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ABSTRACT 
210 209 ' The nuclear levels of Po and Po populated by the eleetron-

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 resolution 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 (b q/ 2) and from the multiplets due to 
the configurations (bg/2

 f-r/2) a n d ^ho/p *v?/2^' e x c e P t f o r t h e l o w e s t 

spin members, have been identified. The level structure is compared with 
two-proton shell model calculations and experimental transition proba-
bilities for gamma decay of the (hQ<p *V/o) a n d ^ no/p) 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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210 in Po at 21+00 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 

the Fb 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 

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

been determined and used to assign spins and parities to the levels. 
209 Five states arising from the odd neutron in Po 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 
207 

Fb. A weak coupling calculation using experimental data from isotopes 
in the lead region to approximate residual interactions was found to 

209 explain the level structure of Po 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 ) and Mayer ). 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" 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 description 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 for examining 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 has its first excited state at 2.6 HeV. 
Below this energy nuclei with two nucleons beyond a Fb 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 
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 
peat five years because of improved developments in solid-state detectors 
and electronics. Computer analysis of data and "on line" 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 01 any nucleus from a set of first principles. 
In order to achieve this goal and to determine the limitations and 
validity of 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 
208 neutron deficient nuclei near the doubly closed shell of ' Fb using the 

experimental programs described in this thesis. The primary goal of this 
PQQ 209 

study was to determine the level scheme of 'oU'o. The Po nucleus is 
of theoretical interest due to its proximity to 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 207 odd-neutron nucleus Fb in order to determine the effect of the 83rd 
and 8Uth protons on such states. 

An additional reward developed from the choice of the 
*^Bi{a,Un) At reaction for the production of sources. This required 

210 that the decay properties of At (which was produced in sources from 
the competing (ct,3n) reaction) be known. Several questions about the 
210 

At electron-capture decay scheme needed to be investigated in order 
210 to better understand the decay. Thus a reinvestigation of the At 

210 decay was undertaken to search for finer details of the Po level 
structure, in particular core-excitations. The new data combined with 
new reaction data on the levels of ^ " P O and allowed a very 
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detailed level scheme to he constructed. As a result almost all levels 
due to two-proton shell model configurations and Fb core-excitations 

210 occuring below 3.1* MeV have been identified in the Po 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 sl'.ould 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 

210 209 specific examples of fo and Po. 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-
capture decay of ^ 1 0At are given in section IV. Besults for are 
compared with the predictions of the two-proton shell model and the weak-

coupling model. Identification of two-proton shell model states and 
Fb core states are male. The gamma decay transition probabilities are 

calculated between the 1 »v-lying even parity levels. 
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209 In section V the experimental results of the 'At electron-
209 209 

capture decay to Fo are presented. Identification of states in Po 
arising from single-neutron (particle or hole) configurations are made 

207 by a comparison cf the level structure with Pb and theoretical 

calculations. A weak-coupling model calculation is made for the two 
proton-one neutron hole configurations, and such states are identified 

209 in the Po 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 Si(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 
containing these numbers are Q0, „.Ca, , QSn, and ggFb. 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 nualeon 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 ie 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 
*4#ptest potentials often used are the single harmonic oscillator and 
the spherical potential well which are illustrated in fig. 1. The 
parameters in fig. 1 represent approximate values for neutrons in the 
lead region ). For example, from the relation 

1/2 m<o2 R 2 = E = (N + 3/2)h(o (l) 

1/3 where R = 1.1»2 A [fm], the value N = 5 (for 126 neutrons) was used. 
The depths of the potentials {V and V ) were used in a calculetion ). 
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> 

10 r^.[fm] 

- 2 0 -

- 3 0 -

- 5 0 

V(r)=-Vo r < R 

= o r > R 

V ( r ) = - V 0 + 1/2 m a / r 

X B L 7 I I I - 4 8 2 0 

Fig. 1. The simple harmonic oscillator and spherical "square" well 
potencies. The parameters represent approximate values used near 
the 126 neutron shell ). 
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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 SchrcJdinger equation can be 
solved for the single-particle eigenfunctions <(>. and the energy eigen­
values E 

H* i = E ^ (2) 

where the Hamiltonian H is defined as 

2 
H «= - — ~$2 + V(r) (3) 

The potentials used to represent V(r) are the simple harmonic oscillator 
(SHO) and the spherically symmetric potential well (SPW) shown in fig. 1. 
The SHO potential has the analytical form 

V(r) = -V + 1/2 mu>2 r 2 (U) 

and the SPW potential the form 
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-V r < E 
V(r) = ° (5) 

0 r > R 

where V , u>, and V' are positive constants. Both potentials have single-
particle solutions (of eq. (l)) ((> »^(r) = |nAm > 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 
2 3 set of degenerate eigenvalues given by ' ) 

En» = -V 0 + M N + 3/2) (6) 

where N is defined as the principle quantum number and is restricted to 
be integral values, including zero. For each value of H there is a 
series of states degenerate in energy which can be denoted by the quantum 
numbers n, I, and m. The relation between the principle quantum number 
N and i. is 2' 3) 

H « 2(n - 1) + A • 0, 1, 2, ... (7) 

where n is defined as the radial quantum number (n - 1 is the number of 
nodes in the radial wavefunction portion of •„»_.(?) for 0 < r < » ) , and 
SL is the relative orbital angular momentum of the nucleon. The restric­
tion that 2(n - 1) + £• is zero or integral requires that i is either even 
or odd for a given N. This leads to the fact that shells of the sane 
principle quantum number H have orbitals of the same parity. In addition 
to the degeneracy in n and & for a given energy, there Is a f:(2l + l) 
fold degeneracy (in spin and in I due to its m projection) so that the 
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total number of degeneracies In the eigenvalues of eq. (6) Is equal to 
(N + 1)(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, Uo, TO, 112, and 168. 

Use of the SPW potential in eq. (l) leads to eigenfunctions which 
have the degeneracy in the n and I removed. These solutions are the 
spherical bessel functions J ^ i / a ^ n ^ w f l« r« t l l e energy eigenvalues are 
given by the zero's of the bessel function as ) 

The number of zero's of the bessel function, excluding the origin, is 
given by n (n * 0, 1, 2, . . . ) . The eigenvalues of eq. (8) are plotted 

ft2 

on the right of fig. 2 in units of s- . The eigenvalues are still 
2mR 

degenerate in I and spin with the number of degeneracies given by 
2(2t + l). 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 SRO and SPW potentials. Average energy eigenvalues and 
occupational numbers formed from both potentials with the n and I 

degeneracy removed are shown in the center of fig. 2. The average nredlcts 
•hell closures at 2, 8, 1(0, 70, 92, and 138. Except for the lightest 
nuclei (A < U0), neither of these potentials nor the average predict the 
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experimentally observed shell closures which suggests that some important 
detail is missing. The independent suggestions of an additional strong 
spin-orbit coupling term by Haxel, Jensen, and Suess ) and Mayer 3' ' ) 
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 ii generally taken as ) 

'so'" • -« (=r)2 i ff* « <« 

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 SFW 
potentials to V(r) in eq. (3) gives results different from the SHO or 
SFW potentials in the following qualitative way. Because of the relations 

2t-s - "S2 - (I2 + s 2) and X > 0 , (10) 

states of large orbital angular momentum I are effected most with states 
of total angular momentum J • * + s more tightly bound than states of 
•+• -fc "^ ft 

J • i - 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 
angular momentum J « 1 + s are depressed (proportional to X) in energy 
and the states of J * I - B are raised so that the SPW (or SHO) levels 
are altered. For example, the splitting of the lg level into the lgg/p 
and Igf/o levels produces the magic number 50 by inclusion of 10 
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additional states to the previous occupational number of kO 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 X. Qy varying X 
separately for protons and neutrons for different regions, the experi­
mental level schemes can be reproduced. For example, the experimental ) 
single-particle levels in the lead region shown in fig. k can be 
reproduced by varying X. 
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207 209 
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Cb) Gap energy of 2803 keV vas estimated as the difference of the energy 
necessary to separate a neutron from Pb minus that required for " 7Fb, 

(c) The single-particle strength is Believed fragmented over several levels. 
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B. Shell Model 
The single-par icle Model as formulated above should be only 

strictly valid for nuclei with one nucleon nore than a doubly closed 
shell. More sophisticated treatments include the description of two 
or more particles outs'de of a double closed shell. This leads to the 
siiell model where the otcited states and their spins and parities are 
predicted for more tha a siagle-particle beyond a double closed shell. 

The approach ir 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 direct.' y with the individual core nucleons. The inert 
core assumption may not be strictly valid but it produces a simpler 
model which reduces the number of degrees of freedom to a solvable 
problem. 

