 0.06' 2 7.56 ± 0.21 22 

2035.03± 0.12 1 7.33 ± 0.30 1 

2034.82 ± 0.10 21 2034.90 ± 0.06b 8.2 ± 0.6 21 

2598.58 ± 0.030 20 16.851 ± 0.170 20 I 
LV 

2598.52 ± 0,05 2 16.55 ± 0.44 22 I--' 
\() 

2598.80 ± 0.12 1 16.77 ± 0.57 1 
I 

2598.53 ± 0.06 . 21 2598.52 ± 0.05b 18.0 ± 0.9 21 

3202.30 ± 0.080 20 3.030 ± 0.030 20 

3202.18 ± 0.07 2 3.03± 0.14 22 

3202.25 ± 0.19 1 3.15 ± 0.16 1 

3202.1 ± 0.2 21 3202.18 ± O.07b 3.2 ± 0.35 21 

3253.62 ± 0.040 20 7.392 ± 0.074 20 

3253.61 ± 0.06 2 7.35 ±. 0.21 22 

3253.82 ± 0.15 1 7.70 ± 0.34 1 

3253.5 ± 0.2 21 3253.61 ± 0.06b 7.7 ± 0.9 21 

. ( continued) 



Table 2. (continued) 

y-Ray Energy y-Ray Intensity 

Isotope Half­
Life 

56Co (continued) 

keY 

3273.26 ± 0.08 

3273.16 ± 0.07 

3273.38 ± 0.18 

3273.08 ± 0.10 

3451.56 ± 0.20 

3451.29 ± 0.10 

3452.18 ± 0.22 

3451.5 ± 0.3 

1576.561 ± 0.050a 

2180.17± O.07a 

2231.60 ± 0.06a 

2251.15 ± 0.07a 

2429.28 ± O.lOa 

Refs. 

20 

2 

1 

21 

20 

2 

1 

21 

2 

2 

2 

2 

2 

Adopted Relative Refa. 

1. 756 ± 0.018 20 

1.72 ± 0.13 22 

1.55 ± 0.11 1 

3273.16 ± 0.07b 1.71 ± 0.25 21 

0.875 ± 0.009 20 

0.85 ± 0.07 22 

0.88 ± 0.10 1 

3451.29 ± O.lb 0.93 ± 0.20 21 

aSince these values are for double-escape pair peaks, care, as warned by Gunnink et al.
2

), should be employed 

if using them. 

bThis not a weighted value, but that of ref. 2). 

cThis is an adopted value from previous works. See ref. 8) fm' details. 

rL 17 211 . • 3 
~These energy values are averaged rea.ults of refs. .' ) as calculated ln ref. )'. 

eThis nqt included in the adopted value given • 
. == 

I 
W 
I\) 
o 
I 
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APPENDIX E 

* RELATIVE INTENSITY CALIBRATION OF A Ge(Li) GAMMA-RAY SPECTROMETER 

ABSTRACT 

< 182 180m.. 
Portions of the gamma-ray spectra of Ta and tif have been 

remeasured with a Ge(Li) spectrometer system to determine accurate 

relative intensities. 182 For Ta the eleven strongest transitions in the 

energy range of 100-1300 keY were measured. The relative gamma-ray 

180 . 
branching ratio I (443)/1 (501) in ~f was remeas·ured to be y y 

5.70 ± 0.15. The intensity values derived from these measurements are 

recommended for use with an 1AEA standard intensity set in the calibration 

of relative photopeak efficiencies for Ge(Li) detectors. An overall 

accuracy of ±4% for the relative intensity calibration over the energy 

range of 100-1300 keY can be expected and ±3% for the 500 .... 2800 keY 

energy range,. 

* This appendix appeared as a Lawrence Radiation Laboratory Report 

UCRL-20435 (May 1971) and in Nucl. 1nstr. Methods ~, 259 (1971). 
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I. INTRODUCTION 

The development of energy calibration standards for Ge(Li) 

detectors has advanced to a state where many standards in the energy 

range of 60-2BoO keY are determined with errors of less than 0.1 keY. 

However, the absolute or relative gamma~ray intensitie~ of these 

standards e,re often uncertain by as much as 5%. In a few exceptional 

cases relative intensity determinations have been performed with errors 

of less than 2% by careful consideration of gamma-ray cascades corrected 

f 't 1 ,10) or 1n erna converS1on . The criteria of either simple cascades with 

no cross-over transitions or highly accurate decay schemes place a 

severe restriction on both the availability and on the use of absolute 

transition intensities for intensity calibrations, However, relative 

transition intensities for complex decay schemes can be determined 

accurately, and these data are generally more easily applied. 

It is the purpose of this paper to suggest IB2Ta and lBO~f as 

isotopes spanning the energy range of 100-1300 keY to supplement the 

IAEA1) or similar standard intensity source sets for relative photopeak 

efficiency determinations of Ge~Li) detectors. Relative intensity 

measurements have been performed on IB2Ta in the energy range of 100-1300 

keVand are compared with others 3 ,4,23). The absolute gamma-ray inten-

't' f IBOm . Sl les or Hf are presented and compared with values reported in the 

literaturelO ,30,33) based upon the remeasured I (443)/1 (501) gamma-ray 
y "( 

branching ratio. Relative intensity values for isotopes are included in 

the tables in order to collect the best sets of data necessary to cal-

ibrate Ge(Iii) detectors over the energy range of 100-2Boo keY to ±4%. 
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II . EXPERIMENTAL 

182 The 115.1d Ta was produced in the Berkeley Research Reactor 

by irradiation of 1.0 and 0.5 mil foils of natural Ta (99.9877% 181Ta )2) 

which has a large thermal neutron cross-section of 21 barns. The small 

0.07 barn cross-section to pra'duce the 16.5 m 18~a did not interfer 

after a short decay period following irradiation. The intensities of 
. . 3· 

the eleven strongest gamma-rays were measured on a calibrated 10~cm 

Ge(Li) detector. This detector had been calibrated .rith two sets of 

absolute intensity sources obtained from the lARA. 180~f was also used 

to define the efficiency curve in the critical 100-335 keY region. The 

accuracy of the photopeak,efficiency determination was checked by 

measuring several radioisotopes whose relative intensities are. knownlO,ll) 

to 2%. These measured intensities agreed to within 3% with those in 

Kane and Mariscotti lO ) and Donnelly et al. ll ). The. efficiency curve for 
3 . 

the lO-cm detector obtained in this way is shown in fig. 1. The 

detector resolution ranged from 1.4 keY at 122 keY to 2.3 keY at 1332.5 

keY. The areas of photopeaks were determined using two separate 

computer codes, SAMP06)·and SPECT7 ), which use gaussian functions with 

exponential tails to approximate the experimental photopeak shapes. 

Photopeak areas from the codes agreed to within 1% in the selected peaks. 

182 
Measurements of photopeak intensities were made for each of the two Ta 

foils which were corrected for.attenuation45 ) due to source thickness, 

and these were verified with an isotopically separated ("massfree") 

source. The results are given in Table 1 and are compared to other 

results 4,5,24) . 
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\ 

Ge (U) detector efficiency 
( 7.5- cm2 x 1.3 cm planar) 

t IAEA 
• 180mHf (relative) 

• 

\ 
I 

300 1000 

Y - Ray energy (keV) 

3000 

XBL715-3458 

Fig. 1. The relative photopeak efficiency curve for the lO-cm
3 

Ge(Li) 

detector as a function of gamma-ray energy. 
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Table 1. Energies and Relative Intensities of 182.ra in Energy Range 100-1300 keY 
=- ~==-~ -::Z:==:=:;~"'==~~-= 

Edwards White Sapyta Present 
et a1. 4 ) et a1. 5 ) rt a1.23) Work 

E'a I b I C I C I C 
Y Y Y Y Y 

100 .104± 0.002 40.2 40.7±4.1 40.2±1.0 

152. 435±0 .003 20.5±O.8 21.3±1.0 19.5±2.0 20.5±0.5 

156. 387±0. 003 8.04±0.4 8.07±0.4 7.5±0.75 7.6±0.2 

179. 393±0. 004 9.2±0.4 9.57±0.5 8.7±0.9 8.8±0.3 

222.109±O.005 22.5±0.9 22.6±1.2 21.2±2.1 21.3±0.55 

229. 322±0.005 11.l±O.5 '10.93;0.5 lO.5±1.1 10.3±O.3 

264.072±O.O09 10.8±o.5 10.6±0.4 10.3±1.0 10.1±0.3 

E d 
Y 

1121.295±.O13 100. 100. 100. 

1189.046±.013 47.4±0.7 46.3±3.2 46.5±0.7 

1221. 399±.013 79.3±1.2 77.3±5.4 77 .3±1.2 

1231. OlD±. 013 33.4±0.5 32.7±2.3 32.8±0.5 

&Energies listed in keY are those reported by Edwards etal. 4 ). 

bIntensities 4 ) are renormalized to the 100 keY transition of present work. 

CIntensities are normalized to 1121 keY transition. 

d.rhe energies listed in keY are those reported by White and Birkett3). 
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The measured IB2Ta relative intensities should be accurate to 3% 

over the energy range of 100-1300 keY. 4 Previously, Edwards et al. ) 

quoted errors of 4-5% over the energy range of 100-264 keY. White et al. 5 ) 

measured the relative tntensit:i.es of IB2Ta gamma-rays in the energy 

range of 152-1300 keY with errors of 4-5%. Over the smaller energy 

range of 1000-1300 keY, errors quoted were in the range, 1.5-2%. 

IBOmHf d d b t· d' t· f th t d was pro uce y reac or lrra la lon 0 . e separa e 

179 IBOm. . 10 11 isotope Hf. Hf l8 very convenlent ' ) in the energy region 

between 93-501 keY where calibration points for efficiency curves are 

sparse. The decay scheme31 ,33) of IB~f (fig. 2) allows absolute 

gamma-ray intensities to be derived by correcting for intern,al conversion 

if the I (443)/1 (501) gamma-ray intensity branching is accurately known. y y. 
180m.. With reference to fig. 2 and the tif decay scheme the following 

equations apply. 

(1 ) 

and 

It and Iy are the transition and gamma-ray intensities, respectively; a is 

the total internal conversion coeffic'ient. The Iy (443)/Iy (501 ) relative 

gamma-ray branch was measured to be 5.70 ± 0.15 on the above detector in 

agreement with ref. 31). The mixing ratio of 3.5% M2 and 96.5% E3 

reported by Bodenstedt et al. 34 ) for the 500.7 keY transition was used in 

calculating absolute gamma-ray intensities from the transition intensities 
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F" 2 'l'h 180m. . " . 19.. e Hf decay scheme used ln the photopeak efficiency 

determination. The energies (keV) are based on the measurements 

of Gujrathi and D' Auria30 ) . The absolute garrlIl1a-ray intensities 

expressed in per cent from this study are shown in parenthesis. 
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of eq. (1). The other transitions are of E2 mu1t:i:.pGlarity. Theoretical 

conversion coefficients used were those of Hager and Seltzer35 ). The 

calculated absolute gamma-ray intensity results obtained from eq. (1) 

are shown in Table 2 with other results lO ,30,33). Included are the 93.3 

10 and 500.7 keY transitions not given by ref. ). The calculated 

14.5 ± 0.4% gamma-ray intensity for the 500.7 keY transition is in 

agreement with the values ,.., 15% given by Gvozdev et al. 37) and 

% 31 32) 14.8 ± 0.80 of Goldhaber and McKeown ) and Paul e~ al. . 