The inert core assumption allows the total vavefunction of the 
system ty to be written as the product of a vavefunction for the non-
interacting core nucleons 1(1 and the N valence nucleons •. The 
Haailtonian is then written as a sum of a core and a valence part, 

t|/ - tji « (11) 

and 

H « H + H c v (12) 
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These assumptions allow separation of the problem into two parts which 
nay he solved individually. Thus in general we have eigenvalues for the 
core (E ) and the valance nucleons (E ) from the relations C v 

and 
H Ui « E l|i (13) 
C TC C r C 

H * « E * {Ik) 
V V ' 

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 Hamiltonien describing H valance nucleons 
outside the inert core H is assumed to be further separable into two 
parts ) 

where 

H y * H o + Hj (15) 

Ho = J (Ti + V (l6) 

i*l 

a i = £ vij ( 1 7 ) 

i<J 

H is a Hamiltonian representing the interaction of the valence nucleons o 
with the core but not with each other. That is, H includes all inter­
actions experienced by nucleons outside the selected core except for the 

and 
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resiiual two-body interactions among valence nucleons. H is generally 
teaer-. as the SHO potential where T. is the kinetic energy of the i 
j.i«.uti:le vith a potential energy V. outside the inert core. H, represents 
tbt- si n of all two-body residual interactions among the valence nucleons 
whs-re "\ . is the residual two-body interaction between the i and j 

valance nucleons. The assumption that only two-body forces need be 
-•onsidercj in the residual interactions is tested in how well the 
jjrs»iicte< results agree with experimental results. The form of K, is 

2 3 fcsorrally tufcen from tvo nucleon scattering experiments ) as ve discuss 

&^'.he end of thio section. 
If '.he simple haraonic oscillator potential (SHO) is taken for 

o H, %hv vell-Hnovn SKO vavefunctions ore solutions for K ). Explicitly, 
if '-in nuclecns outside the core ore non-interacting, the solution for 
H nucleons can be written as a product of B single nucleon SHO wave-
functions 6 (i) (see section Ilk) for the various configurations 

(specified by the quantun numbers (n&r..) and represented by the label a.) 
2.3* as ) 

* "TT^o (i) (l8) 

i»l i 

Thus 

Ho* " ] C Ei* S G* ( 1 9 ) 

i 

whers 
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N 

i-1 
2m, V + 1/2 m.u 2 r 2 

o 1 (20) 

The sum of eigenvalues for all 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 e,. (The e. is the same as the eigenvalue E^ of eg.. 
(8) in the single-particle model of section XIA and is numerically the 
mass of the i single-particle plus the core minus the core.) However, 
the wavefunction in eq,. (18) is not antisymmetric 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 <f> (i) in the 

2 * 
form of a Slater determinent ) 

* = 
JsT 

V 1 } V 1 } 

V 2 ) V 2 ) 

(N) (N) 

V 1 ' 

•« <•) "• 

(21) 

As an example, suppose we had two nucleons outside a core, each described 
by the single-particle wavef unctions $ (l) and <j> (2), then the wave-

°1 a 2 
function * would be written 

v£ a l a 2 a i a 2 
(22) 
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This in the correct normalized antisymmetrized wavefunction to he used 
in eq. (19). 

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

H = (H + H ) + ft. (23) 

c o 1 

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

Hi|/ = (E o + e)0 • H ^ - BJi (2U) 

This is the eigenvalue equation that can be solved by matrix diagonal-
ization. In general * occuring in eq. (ll) can be expanded in any 
complete orthonormal set of properly antisymmetrized wmvefunctions. For 
this aodel, the proper choice is the complete set of Slater determinants 
(eq. (21)) {*.} formed for all allowed SHO single nucleon wavefunctions 
<p, of the configuration space outside the core. The wavefunction of 
eq. (11) now takes the general form ) 

*• l*> * l*c> £ a J V (25) 
i 

Experimentally it is known that H mist be rotationally invariant 
which implies that H is diagonal in J. The condition that B is invariant 

2 *? to rotations is expressed by ) 

<i(iJ|H|*J, > * constant 6 J J ( . (26) 
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Rotational invariance of H is the basis of the stateaent that states of 
different J (and parity) do not interact or configuration nix. The 
foras of K are also restricted to be scaler or pseudo-sealer inter-
actions * ). Since H is assuaed diagonal in J, tha suaaation in eq. 125) 
can be truncated to include only those teras where the configurations 
of the I nucleons outside the core have the saw spin and parity J*. 
This allows the aatrlx diagonalisation of eq. (2a) to ba perforasd in 
a saaller orbital apace. However, rather than continue in a general vsy, 
a specific case will be discussed which aey be generalited by tha reader. 

We shall proceed to outline tha aethods for doing a shall aodel 
calculation and discuss the techniques involved using tha specific 
exaaple of 2 i 0 P o which has two protons aora than the doubly eloaad 
core. The two protons can be assuaed to nove in the field of tha 
core and interact with each othar through residual Interactions to 
produce different nondagenerate nuclear states. Tola exaanla involves 
a doubly closed core which certainly approxiaates tha inert core aodel; 
however, a doubly closad core la not a restriction. Consideration of tha 
single-parti2le states available for the protons la too lead region in 
fig. k suggests that tha lower levels of 2 W P o sight ba satisfactorily 
described by a truncatad configuration apnea of tare* orbitale, aaaely 
l h 0 / ? , *f 7/ 2» and li 1 3^2* t a * choice la eeteralned in part by tha 
slightly larger experlaentel energy gnp between the ^mi2 *»* *** u i * / 2 
orbitala than the other orbitals. However, this truncation awot be 
tested with experlaental evidence before the validity la truely Itaova. 
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210 Thus for Po w* will assume that the two protons outside the 
core are allowed only in the three orbital* immediately above the Z * 82 
shell. Figure k shews tUat the three allowed proton orbltals are 

"tya* **!/»• •"* lli3/2* 
The lowest energy state (ground-state) of Po would have both 

protons in the lh-.g orbltals coupled to 0 (as the ground-states of 
other even-even nuclei are 0 } with the dominant ground-state configur-
ation w(h_. 2) . There are other allowed proton orbitals (and angular 
aoasntua couplings) in this two-proton aodel. Thus many states of 
different angular moaantua couplings end 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 
ooaentua 3i *»d J, can be placed into three orbitals. For two identical 
nucleons in the saae orbital, the Paull principle excludes states c* odd 
3 couplings. (This also can be proved rigorously in the ftaeah algebra 
tor a two-particle antisymmetric wavefunction ).) The total number of 
ways to put two protons into the three orbitals is six with a total of 
*2 allowed, but different* couplings of the angular aoasntua J » Jj • Jg* 
Tbese allowed configurations are enumerated in Table 1. These results 
can be generalised to any number of orbltals and particles although this 
aethed grows rapidly in complexity for allowed couplings. 

210 Since the number and types of allowed two-proton states for Po 
have been discussed, we consider solving eq. (2b) in detail for the 
energy levels and wavefunctiOM. The procedure we will discuss is the 
general way in which shell aodel calculations are perforwed. We will 
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Table 1. The shell mclel orbital* and the allowed (j-JgJJ couplings of 
210 the two protons for Po in our three orbital space. The occupation of 

an orbital is represented by the tyabol X. 

Shell Model Proton Orbitals Allowed Configurations 
l h9/2 2 f7/2 l i13/2 J* 

XX (0,2,J»,6,8)+ 

X X (l,2,3,l»,5,6,7,8)+ 

X X (2,3.'*,5,6,7,8,9,10,11)" 
XX ( 0 . 2 . M ) * 
X X (3.U,5,6,7,8,8,10)" 

XX (0,2,k,6,8,10,i2)+ 
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show that since H is diagonal in J and parity is conserved, only states 
of the same J need be considered at once. After choosing a particular 
J and solving eq. (2k) for the eigenfunctions and eigenvalues, the 
process can be repeated for a new J . 

Suppose we first solve eg.. (2k) for all the J = 0 two-proton 
210 states allowed in our space for Po. The expansion of 4> in eq. (25) 

reduces to three terms since only three 0 states from the two-proton 
couplings can he formed within our three orbital model (see Table l). 

The three 0 states will produce a 3X3 matrix to be diagonalized. 
Explicitly we may write 

3 
* • l* + > - l*> V a.|*.(i)> (27) 0 £i ° 

where * .(i) are the three Slater determinants formed for the two protons 
0 + coupled to 0 in the h Q,„, f 7/ ? and i , orbitals 

* +(1) = •0r(hf/ ) + ) 0 ^ 0 

* . (2) = $(ir(f2 ) ) (28) 
0 " 0 

* +(3) = *(*(±i 3 / 2) + ) 

To solve eq. (2k) for the eigenvalues E and eigenfunctions i/», we 
utilize our expansion of * in eq. (27) to generate a 3X3 matrix. Multiply 
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eq. [2k) by each of the three *. terms in the summation of eq. (27) and 
use the orthonormal properties (*. |*. > » 6., and (i|> |ij) > = 1 to arrive 
at the following set of equations. 

< * C I < * 1 | H | £ * 1 l » l > l * c > - E < * i l £ a

i l * 1

> - » i E 

i»l 

3 
<* cl <* 2|H| £ a i l * i > l* c > - * 2

E <®> 
i-1 

3 
(*cl U 3 | H | j ^ V M = a 3 E 

i-1 

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 

^ • c l < » 1 | H | # 1 > | # c > - E < * c l < * 1 | H | » 2 > k e > < * c l < » 1 | H | # 3 > k e > 

<* cl < * 2 | H | * 1 > | * C > < * C I < * 2 | H | * 2 > | * C > - E < * C | < « 8 | H | # 3 > | # C > 

y<4»cl <* 3|H|* 1 > |*c > <*J <* 3|H|* 2>|« e) <* cl<» 3|H|# 3>|* 0>-y 
(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. (lb) and eq. (19). 

a2 
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' U J H J ^ > + 4 - E u jHj* , , ) < * 1 | H 1 ! * 3 ) 

<*2|H a|*1 > ( * 2 l H l '*2 > + e 2 " B < * 2 I H

1 I» 3 > II a 2 | " ° 

yf^lV < » 3 | H 1 I * 2 > <* 3l Kil*3 > * 4 - y \R

3i 

(31) 

We have introduced a nev single-particle energy e^ which is defined as the 
sua of the core energy eigenvalue E and the SUB of the SHO single-
particle eigenvalues e for the two nucleons as defined in eq. (19)• 
•That <s 

(H + H )* • - (E„ + e )* •„ s e» * * (32) 
c o c a c a c a a c a 

where 

J-l i-1 
(33) 

The values of e* can be obtained from experimental data on single-particle 
energies. In general the individual e! represent the energy of a 
single-nucleon outside the inert core in the absence of a residual 
interaction (i.e. IL > 0) vhich can in principle be estimated fro* an 
odd A nucleus composed of the sane core. Specifically* in the absence 

of a residual interaction among the protons outside the core for 
2io 

Po, the proton single-particle energies ej „ may be approximated 
from 2 0^Bi data. The numerical value of £ is the mass of the 2 0 a p b 

c 
core, and £, the mass difference of the i single-particle state of 

i,a — — — — 
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2 0^B1 and the Pb core. The value of e' is thus the mass of the 1 

single-particle state of Bi. Frequently, the mass of the ^ B i 
ground-state is subtracted from the single-particle energies (e! _) and 

J ,u 
energy differences (relative to zero) are used. For exanple, from the 
levels of Bi (the ground-state mass subtracted) in fig. k, ve have the 
values ejfap/g) - 0, ej(*7/2> - 89T and e»(i 1 1 / 2) " l 6 o ° *« v- ^ ^ * h e 

e' terms in the matrix of eq. (31) may be evaluated from experimental 
data rather than calculated explicitly. 

An an example we may write down zero-order estimates for 
solutions of eg.. (31) for the various two-proton configurations in the 
absence oi all residual interactions. These estimates are shown in 
Table 2. The states of the various two-proton configurations in Table 
2 are degenerate because B. 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 alt&r these zero-
order estimates.) 

However, since there are residual Interactions, the matrix 
elements of H. must be evaluated before the final diagonalisation of eq. 
(31) to arrive at the eigenvalues for the matrix. Before expanding on 
the evaluation of the residual interaction matrix elements, assume that 
th«y 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 evaluate 
the H. matrix elements is discussed at the end of this section.) 
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210„ Table 2. Po two-proton level structure in the abses.cc. of all residual 
as t 

mass subtracted). 

interactions as estimated from Bi experimental data') (ground-state 

Configuration 
Unperturbed Energy __. 

spins 
2 and 

Comments 
e ; 

(keV) 

Parity 

* ( h 9 / 2 ) 2 0 (o,z,k,6,af ground state 

n ( n 9 / 2 fY/2 ) 897 (1,2,3,...8)+ 1st excited state 

w t V 2 113/2 ) 1609 (2,3,!*,...11)" 2nd excited state 

n ( f ? / 2 ) 2 179U (0,2,U,6)+ 3rd excited state 

^7/2 S.3/2} 2506 (3,1»,5,...10)~ l»th excited state 

ir(i 1 3 / 2) 2 3218 (0,2,1»,...12)+ 5th excited state 
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Solutions exist if the determinent of the 3X3 matrix is equal 
to zero. Solution of eq. C3l) (with H. matrix elements and values of 
e' assumed known) produces an equation which is cuMc in E. The three 
energy eigenvalues E for the 0 states are the three roots of the cubic 
equation which can he obtained by various iterative techniques. At this 
stage the eigenfunctions for the eigenvalues are not yet determined. 
These can he obtained by picking ons energy eigenvalue E at a time and 

using it for the value of E in each of three equations in eq. (29). Shis 
produces three equations and three unknowns (a. s a_, a.) so that the 
amplitudes (a ) of the wavefunctions of the expansion of |<J» ) in eq.. 

1 0 
(27) may be determined. The solutions (a., a„, and au) obtained for the 
lowest energy eigenvalue E represent amplitudes of the various 0 
components of the ground state wavefunction. 

l*o+ > = !*c M.J. •M-! / 2> o +> + •» •M*?/2 )
0+ ) + *3 * ( i r ( i i 3 / 2 y ] 

(3*) 

The a. show explicitly the amount of configuration mixing between 
states of a given J and represent the relative comsosifuEs of the wave-
function. The remaining two energy eigenvalues, wh«n substituted into 
eq. (29) > will yield the wavefunctions of to for the 2nd and 3rd 0 
states respectively. Thus if the values of e' and matrix elements of H, 
are known, the problem can be solved for the three eigenvalues and eigen-
functions. The remaining J states can be solved in a completely 
analogous fashion one at a time until the problem ia 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 H.. If the agreement between cal­
culated and experimental eigenvalues is good, then the wavefunctions may 
be tested by computing quantities which depend upon the vavefunctions 
such as the gaiuma-ray decay transition probabilities or the DVfHA. cross 
sections. If the agreement is poor this may be indicative that the 
choice of parameters for H. (or the configuration space) may have been 
bad. The sensitivity of the results on matrix elements of H. may be 
realized by considering eq.. (31). A reparameterization of H. 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 
H. or the core is wrong, or the shell model is too simple a model for 
the nucleus being considered. 

We have assumed in the above matrix diagonalizations that the 
two-body residual interaction matrix elements <*. \B.|*. ) were known. 
Calculation of these matrix elements is the real crux of the problem in 
shell model calculations. Once these matrix elements axe obtained, the 
shel? model problem is essentially solved because only matrix diagonal­
izations remain as we have shown. Two types of formalisms used for the 
H, will be discussed. 
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The idea is to choose the two-body residual interaction 
Hamilton!an E. in such a vay that the two-body matrix elements 
<*.|H 1|$, > are calculable. The form of JL choosen for the residual 
interaction is generally deduced from experimental scattering studies of 
two nucleon systems ). The most general form for H. can be written as 
a sum of two components ) 

Hl * HCT * he <35> 

where H__ is a central potential component and H_ c is a tensor or non-
central component. Two nucleon scattering experiments have shown that 
the form of the central two-body interaction potential of K, should be 
rotationally invarient (scaler or psuedo-scaler), parity invariant 
(scaler), charge independent (scaler In isospin), time reversal invarient, 
and permutation invarient ). 

H c_ can be written as a linear combination of the general inter­
actions involving space and spin coordinates that involve two-body 

2 3 nuclear exchange forces ). 

H c r " **"••+ V« + Vo + Wo-1 ( 3 6 ) 

The subscripted S. represent adjustable strengths (constants) for the 
various nuclear interaction potentials (i • W, M, B, H) that are called 
Wigner, MaJorana, Bartlett, and Heisenberg potentials respectively. F 
and P are two-body exchange operators for the space end spin coordinates 
respectively and VU") 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 vhieh the two-
body force is acting. Hence 1 is the relative angular aoaentua of the 
two nucleons experiencing the residual interaction. (She wavefunction 
* used in this section has the explicit form of eg. (22) and represents 
two nucleons with coordinates r. and r^, and spins s 1 and Sg.) The 
Wigner force of eg.. (36) is Just an ordinary r dependent force 
(r • fr. - r„ | ) , with a variable strength 8 t f. 

The Majorana potential ia eq. (36) involves the space exchange 
operator P . For two nucleons, spatial exchange Is the M M as a 
reflection about the origin. The P x operation involves the parity (even 
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 even ). 

+ V(r)BH* if I even 
V ( r ) V x * " { 3 7 > 

V(r)SM» if I odd 

The Bartlett potential of eq. (36) ia such that for the spin exchange 
operator P operating on a vavefunction, the following hjlds ) 

• V(r)SB* if 2 » 1 (triplet) 
V(r)By^» • (30) 

- V(r)SB* if 2 - 0 (singlet) 

where t • s^ + %2. The effect of this part of the potential is to 
either change the sign of the wavefunction if the two nucleons are in 
the singlet (I • 0) state or to do nothing if in the triplet state 
(I - 1). 
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N nally the Heiseoberf potential involves * cosMnation or the 
spast-apin exchange operators ) 

$ • 1 1 even 
V(r)S H* if ̂  

$ • 0 E odd 
V(r)SJM • (39) 

5 • 0 1 even 
- V(r)8 u« if . 

H S - 1 tods 

Soa* roraellsas treat the Neieenberg potential explicitly an the isospln 
(T<T) dependence tern (charge independence) of A.. 