Table 3 shows the absolute gamma-ray intensity values used for 

the IAEA calibrated set and 24Na . The intensity. values are those 

recommended by the IAEA. They are given to collect the necessary 

intensity values, along with 182Ta and 180~f, into one paper to be 

used for the efficiency calibration of Ge(Li) spectrometer systems. 24Na 

is also listed since it is useful for extending the curve to higher 

energies. 

III. CONCLUSIONS 

The 182Ta intensi.ties determined in this work were used to derive 

the relative photopeak efficiency curve of a 40-cm~ coaxial detector 

.. 180m . 24 
together w~th . Hf, Na, and the IAEA calibrated set for which the 

results are shown in fig. 3. A third detector has been recently cal­

ibrated9 ) at this laboratory using this method and showed similar results. 

These isotopes and. intensity values, when combined with the lAEA 

. t . t 24N . ~n ens~ y sources and a, should determine the relat~ve photopeak 

efficiency of Ge(Li) spectrometers to ±4% over the energy range of 

100-500 keY and ±3% over the energy range of 500-2800 keY. 
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Table 2. Gamma Energies and Absolute Gamma-ray Intensities of 180~f in the 
Range of 57-501 keY' 

===-=;e-== =====-:c~~ rs:z====- -=--===--=='e=;.,.. '= 

Ey 
a I a I ,b I c r/ y y y 

57.442 47.5±3.4 48.6±o.S6 

93.263 18.4o±O.16 16.7±O.33 17.47±O.17 

215.241 81.1±2.4 81.4 83.4±2.3 81.4±o.8 
, 332.272 94~4±4.0 94.4±o.8 94.4±4.0 94.4±o.9 

443.168 84 • .8 83.0±1.2 S1.9±4.3 82.8±1.5 

500.702 15.7±1.3 17.05±5.2e 14.5±O.4 

aGujrathi and D1Auria30 ) results with stated energy errors of ±O.015 keY. The 

measured gamma intensities were renormalized to 332 keY. 

bKane and r.1ariscotti10 ) renormalized results. 

cEdwards and Boehm33 ) results using a bent crystal gamma spectrometer. 

~resent work where - 1% error was arbitrarily assigned for the 93, 215, and 

332 keY transitions due to uncertainity in the theoretical E2 conversion 

coefficients. 

eThi~ was deduced from feeding and not measured directly (ref. 33). 
=~=~=='============;:"~'"1r,; _.c..,.. :r: 
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Table 3. Energies and Intensities of the IAEA Standards and 24Na 

Isotope Half-Life b E a I b 
y y 

241Am 432.9±O.8y 38,39) 59.538±O.OO8 35.9±O.6 12,13,14,15) 

57Co 40 271. 6±o. 5d ) 122.055±O.O13 85.0±1.7 8 ,16,27.28) 

136.47±O.OO8 10.65±O.4 8) 

136,47±O.o08 11.4±1.3 16 ,27.28) 

203Hg 46.8±o.2d 40,41) 72,873±O.OOl 9.7±O.5 17,18) 

82.5±0.2 2.8±O.2 

279.186±0.OO9 81.55±O.15 

22Na 40 2.602±O.005y ) 511,O04l±0.0016 181.1±O.2 19,20) 

1274.55±0.04 99.95±O.O2 

137Cs 42 29.90±O.05y ) 32.1±0,1 5,7±O.2 12,21) 

36.5±0.1 1.3±0.1 

661.618±O.O28 85.l±O.4 

54
Mn 312.6±o.3d 15,19,43) 834.Bl±O.03 100.0 22) 

60Co 5.275±0. Oo5y41,42,44) 1173.23l±O.O24 99.87±O.05 23) 

1332.501±O.021 99,999±O.001 
(continued) 

-"" 
---------.--~---------.:-::;;:'~~ .. 
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Table 3. (continued) 

b 
Half-Life 

l07.4±0.8d 40,43) 

15.00±O.02h 

E a 
y 

898.021±O.023 

1836.129±O.031 

1368.526±o.044 

2754.098±0.183 

aEnergy values are adopted values from Jardine36 ). 

I b 
Y 

91.4±O.7 24~25,26) 

99.4±O.1 

100.0 

100.0 

bAbsolute intensity and half-life values recommended by Nuclear Data and the 

lAEAl) . 
==========-========================,========================-
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Ge (Li) detector efficiency 

(9 cm2 x 4.5 cm true coaxial) 

10-4 l IAEA 
180mHf ( relative) • >-u 

+ 182Ta (relative) c 
Q) 

u ~ 24Na (relative) --Q) 

.::tt:. 
0 
Q) 

c.. 
0 -0 

.£ 
c.. 
Q) 
> -0 
Q) 

a:: 10-5 

300 3000 
y- Ray energy (keV) 

XBL715-3459 

Fig. 3. The relative photopeak efficiency curve for a 40-cm3 true 

coaxial Ge(Li) detector as a function of energy obtained using the 

isotopes and intensities reported in the study. 



-335-

REFERENCES 

1. International Atomic Energy Agency, Vienna (Set of calibrated to 

< 1% intensity sources listed in Table 3). 