Another general foraalisa often used is very slaUar to the 
above and it Involves the aaae type of linear cosMoatlo* as so.. (36) but 
introduces projection operators n } which ar* define! in tamw of the 
exchange operators * ) 

f!? • 1/2(1 • P 0) i « triplet & « I) 

n g • 1/2(1 - P 0) i - singlet (I « 0) 

JIg • 1/2(1 • ?x) 1 « even (* even) 
(1.0) 

J?0 » 1/2(1 - P x ) i « odd (i odd) 

These are projection operatore because they either "project out" certain 
states or give sero upon operation on a two-nucleon vavefsnctloB. Their 
behavior on a vavefunction is the following ): 



* * • 

!!,• 
1* 

• 
0* 

S • i 

s - o 

V 
If 

m 
Of 

1 - 0 
i f 2 - i 

V 
1* 

It 

0* 

t even 
i f 

t odd 

V 
i* 

• 
Of 

1 odd 
i f 

I even 

(1»1) 

the convention 11 w * n y n f • 1/I»{(1 • P 0)(l • PX)J is often used and is 
called ton triplet-even (TI) projection operator. (Similarly for the 
triplet-odd (TO), singlet-even (SE), and 6in«le-odd (80).) If wo o^ain 
let 8, represent adjustable strengths of potentials ve can rewri'se H ~ 

2 3 in terns of projection operators ) 

H C T « V(r)[8 T BJI r a • S , ^ • S 8 IJl S E + 8 B t ^ g 0 ] (fcfi) 

this font of H__ is often used in the literature and has the siaplifloaticr 
that for two identical nucleons, the triplet-even n ^ and the singlet-odd 

210 IlgQ tcTM vanish . This would apply to Po with two protons outside 
the core. 

The forms taken for the radial dependence V(r) in eq. (36) and 
eo.. (ho) are generally either Gaussian 

V(r) - - e" r / a 0*3x 
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or Yukawa 

V(r) - - K e ~ r / a (kh) 

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 JL are 
referred to as the tensor force and spin-orbit force. The form of the 
tensor force is , J ) 

"NO " HCT S12 

where 
,•* - » • , , • + -*• 

s l 2 " 2 - V * 2 < U 5 ) 

and B ~ has the form of eq. (1*2). The tensor force can be shown to 
interact only between two nucleons which are in the triplet state (S • l) ). 
The non-central Hamilton!an when the spin-orbit force is included has 
the form 

«N'J " HCTS12 - Yt-(8 X * V i h 6 ) 

where y is an adjustable parameter. The scaler forms of £,„ in eq. (1»5) 
or eq. (U6) insure that H- is rotationally invarient. Either form of 
VL.„ can only interact with triplet 

(1-1) even or odd states and will 
vanish for the singlet (1-0) states. 
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We can now summarize and write the complete residual interaction 
Hamiltonian H., in terms of either of these two formalisms as 

»1 - V ( r ) f S W + Vx + S B P a + Wc 3 + «HC IW 

or 

h - v(r)[sT^iTE + sTCfiT0 • s g En S E + s ^ ] * H^. (U) 

We have shown explicitly two phenomenlogical forms taken for &, in 
calculation of the two-body residual interaction matrix elements in eq. 
(31). TOiere are other forms used for E,, but eq. (kf) and eq. (k&) are 
two of the most common for simple shell model calculations. Once the 
two-body matrix elements < *. |HL |*. > are determined (which is not an 
easy task because of the complex algebra and integrations involved), the 

IT 

eigenvalues and eigenfunctions for a given J 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 Coupling Calculation for g l 0 P o 
Consider Po which has a Pb core and two protons outside 

the core. A weak coupling model has been used to predict the energy 
- 210 -

of the II state of Fo arising from the coupling of the 3 core state 
with the lowest 8 two-proton configuration ). First-order energy 

210 estimates of other states in Po arising from the weak coupling of 
different ( Pb) 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 m y 
become useful for other nuclei as more detailed experimental nuclear 
data becomes available. 

Fo has a Pb core with two interacting protons (p 1 and p g ) 
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 stateB. Schematically the situation 

210 for Po might be represented as 
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The Hamiltonians for the core and protons are represented as H , H,, and 
210 H-, respectively. The total Hamilton!an H for the Po can be written 

as 

H " Hc * ( H 1 + Hic> * ( H 2 * " ^ + \> { k 9 ) 

where H' represents the proton-core interaction and H the protoc-lc pp 
proton interaction. We can combine IL and H" and define a Haalltonian 
H. which represents the proton and its interaction vith the core in the 
absence of the proton-proton interaction. This allows us to rewrite the 
Hamiltonian of eq. (1*9) as 

H - Hc + Hlc * H2c + Hpp <*» 

The energy Ej of a state in Po with an angular momentum 3 arising 
from the coupling of a core state with a two-proton configuration can 
be expressed as 

Ej * <4.|H!* > - E c + E^p + <*|H l c|* > • <*iB 2 c|* ) (51) 

pf)A 
where E is the energy of the Pb core state and 

pp pp 

The energies E and E can be approximated from the experimental energies 
as discussed later. If we assume that H. « H ? , we may estimate the 

210 in Po from the relation 

E.T * E n + E ™ + 2<»|H*.I*> *53) 

210 energy Ej of states in Po from the relation 
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If there were no particle-core Interaction (i.e. H_ » 0)» the 
zero-order energy B. would be simply the sun of the tvo energies E and 
S . However, H_ is not zero and the effect of a nor.-zero H_ will he to 
pp cC cC 
alter the zero-order energy estimate. Bather than calculate the matrix 
elements in eq. (53) with a phenomenlogical H, t residual interaction 

210 matrix elements for Po can he approximated from a nucleus with the 
same core and only one single-proton outside the core in the following 
way. 

The angular momentum of the wavefunction \i> > for a state in 
210 

Po may he considered as composed of three components due to the core 
* e and the two protons outside the core, 5. and Jg. The waTefunction 
may he written explicitly as 

|*> - l<V2' J18 Jc ; J M > ( 5 U ) 

where 

C55) 

Use of a Racah coefficient W(j.J 2oJ; J 1 2
J2<J * ° r * n* decoupling of 

three angular momenta allows the wavefunction of eq.. (5k) to he rewritten 
o 

in terms of the product of two wavefunctions ) 

l ( J l J 2 ) J 1 2 J c ' J M > = E A2J12 + l)(2J2c*l)W(J1J2JJc; J^eJlJj tVc^c 1 ** 

J 2 C (56) 
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where 

| j l ( J 2 J e ) J 2 c ; M } * | J1 > l ( J2 Jc ) j2c > ( 5 7 ) 

The matrix elements of H- in eq. (53) can be rewritten in terms of these 
waveJunctions. Using the explicit value of the wavefunction, we may 
write matrix elements of H_ as 

<*|H2cl<i« > - £ (2 J 1 2 • X>(2 J 2 c + 1) 
J, 2c 

|W(J l J 2JJ c; J I 2 J 2 c ) | 2 <J 1(Vc) J2c' J M i ^ J j ^ V e ^ c 5 J K > 

(58) 

To estimate the matrix elements of H_ in 04. (58), consider 
AAA OAft 

Bi which has a Fb core and a single proton. We can write the 
209 Hamiltonian for the Bi nucleus using the previous formalism as 

H " Bc + "l + "le " Hc * »le " Hc * H2c ( 5 9 ) 

The energy «, of excited states of ^ B i will be given by 
,,2c 

E T - <*( 2 0 S >Bi)|H|*{ 2 0 9Bi) > - * * <*j?,J* > (60) 
2c c ** 

where the odd proton is coupled to various core states (Including the 
ground state} to produce a series of states with angular aoaeutua J_ . 
For example, the n_> 2 proton coupling to the 3~ first-excited core state 
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will produce a series of even parity states with angular Boneatue J_ 

^ c * 2 2 2 2 2 2 2 J ** M J 

209 The vavefunction of Bi can be writ ... explicitly as 

If the experimental data on the levels of and ^*Tfc pem&t 

identification of the energies S. and B , matrix elements of H_ any 
2c 

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

Hence we asy now evaluate eq. ($6) f-»r « using expariaental data 
froa the levels of ^ B i to estimate the proton-core residual inter­
actions. Rewriting eq. ($3) in tern* of the above discussion and 
experimental energies, ve produce a relation to estiamte the energy of 
stt^es in with an angular aoaeatua 1 

EJ " E c + 8 r a + 2 E «» J12 + l>(8 *2c * « W W V Vi.>l* «V * V 
wo 

Tt if experiaentsO. energiea are knowa for nuclei of Interest, eq.. (6a) 
•ay be ainply evalttated to provide first-order weak coupling estimates 
of the energy of TPo ccailguretions of spin 5 • 3 • 5,^. 
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- 210 As an example, consider the 11 state of Po formed from the 
o _ 

coupling of the n^h^.J) tvo-proton configuration with the 3 core 
8 

state. Equation (55) determines that the only possible proton-core 
couplings of (|- 3~)Jg are 13/2 and 15/2+. The experimental 9Bi 

energies for these J„ configurations are ) 

S = 2601 keV and E = 27*H keV (65) 
13/2 15/2 

where Racah coefficients are 

W(f § 11 3; 8 i|) = -0.0290 ana W ( | | 11 3; 8 i|) = 0.05^2 

(66) 

The 8 + level at 1556 keV in 2 1 0Po and the 3~ level at 26lk keV in 2 Pb 

provide the values for E and E . Thus from eq. (.6k) we predict the 
pp c 

energy of t h e l i ~ s t a t e as 

S = 26lIt + 1556 + 2{17-U*(-.029) 2 (2601 - 26lk) + 17 ' l6 ( .05 '*2) 2 (27 ! t l - 26llt)> 
11" 

= 1*368 keV . (67) 

11 
The experimental value ) is l»32l» keV 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 210 experimental results for Po. 

N 
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209 D. Weak Coupling Calculation for ?Po 

The weak coupling model has been used successfully in the 

description of some states in the bismuth isotopes. We shall extend the 
209 weak coupling model to predict the level structure of Po. We assume 

pno pnft 
that Po can be described as an inert Pb core with two-protons and 
one neutron-hole. Residual interactions between the neutron-hole and 

the protons and interactions between two-protons will be considered 

explicitly. We assume Bi to be composed of a Pb core plus an 
prtQ 

interacting protoD and neutron-hole. The level structure of Bi and 
209 t 

Po should include the effects of the particle-hole interaction H. 
208„ 

ph 
and we will use data on the levels of ""Bi to approximate this inter­
action in Po. We shall regard Po as represented by a Pb core 

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

of the proton-proton interaction H and we will use data on the levels 
210 209 

of Po to approximate this interaction in Po. Core excitations will 
be ignored. 

Schematically the situation for ?Po might be represented as 209 c 
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The Hamiltonians for the core, particles (protons) and hole (neutron) 
are defined as H , H , and H. respectively. We can write the total 

209 Hamiltonian H for Po as 

H( 2 0 9Po) = H + H + H + H. + H ̂  + H . + H . (68) 
P l p 2 P P P l P 2 

Matrix elements of the above Hamiltonian with the wavefunction 
209 209 

describing Po give the total energy or mass of the system. For Po, 
the two protons are assigned angular momenta of j and j p and the 

->• angular momen+um of the neutron-hole is assigned j^. These three angular 

momenta can be vector coupled in different orders to produce the same 
•*• 209 

final angular momentum I for a given state. The wavefunction for Po 
may be written 

,209. •C^Po) = K^JgJJ. Jh; IM> (69) 

where 

1 * J + ^ 

This order of coupling the proton angular momenta (j. and J„) first to 
some intermediate angular momentum J, and then the coupling of J with the 
hole (J.) to give I can be rewritten in a different coupling order, 
first the proton and hole angular momenta (j_ and j.) can be coupled to 
j and then J to the remaining proton angular momentum (j.) to I with use 
of a Racah coefficient as ). 
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| ( J 1 J 2 ) J ' J h ; m > = I 3 V ' ( 2 J + 1 ) ( 2 J ' + 1 ] w ^ W JJ') |J l 5

 ( j 2 J h ) j ' ; I M > 

J ' 
(70) 

where 

I - J ' + J 1 = J + J h t7 i ) 

We define the following Hamiltonians 

H ( 2 1 0 P o ) = H + H + H + H 
c p x p 2 pp 

H ( 2 0 7 P b ) = H + H, 

H ( 2 0 8 P b ) = Hc (72) 

H ( 2 0 9 B i ) = H + H 
c p 

H ( 2 0 8 B i ) = H + H . + H + H , c n p ph 

Matrix elements of these Hamiltonians are approximated by the experimental 

mass M ( A ) of the element X (mass number A) and are defined as: 

<M 2 1 0Po)|H( 2 1 0Po)|<( )( 2 1 0Po) > = ^ ( 2 1 0 P o ) 

< K 2 0 7 P b ) | H ( 2 0 7 P b ) | i K 2 0 T P b ) > - M ^ P b ) 

< ^ ( 2 0 8 P b ) | H ( 2 0 8 P b ) | * ( 2 0 8 P b ) > = / ( 2 0 8 P b ) 
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<*( 2 0 9Bi)|H( 2°9Bi)M 2 0 9Bi) > = rf^Bi) 

<*( 2 0 8Bi)|H( 2 0 8Bi)M 2 0 8Bi) > = M ^ B i ) (73) 

For example, represents the total mass of the nucleus in the 

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

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

ground-state maBS. 

To estimate " Po level energies (which include the ground-state 

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

of eq. (68). 

rf^Po) - < M 2 ° 9 P o ) | H ( 2 0 9 P o ) M 2 0 9 P o ) > (7».) 

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 
207 209 208 

Pb, Bi, and Fb. The matrix elements of the Hamiltonian of the 
proton may be evaluated as 

<*JH I* > = <*|H, + H - H > > = M p ( 2 0 9 B i ) - M° ( 2 0 8Fb) (75) 

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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!•> - l * > c w J * > p l * > p l * > h <T6) 

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

<*|Hh|» > = M J h ( 2 0 7 F b ) - M 0 + ( 2 0 8 P b ) (77) 

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

eq. (76), matrix elements of H( P O ) (eq. (7*0) can t>e evaluated in 

terms of masses as 

ltrWVo) = <l(;|Hc + Hp + Hp + Hjil* > 

Pi .ono Pc .ono " M V ^ B i ) + M P 2C 2° 9Bi) • M J h ( 2 0 T F b ) - 2 M 0 + ( 2 0 8 F b ) (78) 

(The form of eq. (78) estimates the mass of Po assuming that 
H = H =0.) ph pp 

Now assume t h a t H i s not zero but t ha t H , i s zero . This PP Ph 
changes the wavefunction of eq. (76) to the form 

!*> = l W > p p l * > c « J * > h " l ^ 2 1 ° P ° ) > l * > c o r e ^ > h 

(79) 

We can now evaluate the mass of Po (assuming that H , " 0 but H £ 0) 
ph PP 210 from the experimental masses of Po as 
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M( yPo)=<*|H +H +H +H +H.U ' Y< c p x p 2 pp Ti'r 

/ ( 2 1 0 P o ) + M J h ( 2 0 7 P b ) - M 0 + ( 2 0 8 P b ) . (80) 

209 Equation (80) is a valid estimate of the predicted masses of Po 
210 assuming that H , is zero and H is represented by Po experimental ph pp 

masses or energies and with the coupling (j, J?)J. 
Finally we allow H . to be non-zero to arrive at our estimate ph 

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 , using the wavefunctions of eq. (70) realizing that 

\ h , C J ^ U ' I m> - I j ^ y r t i ) > P 2 h |*> c o r e . (81) 

Using the Hamiltonian H( Bi) of eq. (72), we define a quantity AM"\ for 
J,208 \ the particle-hole interaction by evaluating M ( Bi) as 

M ^ B i ) = <*( 2 0 8Bi)|H c + H p + ̂  + H p h|^( 2 0 8Bi) > 

= M 0 + ( 2 0 8 P b ) + M ^ ( 2 0 9 B i ) - M 0 + ( 2 0 8 P b ) + M
J h ( 2 0 7 P b ) - M 0 + ( 2 0 8 P b ) 

+ <*|H p n|*> (82) 

Rewriting eq. (82) the H , particle-hole matrix elements can be evaluated 

in terms of experimental masses defined as 
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A/ hH<^(208Bi)|H pJ^( 2 0 8Bi)> = /( 2 0 8Bi) + M 0 +( 2 0 8Fb) - M S 2 0 9 E i ) - Hh( 

(83) 
209 To summarize we rewrite the final expression for the mass of ^Po in 

terms of the above equations. 

M 1 * 2 0 9 ^ ) = <,|,|H(209PO)|<|> > = <*|H. + Hp^ + H ^ + 1^ + H p ^ + H ^ h + Hpp|<J» > 

W) 
P x P 2 n P ^ P2h PP' 

Using eq. (80) we can rewrite eq. (Sk) in terms of the partiole-hole 

interaction matrix elements 

M ^ P o ) = rf^Po) + M J h( 2 0 7Pb) - M 0 +( 2 0 8Ph) + (*|H . + h J* > . 
pl" p 2 n 

(85) 

Using eq. (70) for the definition of |*JJ > and eq. (83) for AM\, we can 

rewrite eq. (85) explicitly as 

M W o ) = rfWo) + MJh(207Pb) - M0+(208Fb) 

+ V (2J + 1)(2J' + 1)|W(J A Ij ; JJ')| 2 AHj' 
~ 2 X h J

P l
J h 

+ ^ (2J + 1)(2J" + 1) |w( j l t J 2 I J h ; JJ") | 2 AMj" J (86) 
J" p 2 h 

where 
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I = J + J h, J' - J p + J h. and J = 3 ^ + J ? 2 . (87) 

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

ArfT, is 
Jp Jh 

AM?\ - M ( j P J n ) J V ° 0 8 B i ) + M 0 +( 2 0 8Pb) - U^(20hi) - M \ 2 0 ^ ) . 