2. F. A. White, T. L. Collins, and F. M. Burke, Phys. Rev. 97, 566 (1955). 

3. D. H. White and R. E. Birkett, Nuc1. Phys. A136 , 657 (1969). 

4. W. F.Edwards, F. Boehm, J. Rogers, and E. J. Seppi, Nucl. Phys. A63, 

97 (1965). 

5. D. H. White, R. E. Birkett, and T. Thomson, Nucl. lnstr. Methods 11, 

261 (1970). 

6. J. T. Routti and S. G. Prussin, Nucl. lnstr. Methods 1£, 125 (1969). 

7. c. M. Lederer, University of California, Lawrence Radiation Laboratory 

Report No. UCRL-18948, unpublished (1969). 

8. L. J. Jardine, unpublished results (1970). 

9. L. J. jardine and E. Temple, unpublished results (1970). 

10. W. R. Kane and M. A. Mariscotti, Nucl. Instr. Methods 5~, 189 (1967). 

11. D. P. Donnelly, H. W. Baer, J. J. Reidy, and M. L. Wiedenbeck, Nucl. 

lnstr. Methods 57, 219. (1967). 

12. T. Yamazaki and J. M. Hollander, Nucl. Phys. 84, 505 (1966). 

13. L. B. Magnusson, P}~s. Rev. 107, 161 (1957). 

14. W. Bambynek, European Atomic Energy Community Report No. EUR 2632d 

(1965) . 

15. A. Peghaire, Nuc1. lnstr. Methods 75, 66 (1969). 

16. G. D. Spouse and S. S. Hanna, Nuc1. Phys. ]i,177 (1965). 

17. w. L. Croft, B. G. Pettersson, and J. H. Hamilton, Nuc1. Phys. 48, 

267 (1963). 



-336-

18. R. W. Fink, R. C. Jopson, H. Mark, and C. D. Swift, Rev. Mod. Phys. 

38, 513 (1966). 

19. C. M. Lederer, J. M. Hollander, and I. Perlman, Table of Isotopes, 

Wiley, New York (1967). 

20. E. Vatai, D. Varga, and J. Uchrin, Nucl. Phys. Al16, 637 (1968). 

21. H. H. Hansen, G. Lowenthal, A. Spernol, W. van der Eijk, and R. 

Vaninbroukx, Z. Physik 218, 25 (1969). 

22. J. H. Hamilton, S. R. Amtey, B. van Nooijen, A. V. Ramayya, and J. J. 

Pinajian, Phys. Letters 12, 682 (1966). 

23. S. Raman, Z. Physik 228, 387 (1969). 

24. J. T. Rhode, O. E. Johnson, and W. G. Smith, Phys. Rev. f29, 815 

(1963) . 

25. N. H. Lazar, E. Eichler, and G. D. O'Kelley, Phys. Rev. 101, 727 

(1956) . 

26. M. Sakai, T. Yamazaki, and J. M. Hollander, Nucl. Phys. 84, 302 

(1966) . 

27. D. C. Hall and R. G. Albridge, Nucl. Phys. ~l, 495 (1967). 

28. W. Rubinson and K. P. Gopinathan, Phys. Rev. 170,969 (1968). 

29. J. J. Sapyta, E. G. Funk, and J. W. Mihelich, Nucl. Phys. ill, 161 

(1969) . 

30. S. C. Gujrathi and J. M. D'Auria, Nucl. Phys. A161, 410 (1971). 

31. G. Scharff-Goldhaber and M. McKeown, Phys. Rev. 158,1105 (1967). 

32. H. Paul, M. McKeown, and G. Scharff-Goldhaber, Phys. Rev. 158, 1112 

(1967) . 

33. W. F. Edwards and F. Boehm, Phys. Rev. 121, 1499 (1961). 



-337-

34. E. Bodenstedt, H. J. Kbrner, E. Gerdau, J. Radeloff,C. Gunther, 

andG. Strube, Z. Physik 165, 57 (1961). 

35. R. S. Hager and E. C. Seltzer, Nucl. Data A4 ~ 1 (1968). 

36. L. J. Jardine, University of California, Lawrence Radiation 

Laboratory Report No. UCRL-20476, unpublished (1971). 

37. V. S. Gvozdev, L. I. Rusinov, Yu. I. Filimonov, and Yu. L. Knazov, 

Nucl. Phys. ~, 561 (1958). 

38. F. L. Oetting and S. R. Gunn, J. Inorg. Nucl. Cham. ~, 2659 (1967). 

39. R. E. Stone and E. K. Hulet, J. Inorg. Nucl.Chem. 30, 2003 (1968). 

40. S. C. Anspach, L. M. Cavallo, S. B. Garfinkel, J. M. R. Hutchinson, 

and C. N. Smith, Natl. Bureau Stds. Misc. Publ. Report No. 260-9 

(1965) . 

41. F. Lagourine, Y. LeGallic, and J. Legrand, Int. J. Appl. Rad. 

Isotopes 19,475 (1968). 

42. K. F. Walz and H. W. Weiss, Z. f. Naturforschung 25a, 921 (1970). 

43. E. 1. Wyatt, S. A. Reynolds, T. H. Handley, W. S. Lyon, and H. A. 

Parker, Nucl. Sci. Engr. 11, 74 (1961). 

44. J. S. Merritt and J. G. V. Taylor, Atomic Energy of Canada, Ltd. 

Report No. AECL-3333, 32 (1969). 

45. Kai Seigbahn, ~lpha-, Beta-, and Gamma-Ray Spectroscopy, Volume 1, 

North-Holland Publishing Co., Amsterdam (1965) p. 827. 