(88) 
V* 

Thus eq. (86) and eq. (88) can be used to estimate the level energies 
209 of Po based on experimental masses of adjacent nuclei for which 

experimental information is available. This method should apply if our 
210 assumption is valid that the proton-proton interaction of Po and the 

208 209 
neutron hole-proton interaction of Bi are the same as for Po. 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, and F. 

A. Gamma-Ray Singles Measurements 
The detectors used during the course of this study were of 

several different sizeB and characteristics. A planar (7>5-cm x 1.3 cm 
active volume) Ge(Li) detector with a resolution of l.k keV (FWHM) at 
122 keV was used for study of gamma-rays in the energy range of 60-500 
keV. A true coaxial Ge(Li) detector of 35-cm (active volume) with a 
resolution of 1.7 keV (FWHM) at 122 keV and 2.U keV (FWHM) at 1332 keV 
was used for study of the entire energy region of 60-3000 keV. For 
investigation of the low energy region, a planar P:'. '.'14.) detector with 
dimensions of 0.785-cm x 0.5 mm was used. This detector exhibited a 
resolution of 0.8 keV (FWHM) at 60 keV. All of these detectors were 
fabricated at this laboratory. For some measurements, including the 
gamma-gamma coincidence measurements, a true coaxial ltO-om (active 
volume) Ge(Li) detector obtained commerically was also used. This 
detector has a resolution of 1.8 keV (FWHM) at 122 keV and 2.6 keV (FWHM) 
at 1332 keV. 

The detectors were used with standard high-count rate electronics * ) 
coupled to a successive (binary) approximation H096-channel ahalogue-to-
digital converter (ADC) designed at this laboratory ). A PDP-7 computer 
system ' ) was used as an "on-line" analyzer for all spectral 
measurements. The details of the electronics and the data acquisition 
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system are discussed in Appendix C as well as in the above references. 
All dr.ta collected were stored on magnetic tape for later analysis by 
computer. Input rates into the detectors were normally kept at UOQO-
8000 counts/sec to maintain maximum resolution. 

Energy calibration of the Y-ray spectrometers were made by using 
19 a series of standard sources with reference to the energy data compiled ) 

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

were determined with an estimated error of ±h% over the energy range 
20 100-2700 keV using the isotopes and methods ) 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, At) (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 
T (\ T? 1 1 ft 

acquisition system described in refs. ' ' ). 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 i:ifor- 21 mation. A logrithmic TAC compensation unit described by Jaklevir. st_ al. ) 
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 kO 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-eonversion electron line of the 

207 1063-keV transition in the decay of Bi and permitted observation of 
well-defined electron lines at energies up to about 1500 keV. The 

relative efficiency calibration of this r_ rometer was measured to 
±8Jf 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 cur measured gamma-ray 

22 energies and the electron binding energies of polonium ). The 
preparation of electron sources is described in section IVC. The input 
count-rates into the detector were maintained at 2000-7000 counts/eec by 
a combination of source strengths and source-to-detector distances. 



-5k-

I V . THE ELECTRON-CAPTURE DECAY OF 2 i r > A t TO LEVELS IK 2 1 0 P o 

A. Introduction 

The electron-capture decay of At (8.3h) to Po provides a 
210 means of populating levels of Po. A tentative ground state spin and 

parity assignment of 5 for At has teen made in a preliminary report 
209 210 23\ 

of the Bi(ot,3n) At reaction ). Based on known experimental single-
210 particle states in the lead region, the odd-odd nucleus At is expected 

to have a ground state configurations of ("(hn/, si/o^ v^ 8 p i / 2 ^ + + 
210 ^ ' and the ground state configuration of the even-even nucleus Po should 

o o 0 2 210 
he (tf(liQ/g 8i/2^ v^ eQ/2 8 l / 2 ^ +' S t a t e s i n P o w i t h B P l n s ^» 5, and 6 
should he populated directly in the electron-capture decay and states of 

spin 0-3 and 7-8 can he populated through the gamma decay oi higher-
210 210 lying levels. Direct decay of At to the Po ground state or. any 

excited state with a closed Fb core would require the transition 

7r(hQ,2) > v ( p 1 / p ) . This transition requires a change of four 

units in the orbital angular momentum (A& = k) vhich is highly hindered. 

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

k, 5, and 6 requires a similar transition since the N = 126 shell must 

he 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 h, 5> and 6. 
pli 9^ 9^ 97 

However, previous studies * ? ' ' ) 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 out ' ) that this might be Indicative 
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of admixture from neutron excitation of the Pb core. A number of 
o 

experimental studies } have now established the odd parity characteristics 

of the low-lying levels in (> 3 MeV) which arise from excitations 

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

with those arising from the two proton configurations (hg/g i-î /p) .- a n < i 

(f„, 2 i-io/ô  _ o f P o should occur with the result that the eleetron-
J 

capture decay could proceed to the neutron and proton particle-hole 
( 2 0 8Fb core) components of such states via relatively unhindered 
transitions. 

pK pc pfC of 

Previous experimental data ' ' ' ) 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-rays. Of 
even greater importance no evidence for levels of spins other than k, 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 weak 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 

28 29 30 \ 210 
reaction studies ' ' ) to define twenty-three levels in Po. The 25 31 32 33\ level scheme is compared with shell model calculations . ) using 
various residual interactions. Evidence is presented for a 3~ collective 
level at 2^00 keV, and more detailed information on the higher-lying 



-56-

odd-parity states has been obtained. The latter are discussed in terms 
of the proton and neutron particle-hole components giving rise to 
unhindered g-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 3^ > The first study of the decay of At by Hoff ) reported 

conversion-electron spectra, gamma-ray spectra, and alpha spectra. 
( 2 1 0At has a lov intensity alpha branching decay of O.l8±0.02#3 * 3 5).) 

2l+s Mihelich, Schardt, and Segre' ) 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 tvo odd 

25 
parity levels at about 3 MeV. In 1958 Hoff and Hollander ? ) reported 

210 on the At decay and there were some discrepancies with the earlier 
2k. work of Mihelich et al. ). Of importance to this study was an 83.5 keV 

. o]i OC tjn 

transition observed in the conversion electron spectra ' ). This 
transition, as well as many other weaker transitions observed in the 
conversion electron spectra, was not included in the decay scheme 26 reported by either group. In 1963, Sehima, Funk, and Mihelich ) revealed 
the possibility of a higher-lying level (368O keV) which WAS populated 
by a relatively unhindered electron-copters transition. The first 
detailed study using solid-state detectors for conversion electrons and 

27 gamma-rays was reported in 1968 by Frussin and Hollander ). Because of 
their improved resolution they were able to observe many additional weak 

gamma-ray transitions ovei 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 scheme ) of fig. 5< Frussin 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 ganma-rays. 
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L 

Log f t — | Par cint tola! d«cay 
1 I .15*, 

III! »l.5(«i.ll-

138-doy ""Po 

210 2l» 25 26 27 v 
Pig. 5. iiecay scheme of At summarizing the previous studies ' ' ' ). 27 This is the level scheme proposed by Prussin and Hollander ). 
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Several important questions remained to be answered regarding 
210 the possible Po core states and missing states of spins 0-3 and 7-8 

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 Si(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 
levels arising from the two proton configurations (hg/p £»/©)"«ad 
(h.,2 L ,„). Also to establish the 'At decay scheme, a reinvestigation 

210 210 209 
of the At decay was necessary since mixed Bources of At and At 
were used (see section VC). 

During the course of this work the results from WBi(a,t) Po 
and 9Bi( He,d) Po reaction studies on the levels of Po were 

oft 20 reported * ). These studieB gave further information on the levels 
involving the proton configurations f(hQ/g A

1 L a n d is discussed in 
detail in section E. Also the Pb(a,2n) Po reaction was reinvea-
tigated by Bergstrom efc (LL. ' ). Other higher spin states of Po 

30 were established ) through these in-beam studies and 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 
209 210 

Bi(cx,3n) At 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/cm 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 uamps/hr. No loss of astatine was 
o'bserved with these beam currents. (However, one run at a beam intensity 
of 15 yamps/hr produced a visible burn spot on the target.) 

*$£. Qfl *3Q 

For separation of the astatine ' ' ) 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-11 circulated by a mechanical pump, (in 
later experiments, iced-water was used satisfactorily as the coolant.) 
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X B B 719-4243 

Fig, 6. The astatine collection apparatus as photographed through a six-
inch lead glass window. 
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XBL7I7-S963 

Fig . '{. Schematic diagram of the astat ine co l l ec t ion apparatus. 
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The crucible and foil were held in 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 HH0_ 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 
o 

simple aqueous solution of activity onto aluminum-coated mylar (~ 1 mg/cm ) 
o or gold-coated mylar (~ 0.25 mg/cm ) stretched on ring mounts designed 

for the Si(Li) spectrometer. Electron sources were +hen 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 ug/cm . 
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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 
210 statistics. A gamma-ray singles spectrum of At in the energy range 

of 100-2500 keV taken with the 40-cm (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 mm Si(Li) detector. The presence 

of the highly converted U6.6 keV E2 gamma-ray (a. . . = 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 SAMP0 ' ). 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 

conversion coefficients of Hager and Seltaer ' ) were used to derive £ 

these results. 
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Fig. 8. Spectrum of At gamma-rays in the energy range of 100-2500 JseV 
taken with a coaxial Ge(Li) spectrometer. 
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210 Fig. 9 . Spectrum of At gamma-rays in the energy range of 16-130 keV 
taken with a S i (Li ) spectrometer. 
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210 
Table 3. Ganma-rays observed'from decay of At. 