-338-

APPENDIX F 

RELATIVE DETECTION EFFICIENCY CALIBRATION OF A S1(L1) 
ELECTRON SPECTROMETER 

ABSTRACT 

The method used to determine the relative efficiency calibration 

of a 5 rom x 0.785-cm2 (act1ve volume) Si(Li) electron spectrometer to 

±8% over the energy range of 100-1700 keY is discussed. 
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I. INTRODUCTION 

8i(Li~ spectrometers can not compete with the best magnetic 

spectrometers for resolution, but their speed of data acquisition coupled 

with a much higher collection efficiency for conversion electrons has 

proven ~seful for making conversion electron measurements. A 8i(Li) 

. 16 
spectrometer has been constructed ), calibrated, and used for measuring 

relative internal-conversion coefficients. 

It is the purpose of this paper to suggest isotopes and methods 

for determining the relative electron detection efficiency of a Si(1i) 

spectrometer to ±8% over the energy range of 100 to 1700 keV. We have 

used the Normalized Peak-to-Gamma-Peakl ) (NPG) method for measurement 

of relative internal conversion coefficients. For the NPG method, the 

electron and gamma-ray intensities of a s'ource are measured relative to 

a transition with a known conversion coefficient. This transition is 

then used to normalize the electron and gamma-ray intensities for use in 

determining other relative conversion coefficients. 

The isotopes employed had simple decay schemes or well determined 

multipole mixing so that appreciable errors due to mixing were minimized. 

h ° ° h d f lOb to . . 180m.·f d 207Bo T e prlmary lsotopes we ave use or ca 1 ra lon are jj an 1. 

Three El transitions of 210At in the energy range of 1436-1600 keV are 

recommended as possible calibration standards of future 8i(Li) 

spectrometers. Conversion electrons from the electron-capture decay of 

210 
At have been measured with this calibrated spectrometer and the results 

are given as an example. 
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II. DESCRIPTION OF APPARATUS 

Figure 1 shows a photograph of the Si(Li) spectrometer and a 

schematic of the Si(Li) cryostat region is shown in fig. 2. An unusual 

feature of this apparatus is that the cold finger-detector assembly is 

mounted on a movable tract with the distance between the source and 

detector variable from 1-195 mill. This is accomplished thru the use of a 

collapsable bellows to maintain the vacuum chamber and the movement is 

controlled thru the use of an electric motorized machine lathe tract. 

The movable detector feature allows the geometry to be changed which can 

be useful as short-lived isotopes decay. 

The chamber can be separated into two parts by a large gate 

val ve wi th t~he detector and associated electronics on one side of the 

valve under vacuum and the source chamber on the other stde. Sources can 

be changed by means of a screw-held cap ("0 " ring seal) without releasing 

the vacuum in the detector region which would take hours to warm and then 

cool back down if the gate valve were absent. 

The detector was a 5 mill deep x 0.785 cm2 Si(Li) crystal (made by 

the semiconductor group at this laboratory) and was mounted at the end 

of a liquid N2 cold-finger and was maintained at ~ 77°K during operation. 

The FET was also in contact with the cold finger and the preamplifier2 ) 

was of conventional design made at this laboratory. 

The output pulses from the preamplifier were fed to the same 

conventional high-rate electronics 3 ) as being used with our Ge(Li) 

spectrometer syst'ems. 
4 . 

A PDP-7 system ,5) and a 4096-channel successive 

6 binary approximation analogue-to-digital converter ADC ) were used for 

memory storage and pulse-height analysis. 
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XBB 719 -4244 

Fig. 1. The Si(Li) electron spectrometer. 
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The resolution of the system was measured with several isotopes. 

The resolution was approximately 1.2 keY (FWHM) for 100 keY electrons 

and 2.4 keY (FWHM) for the 1063 K-electrons of 207 Bi. A resolution vs. 

energy curve is shown in fig. 3 with the best resolution found at -1450 

volts bias. The system resolution was somewhat reduced due to boiling 

liquid N2 in the long cold finger which produced badmicrophonics. 

The Si(Li) crystal had an approximate 500-800 A gold-coating for 

electrical contact which a.lso allowed the crystal surface to be cleaned 

off gently with a soft Q-tip and ETOH when the surface became coated with 

oil or source materials. Ocassionally an apparent surface coating was 

indirectly observed by an increasing tail of electron peaks with the 

207B, 
l. source. Cleaning removed the tailing and restored the resolution. 

To minimize vapor or material condensation on the low temperature Si(Li) 

surface., no mechanical pumps were used on the system. A cryosorption 

pump developed at this laboratory7), utilizing 15 lbs. of molecular sieve 

at liquid N2 temperature, was used as .the only chamber roughing pump. 

When the pressure was below - 10-5_10-6 Torr, an 8-liter ion-pump was 

used to "reduce and maintain the vacuum. A total pumping time of 

-8 approximately 5 minutes was normally required to attain the - 2 '10 Torr 

of the ion-pump with most sources; 

III. SOURCE PREPARATION 

The 207Bi electron source used was obtained from a previous 

stucty8). l80m.Hf was produced by a four-hour neutron irradiation of 4 mg 

powder of 179HfO in the Berkeley Research Reactor. The 179Hf was an 
2 

enriched isotope from Oak Ridge and the irradiation was in a sealed quartz 
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5 mm Si (Li) detector 

Resolution -FWHM (keV) 

207
S

' 
• I 

• 2 I OAt and 209At 
A 180m Hf 

XBL717- 3965 

Fig. 3. Resolution of the Si(Li) spectrometer for electrons. Points are 

experimental. 