Gamma-Ray Energy 
(keV) 

Absolute* 
Gamma-Ray Intensity 

OTrt 

(percent of At decays) 

Absolute . 
Transition Intensities 

210 (percent of At decays) 

1*6.6 (2) (3U.5 (15))* 

77.2° (* . 15 ) h 

83.U5C ( £ 0 . 6 0 ( 3 ) ) 1 

92.1° (* 0 .01) h 

112.2 C 

(* .27) h 

116.2 (1) .65 (6) 5.6 (5) 

201.8 (2) •15 (2) .39 W 

2l>5.3 (1) 80.0 (l»0) 99.0 (50) 

250.5 (2) .21 (1.) .39 (6) 

298.8 (2) • U (2) .17 (2) 

316.8 (2) .17 (1) .2l» (7) 

33U.3 ( 2 ) e .05 (1) .07 (2) 

1(02.0 (2) .78 (2) .97 00 
i'98.9 (2) .15 (1) .17 (1) 

••••06.8 (2) .69 (2) 

518.3 (2) .15 (1) 

527.6 (1) 1.15 (It) 

581t.O (2) .34 (2) 

602.5 (2) .12 (2) 

615.3 (2) .36 (2) 
(continued) 
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T«ble 3. (continued) 

Gaana-Bay Energy 
(keV) 

Absolute* 
Genoa-Bay Intensity 

210 
(percent of At decays) 

.1»3 (2) 

.31 (2) 

.26 (a) 

.U6 (2) 

.1*7 (2) . 

.10 (1») 

.21 (3) 

.06 (2) 

1.72 (5) 
1.39 (5) 
.13 (2) 
.22 (2) 
.09 (3) 
.76 (3) 

1.81 (6) 
(< o.ofc)f 

•16 (li) 

.81 W 

•30 <U) 
.16 (3) 

623.0 (2) 
630.9 (2) 
639.1* (2) 
61)3.8 (2) 
701.0 (2) 
721.6 (3) 
72l».7 (2) 
798.6 (3) 
817.2 (2) 
852.7 (2) 
869.lt (2) 
881.1 (2) 
909-2 (3) 
929.9 (2) 
955.8 (1) 
(960.1)f 

96U.9 (2) 

976.5 (2) 
101(1.6 (2) 
10U5.9 (3) 

(continued) 

http://869.lt
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Table 3. (contlnutd) 

Absolut** 
Gaana-ltay Energy Gaana-Ray Intensity 

(keV) (percent of a 0 A t decays) 

1087-2 (3i .22 ( 3 ) d 

1181.1. (1) 100.0 (25) 

1201.2 (2) .16 (2) 

1205.1* (2) .80 (3) 

1289.0 (2) .52 (2) 

132<».1 (2) .1*7 (2) 

U»36.7 (1) 29.2 (13) 

Ht83.3 (1) 1»6.8 (20) 

15W3.5 (3) .03 (1) 

1552-7 (2) .17 (1) 

1599.5 (1) 13.5 (6) 

I61t8.lt (2) .072 (8) 

168U.6 (5) .026 (It) 

1955.0 (2) M (2) 

2001.7 (2) .11 (1) 

2051:9 (3) .071 (3) 

2226.0 (3) .OW (3) 
(continued) 

http://I61t8.lt
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Table 3. (continued) 

Absolute* 
Gamma-Ray Energy Genoa-Bay Intensity 

(keV) (percent of At decays) 

22i7.9 (5) .018 (2) 
221)6.6* (5) .026 (It) 
225U.O (2) 1.53 (5) 
2266.8e (3) .029 (5) 
2272.T (3) .35 (1) 
228b.5 (3) .019 (2) 
2290.0 (3) .012 (3) 
2306.2 (3) .037 (2) 
2352.8 (2) .lit (1) 
2386.8 (3) .008 (2) 

"absolute Intensity values vere derived by normalizing results to the intensity 
of the ll8l.U keV transition, vhich is known from the level scheme to be 100.0(25)*. 
Transition intensities (< 500 keV) vere derived from measured gamma-ray 
intensities by correcting for Internal conversion by using the theoretical values 

lt2 1*3* of Hager and Seltzer ' )• 
eThese transitions vere obtained by assignment of conversion electrons 
reported by Uoff and Hollander )• 
Snis intensity vas obtained by correcting for contribution from the single escape 
peak of the 1599.5 keV gaaoa-ray. 
'Assigned to At decay but unplaced in present level scheme. 
f This transition vas not observed In the singles spectrum due to the intense 
conpton background but vas observed in the coincidence spectra of the 639.lt keV 
transition. The intensity limit vas extracted from the coincidence spectra. 

(continued) 

http://639.lt
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Table 3 (continued) 

'Ass-fjnsient to At decay is uncertain. 
T h e intensity vas estimated Iron the reletire electron intensities reported 
by Boff and Hollander 2 5). 

intensity vas estlaated frost an intensity balance of the decay schema. 
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In addition to previously reported transitions, we have been 
al>?~ 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 
27 790.6±0.7 keV reported by Prussin and Hollander ) as belonging to the 

210 209 
decay of At is now known to arise from the decay of At 
(E * 790.2±0.1 keV (see section V)). Secondly, our gamma-ray data and 
conversion electron data (see section IVD3) give inconclusive evidence 
for the 125.2 keV transition originally reported by Hoff and Hollander ') 
Finally, we note the presence of a slight systematic error in the 
energies reported by Prussin and Hollander. In the range 700-^1200 keV, 
their data tend to be higher than those reported here by 0.5-0.7 keV. 

2. Gamma-Gamma Coincidence Spectra 
Three parameter (El, E2, AT) 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 AT 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 AT 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*10 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 origfnally 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, AT) SO that in a scan of the three parameter data tapes, the 
third parameter can be sorted out and a coincidence spectrum obtained. 
This technique has the advantage that all coincidence 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 MSORT approximates the correction for random and compton 
coincidence events in the following 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 
coincident photopeak energy events. In both subtractions for the random 
and compton coincident events, the width of the gates (number of channels) 
was such that a • b and c • d. This method of sorting multiparameter 
coincidence tapes was also discussed by Bernthal ). 



-71*-

co 

3 
>» 
O 
w *-

*ia 
o 

c 
> 
a> 

E 
3 

Total photo 
peak 

Compton 
background 

h a H K b H 
r-ray spectrum 

Total prompt 
time 

h C H k - d - | 
TAC time spectrum 

El 

XSL7I7-3MS 

Fig. 10. Schematic diagram of coincidence gates (or windows) set for the 
Y-Y coincidence computer sorting of the deta tapes. The upper figure 
represents gates set on the gama-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, AT) stored on the 

tapes. This was done by leaving tvo 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 figB. 11 and 12. Figure 13 shows the gross total time distribution 

(UO 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 
210 the At 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 clue to 

the leading edge timing. This effect and the compensation unit employed 

to minimize the tailing effect has been discussed in derail 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 event3 as shown in fig. 13. The energy gates (E2) 
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Fig, 12. "Gross" y-Y coincidence spectrum for the 35-cm (active volume) 
coaxial Ge{Li) detector. 
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Fig. 13. "Gross" time distribution for the At y-Y coincidence data. 
The 1*5 nsec gates were used to obtain the coincidence events shown in 
figs. 1U-3U. 
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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 At). 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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Tabla k. Peak and compton background gates used. With reference to the ganata-ray 
•psctruB of fig. 12, these gates vere set. The tine distribution gates vere set 
as shown in fig. 13. The coincidence events from the spectrum of fig. 11, with 
these gates, returned by MSORT are shovn in figs. 1U-3U. 