" 
; 
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tube. After irradiation the Hf02 was dissolved in 50-50 solution of 

48% HF and conc. HN03 and the excess HF and HN03we~e destroyed by twice 

taking to dryness with cone. Hel to make the halfium chloride. Heating 

in a water bath with an air jet blowing speeded dissolution and 

evaporation to dryness. The final residue was dissolved in 3M Hel. 

Electron sources were made by flash evaporation of the Hel 

solution from a tungstun boat onto a coliminated aluminum mylar film 

(~ I mg/cm2) which was located 5.5 em distance above the boat. The 

aluminum mylar had been stretched wrinkle-free on source ring mounts 

designed for the Si(Li) spectrometer. Sources with no visible mass were made 

using this technique and the total time to prepare such a source was 

about one hour. 

210At electron sources were described in another paper13) and in 

section IV of this thesis. 

IV. METHOD 

The electron efficiency £ for the Si(Li) system can be determined 

relative to one known standard transition using the NPG method
l

) and the 

following equation. 

A I a
st ce Yst x 

£ = I A a 
Yx 

ce
st 

x 

A is the area of the conversion electrons in a peak in a spectrUm, ce 

not corrected for detector efficiency. 
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Iy is the area (intensity) under the corresponding gamma-ray photo­

peak corrected for the Ge(Li) detector efficiency. 

a is either an accurately determined experimental or a theoretical 

conversion coefficient. 

st refers to a standard or well-known transition in the source to 

which the NPG method is applied. 

x refers to the transition being measured relative to the standard. 

The NPG method relies on an accurate knowledge of the conversion 

coefficients and gamma-ray intensities, and if known, £ can then be 

measured relative to a standard transition in the source using eq. (1). 

. 11) The values of I and the theoretical values of Hager and Seltzer 
y 

for a used for the 207Bi and 180~f isotopes are shown in Table 1. The 

gamma·-ray intensity values of 207 Bi were determined by a remeasurement 

on two separate Ge(Li) detectors which had been calibrated with a lAEA 

standard intensity set14 ), and the values in Table 1 represent the 

average of those measurements. The intensity values of 18~f have been 

recently compiled
14

) based on a remeasurement of the I (443)/1 (501) y y 

relative gamma-ray branch described in Appendix E. 

Figure 4 shows an electron spectrum of 180mHf collected over a 

three-hour period. The efficiency calibration was made by normalizing 

the 207Bi results to the 569 keY E2 transition and the 180~f results to 

the 215 keY E2 transition. The resulting electron intensities are shown 

in Table 2. All photopeak areas were determined with the computer codes 

SAMP09 ) and SPECT10 ). Summed areas for the L-conversion lines were used 

for the areas. To minimize detector edge effects and insure the same 

solid-angle, both sources were counted at the same (50 rom) distance. _ -f 

I' 



( 180m... 207 Table 1. The theoretical conversion coefficients and gamma-ray intensities used in this study for --Hf and Bi. 

Isotope 'E 
y Type 

o.rotal It Iy 

keV % % 

18~f 93.3 E2 1.10 2.73 0.679 4.72 100. 17.47 ± 0.17 

215.2 E2 0.137 0.0684 0.0167 0.227 100. 8l.5 ± 0.8 

332.3 E2. 0.042 0.0129 0.00309 0.0590 100. 94.4 ± 0.9 

443.2 E2 0.0201 0.00489 0.00115 .. 0.0265 85.2 82.8± 1.5 

500.7 
{.965+E3 

0.04097 0.0157 14.8 14.5± 0.4 
.035 M2 

207Bi 569.65 E2 0.016 0.00445 100. 
I 

1063.6 M4 0.097 0.0245 75.5 ± 2.2 w . +:-

{'993 Ml 
..,...:I 

1770. 0.00334& 0.000585a 6.9 ± .2 I 

.OO7+E2 

~hese values are from the tables 
. 15 

of 8li v and Band ) . . ~ was obtained by extrapolation of the ratio 

aK/aL· 
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Table 2. The measured and theoretical electron intensities and the relative 
electron efficiency for 180mHf and 207Bi on the 5 rom Si(Li) detector. 

Isotope 

93.3 

215.2 

332.5 

443.2 

500.7 

207Bi 

1063.6 

1770. 

Line 
Type 

K 

L 

K 

L 

K 

L 

K 

L 

K 

L 

K 

L 

K 

L 

K 

L 

% 

96.7 (5%) 

409.3 (1.8%) 

100. (1%) 

50.43 (1. 8%) 

36.05 (1%) 

10.97 (4.2%) 

15.16 (1%) 

22.35 (1%) 

6.225 (2%) 

100.0 (1%) 

25.5 (2%) 

0.27 (2%) 

0.044 (4%) 

ITheory 
e 

% 

172.2 

427.4 

100. 

49.92 

35.52 

10.91 

14.87 

3.62] 

5.32 . 

2.04 

21.86 

6.08 

100.0 

25.25 

0.314 

0.0552 

Relative 
Efficiency 

% 

56.2 ± 6.0 

95.8 ± 2.1 

100.0 ± 1.5 

101.0 ± 2.1 

101.5 ± 1.5 

100.6 ± 4.1 

102.0 ± 1.5 

99.8 ± 2.1a 

101.3 ± 11. 

100.5 ± 2.0 

100.5 ± 3.0 

100.0 ± 2.0 

101.0 ± 3.0 

86.8 ± 3.2 

79.8 ± 3.9 

e..rhe 443.2L and 500.7 K-lines were not resolved and their areas were summed to 

ca.1culate the efficie.ncy. 

bThe fit error is given in the pa-enthesis in %. 
========================================================~===-========~ 
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N l ' t' d t 1 t' f th '207B, d 180m-of t f orma lza lon an ex rapo a lon 0 elan .ti se s 0 

data (using e.g, (1)) overlap enough to produce the relative efficiency 

curve shown in fig. 5 over the range of 100-1000 keY to ±8%, A gap 

exists in the energy region 1000-1680 keY for which few, if any, 

transitions with accurately known conversion coefficients are presently 

known to the author besides four transitions from decay of 2l0At so that 

included in the efficiency curve are four points 'due to 2l0At . The 

1181.4 keY transition was assumed pure E2 for the NPG method and the 

1436, 1483, and 1599 keY transitions as pure El transitions in further 

establishing the relative efficiency curve of fig. 5. The results of 

these measurements are shown in Table 3. These points fill the gap 

·207 between the 1063 and 1770 keY transitions from the dec~ of Bi and 

probably establish the relative efficiency curve to ±8% over the larger 

energy range of 100-1700 keY. 

V. APPLICATION 

For an example of the usefulness of Si(Li) spectrometer systems 

for the rapid determination of relative internal conversion coefficients, 

the results of K-conversion coefficient measurements of the 8.3 hr 2l0At 

decay are summarized. Using the NPG method on the basis of the 1181 keY E2 

transition in the 2l0At decay13), 30 K-conversion coefficients were 

determined. The results ·for the measurements of 210 At are shown in fig. 8 

11 
together with the theoretical values of Hager and Seltzer ). The details 

of the 2l0At measurements and decay scheme are the subject of section IV 

of this thesis. In the decay, three strong El transitions with the energy 

of 1436, 1483, and 1599 keY exist and might be useful for future ... ' , 
I 

- / 
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Table 3. The experimental gamma-ray intensities, electron conversion coefficients, 
and in addition the theoretical conversion coefficients for 210At. The 5-mm 
8i(Li) detector (K-line) efficiency is also given. 

Isotope E Type loy FK(10-4) '\(10-4 expt expt K-line 
y C)(10-4 ) ot(10-4) Ef'ficienc y 

keY % % 

210
At 1181.4 E2 100. 43.1 8.21 8.0iO.7 100. 

1436.7 El 29.2±1.~ 12.1 1.84 11. 3±1. 0 1. 79±O.20 93.3±10. 

1483.3 El 4p.8±2.C 11.4 1.74 10.6±1.0 1.66±o.20 93.4±10. 

1599.5 El 13.5±0.E 10.1 -- 9.3±1.0 -- 92.2±l1. 
= 
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Si (Li) detector efficiency 5mm xO.785-cm2 planar 

•. - • III· .-• 

• 207Si 

• 210At 
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Electron energy (keV) 

XBL 719-4295 

Fig. 6. Relative electron detector efficiency using the isotopes and 

methods reported. 
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calibrations of Si(Li) spectrometers as previously discussed. The Iy 

and theoretical a
K 

for those 210At transitions are reported in Table 3. 

Figure 9 shows a portion of the 210At conversion electrons covering the 

1000-1500 keV energy region. 

VI. CONCLUSIONS 

The relative efficiency was found to be constant over the energy 

range of 100-1000 keY to ±8% and this might be expected, ignoring edge 

12 effects, because the mean range ) as shown in fig. 6 of electrons in 

5 mm Si is approximately 2100 keY. The probable cause for the apparent 

decrease of efficiencey before the theoretical range in the detector is 

probably due to straggling and detector edge effects. 

One might design future crystals with a larger surface area 

and/or introduce colimination of the source to reduce edge effects 

because of the short range of electrons. 

/ 
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APPENDIX G 

GAMMA-RAY TRANSITION RATES BETWEEN THE EVEN PARITY LEVELS OF 210po 

The calculations of T(A) discussed in section IVJ were repeated 

using Schmidt values of the magnetic moment to obtain values of g. for 
J " 

all proton orbitals. In the recalculations all parameters except gj were 

kept the same as in section IVJ so that only values of T(Ml) changed while 

the values of T(E2) remained unchanged. These new results are shown in 

Table 1. To determine the effect of changing the value of gj on the 

absolute T(Ml) rates, these results can be compared with Table 11 of 

section IVJ. The comparison shows that a small change in gj changes 

substancially (by three orders of magnitude in one case) some values of 

T(Ml).It should be noted that gj enters the calculations 2lli:l. when 

diagonal single-particle matrix ele~ents are involved while g~ and gs enter 

off-diagonal matrix elements. (Equations (23) and (24) of Appendix A 

show this point rather explicitly.) An inconsistency in the previous 

calculations of section IVJ may exist because of the use of an effective 

(or experimental) value for g. in diagonal terms, instead of that obtained 
J . 

from the Schmidt values which uses free space values of gR, and gs' and 

free space values of gt and gs for off-diagonal terms. If an effective 

gj is used, perhaps some effective gt and gs should also be used. However, 

present data preven:t the determination of any effective values of g~ and 

gs for the orbitals involved. Thus a more consistent set of gj for use 

in transition probability calculations may be those obtained from the 

free space values of gt and gs (the Schmidt values). However, since the 

Schmidt values~do not predict the experimentally observed magnetic 

moments, a paradox seems to exist at the present for the choice of the 



T~ble 1. Calclllalc,j TransllJon Probabilities for Ml and E2 t.analtlona for the ·(h
91 

(
7/

) and nth I )2 conflgurationa u.lng the " .. ve functions of :·'a 
1 2 1 2 2 9. 2 I, . 
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g."""~-ray intensities. '!'he 5ch:r.ldl value. ~ere u.ed tor.ill ma./ffietlc moments of 2111po . 

Tran.lllon 

En~rgy Angular C 

Momentum 

Experl­
mentnl 

° """"a-
Ray KR 11K 

Intensity 

(%) T(Ml)108 T(E2)1~6 

661.1 

250.5 

964.9 

112,2 

929.9 

976.5 

652.1 

1201.2 

92.1 

955.6 

909.2 

2290.0 

1106.6 

863.3 

11 .. 62 

11 .. 61 

11 .. 62 

\ ... 61 

51 .. 62 

51 .. 41 

82 " 81 

82 " 61 

62 " 61 

62 " 61 

42 .. 21 

42 .. 22 

42'" 41 

42 .. 61 

0.22(2) 

0.21(4) 

0.16(4) 

... 026" 

0.81(4) 

0.16(2) 

1.81(6) 

0.012(3) 

;!668.1 

1652.0 

2631.0 

126.1 

516.7 

5966.b 

o 

o 

2182.3 

o 

o 

o 

3246.4 

o 

o 

o 

0.053 

66.9 

1.05 

109. 

0.025 

158 

46.1 

17300 

231 

75.7 

822.2 

1671.5 

·643.4 

248.4 

939.1 

131.1 

150.1 

1909.2 

o 

o 

o 

o 

.0 

234.8 

o 

o 

11.1 

o 

60.1 

0.044] 

1416.0 

246.1 

3.01 2066.9 

130.7 

66.2 1306.6 

16.3 

0.0415 

1971.~ 

6.08 o 

98.0 O' 

.022 o 

1.26.8 

101 o 

4400 o 

1.44 11.4 

78.0 o 

aEst1mated rrom the converelon electron I1ne Intens1ties in the spectrograph1c plates obta1ned by Hoff and Hollander.
S 

bEslimated trom preliminary data taken vlth a compton .uppres.ed Ge(Li) spectrometer (Ret. 6). 

1.80 

88.0 

161 

.021 

6612 

2.57 

99.7 

Single Particle 

T(~) 108 

4400(Ml ) 

<l.5l.l050U) 

129(Hl) 

2.6o'1050ul 

70300(~U ) 

1.02.105 (£2) 

1110([2 ) 

~990(E.) 

8noo(Ml) 

1240(E2) 

1.26.105(E2) 

3.7~·105(Ml) 

957(<:2) 

cJi and Jr rerer·to the spin. of the initial and final atate. respectively. The subscripts 1 and 2 refer to the first and aecond level. (lncrena1n i 

energy) or a g1ven spin. 
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To further compare these results with our experimental data, we 

recomputed the mixing ratios 02 and the gamma-ray branching ratios. These 

results are shown in Tables 2 and 3 and can be compared with Tables 12 

and 13 of section IVJ. The values in Table 2 of 02 obtained from using 

the Schmidt values to obtain g. were generally reduced by an order of 
J 

magnitude over the previous results. The gamma-ray branching ratios were 

not nearly as sensitive to these changes in gj and remained relatively 

unchanged. As in section IVJ, a choice of a better set of wavefunctions 

can not be made. More experimental data is needed in order to draw any 

definite conclusions about these present sets of calculations. 

....... , -y 



Table 2. E2-Ml Mixing . d ( 2)a 210 Ratlos 0 for Po. 

Angular c Transition 02 
Momentum Energy Theory 

J
i 

-+ J
f (keV) 

. b 
(experimental) MT KR 

7 -+ 1 82 250.5 <0.32 0.00003 0.000026 

8 -+ 
2 81 630.9 <0.19 0.0036 0.00855 

6
2

-+ 61 852.7 o 19+0 . 16 
. -0.14 0.0394 0.075 

71 '+ 81 881.7 o 58+0 . 47 
. -0.29 0.019 0.073 

51 -+ 61 929.9 <0.32 0.0018 0.032 

42 -+ 41 955.8 <0.29 0.0486 0.214 

5 -+ ·1 41 976.5 <0.i9 0.129 0.088 

a
The mixing ratio 0

2 
is defined as 0

2 = 
[< UE2U >12 =T(E2) 

1< HMla >f 
- T(Ml) 

bThe experimental 02 were obtained from comparison of our K-conversion coefficients with the 

theoretical values of Hager and Seltzer7 ). 

NK 

0.019 

0.0087 

0.083 

0.067 

cJi and J
f 

refer to the spins of the initial and final states respectively. The subscripts 1 and 2 

refer to the first and second levels (increasing energy) of a given spin. 

~e value of gj obtained from the Schmidt value of the magnetic moment was used for all orbitals in 

these calculations. 

I 
W 
0\ 
I-' 
I 



929.9/976.5 

929.9/77.2 

955.8/909.2 

955.8/1201. 2 

0.94+. 09 
..,..08 

(~8.7)c 

20.1 +11. 2 
-5.5 

11. 3+1.0 
. -2.2 

aThe y-ray branching ratios are 
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4.5 

20.8 

73.7 

7.86 

defined as 

y/y 2 == (T(Ml) +T(E2) \/(T(Ml) + T(E2))2 from Table 

1.15 1.48 

15.8 

2.66 3.67 

2.91 2.87 

1. 

bThe experimental ratios were obtained from our gamma-ray intensity data. 

Clntensity was estimated from the conversion electron line intensities in 

the spectrographic plates obtained by Hoff and Hollander5). 

d The value of g. obtained from the Schmidt value for the magnetic moment 
J 

was used for all Orbitals in these calculations. 

. ,. 

f - 'p~ 
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