Energy Peak gate background gate 
k«V channels channels 

116.2 169 175 190 196 
"125 183 189 190 196 

Peak gate 
channels 

169 175 
183 189 
279 286 
330 3l»2 
3i»3 3«8 
1>06 kl2 

201.8 279 286 287 293 
21.5.3 330 3U2 3*9 361 
250.5 3i*3 3«8 3U9 35U 
298.8 1(06 U12 1,13 1,19 
316.8 1.27 U35 1.60 U68 
33U.3 «>5I *59 »60 1.68 
k02.0 5h2 5<»9 550 557 
1.98.8 671 679 719 727 
506.8 680 688 719 737 
518.3 696 70U 719 727 
527.6 709 717 T 1 9 7 2 7 

5BU.0 765 791 793 799 
602.5 609 816 87>. 881 
615.3 826 831. 87I. 882 
623.0 837 "W. 87>» 881 
630.9 81.7 85U 87fc 881 
639.>« 857 86U 871. 881 
6*3.8 865 872 8 7 * 0 8 1 

(continued) 
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Tabl* 4 (continued) 

taergr 
k«V 

Peak gate 
channels 

beckground gal 
channels 

701.0 941 948 950 957 
721.6 968 973 981 986 
72* .7 974 979 981 986 
817.1 1096 1104 1106 1114 

852.7 1142 1151 1153 1162 

869.3 1165 1171 1172 1178 
681.1 1182 1190 1192 1200 
909.2 1218 1225 1226 1233 
?29-9 1245 1254 1255 1264 
955.8 1280 1288 1289 1297 
96U.9 1302 1305 1306 3309 
976.5 1309 1315 1316 1322 
1041.6 1395 1401 1409 1415 
1045.9 1402 1408 1409 1415 

< 1087.2 1452 1458 1466 1474 
> 1087.2 1459 1465 1468 1474 

ll3l.lt 1579 1590 1591 1602 
1201.5 1605 1612 1621 1626 
1205.4 1613 1620 1613 1620 
1289.0 1723 1731 1732 1740 
1324.1 1769 1779 1760 1790 

(continued) 
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Tall* k (continued) 

Xntrgy Peak (at* background cat* 
kaT channel* channel* 

1»36.7 1919 1928 1933 19U2 

xua.3 1978 1992 1993 2007 

«k3.5 2072 2082 2106 2116 

1552.7 2083 2093 2106 2116 

1599.5 2130 2145 211.6 2163 

l6k8.k 2199 2206 2207 221k 

195k.? 2(01 2612 2613 2626 

2238.9 2956 2965 3003 3012 

22k6.6 2970 2979 3003 3012 

225k.O 2992 3001 3003 3012 

2272.7 3016 3026 3050 3060 

2352.8 3118 3131 31k6 3159 
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We show in pages 8U-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 1436.7, 
1483.3, and 1599.5 keV sometimes occur where they would not if the sub­
traction were complete. This is also due in part to the lov 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 continue at page 105 without a loss of content. 
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pueap J*d iiunoo 

Fig. lU. Gamma-ray spectra in prompt coincidence vith E • 116.0 keV 
(top), E * 125 keV (middle) and E 201.8 keV (bottom). 
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Fig. 15. Gawa-ray spectra in prompt coincidence with E • 2l»5.3 keV 
(top) and E • 1181.U keV (bottom). 
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Fig. 16. Gamma-ray spectra in prompt coincidence with E * 25C5 keV 
(top), E„ * 298.8 keV (middle) and E„ - 3l6.8 keV (bottom). 
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Fig. 17. Gamma-ray spectra in prompt coincidence with E = 33!».3 keV 
(top), E = U02.0 keV (middle) and E i»98.9 keV (bottom). 
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Fig. 18. Gamma-rv spectra in prompt coincidence with E • 506.8 keV 
(top). 518.3 keV (middle) and E - 527.6 keV (bottom). 
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Fig. 19. Gamma-ray spectra in pronpt coincidence with E„ • 581*.0 key 
(top), E v 602.5 keV (middle) and E - 615-3 keV (bottom). 
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rig. 20. Cmwm ray »P*ctr* la pronpt coiBsldmce with £ y » £23.0 InV 
(top), 2 • 630.9 k«V (»i4dl«) wt. Ey « 639-«» l»V (bottoa). 
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Fig. 21. C t ray spectra in proayt oolneidne* vita &y «• 6t»3.8 k*V 
(top),. EY • 701.0 k«V (ai4dl«) aud Ey - 721.6 kaV (bottom). 



-92-

Fig. 22. (team-ray apectra in pronpt coincidence with E » 72U.7 keV 
(top), E • 817.1 keV (middle) and E y • 852.7 keV (bottom). 
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Fig. 23. •ray spectra in prompt coincidence with B * 669.3 keV 
(top), E - 861.1 keV (middle) and E • 909.2 keV ("bottom). 
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Fig. 21*. Gamma-ray apectra in prompt coincidence with E * 929.9 keV 
(top), E • 955.8 keV (middle) and E • 96»».9 keV (bottom). c 
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Fig. 25. Cenea-ray spectra in prcapt coincidence with B y • 976.5 keV 
(top), E - 10U1.6 keV («iudle) and Ey • 1(*5.9 keV (bottom). 
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Fig. 26. Geana-ray apectra in prompt coincidanca vitb E < 1087.2 keV 
(top), E > 1087.2 k«V (niddla) and E « 1201.3 k«V (toottoa). 
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Fig. 27. Gamma-ray spectra in prompt coincidence with BL • 1205 •'t keV 
(top), S - 1289.0 keV (middle) and EL - 132*».l keV (bottom). 
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Fig. 28. CfrMaa-rsy spectre in prompt coincidence with K̂  - 1U36.T keV 
(*,op), K * 1UB3.3 keV (middle* and E • X5fe3-5 keV (bottom). 
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Fig. 29. Gamma-ray spectra in prompt coincidence with ""L - 1552-T ieV 
(top), K - 1599.5 keV (middle) and E - 16U8.U keY (bottom). 
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Fig. 30. Garana-ray spectra in prompt coincidence with E » 195*».9 keV 
(top), E = 2237-9 keV (middle) and E * 22h6.6 keV (bottom). (Bote 
that middle spectrum should read: 2237-9 keV energy gate.) 
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Fic. 32. CesRS-rey apeetr» in delayed coincidence vith 2 * 21*5-3 keV 
(top) end £ * ll8l.it JteV (bsttes). 

http://ll8l.it
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INUMp Md ttunog 

Pig. 33. Gamma-ray apectra In delayed coincidence with £ = IZk keV 
(top), E = 817.1 keV (middle) and E = 852.7 keV (bottom). 



-104-

puuDtp ltd S|un<>3 

Fig. 3k. Gamma-ray spectra in delayed coincidence with E = 3.436.7 keV 
(top), E v = 1^83.3 keV (middle) and E = 1599-5 keV (bottom) 
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3. Internal Conversion Electron Spectra 
Internal conversion electron spectra taken with the 5-mm Si(Li) 

detector are shown in figs. 35 and 36. Figure 35 shows an electron spectrum 
in the energy region of 16-350 keV. The conversion electron spectrum in 
the energy region of 60-1600 keV are shown in fig. 36. The peak areas 
were determined with the computer code SAMPO ' ).. We have used these 
data along with the gamma-ray intensities reported here to determine K, 
L, and M conversion coefficients relative to the K-convertion coefficient 
for the ll8l keV (2 •> 0 ) ground-state transition (pure E2) and these 

are given in Table 5 along with multipolarity assignments deduced by 
U2 1*3 x / comparison with the theoretical values of Hager and Seltzer ' ). (This 

method of obtaining relative conversion coefficients is referred to as the 
normalized peak-to-ganma peak (NPG) method and is explained in detail in 

Appendix F.) The K-conversion coefficients are also Bhown in fig. 37 
with the theoretical curves constructed from the data of ref. ). A 
number of the results are worthy of some comment In the light of 
previously reported data. 

125-keV transition: AB mentioned in section IVD2, no gamma-ray 
at this energy has been observed and the present data can only limit the 
intensity of such a transition to I < 0.32. This limit is four times 

2T greater than the limit set by Prussin and Hollander ). 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 the resolution of our electron data 
is poor compared to that inherent in the magnetic spectrograph^ results 
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210 Fig. 35. Conversion-electron spectrum of At in the energy range of 
16-350 keV. 
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Fig. 36. Conversion-electron spectrum of At in the energy range of 
60-1600 keV. 



Tabl* 5. Sxpwiaratal tad theoretical internal eomrtrslos coeffUleata: At. 

munition totrgf Bxpariaentsl conversion 
**V coefficient (10 - 3 ) 

Theoretical* conversion coefficient AailgMt 
Hnltipolarity 

Sl(10"3) K(10~ 3) Mldo"3) 

U6.6 

116.2 

201.6 

2*5.3 

250.5 

316.8 

< V * °WS)/aL3 " l O W { 8 0 ) 

0^ - 1220 (1«0) 
(^ - 2 » (35) 

<y - 12U0 (110) 
0^ - 220 (22) 
0^,-50 (10) 

«fc « 110 (13) 
Ĉ  • 102 (16) 

flfc » 700 (1*0) 

<^ « fcko (W») 
ofc • 61 (9) 

o^ - 31* (65) 
aj_ » 62 (6) 

I960 

50b 
11.9 

65.3 
11.9 
2.6 

«ti 
7.26 
6600 

39 

1060 

2560 
66T 

165 
221 

56.2 

107 
96.6 
2500 

102 

132600 

1100 
259 

1290 
227 

53.5 

7«7 
131 

160000 

705 

26 66.2 •3% 
V.5 •5.* 76.1 

22.7 59.6 370 
3.91 36.ii 6d.8 

12 

Ml 

m 

.ML 

» 

» ( • » ) 

1 
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Tabic 5 (continued) 

Transition tnngy Exparimantal convaraloo 
keV coafficiant (10 - 3) 

Theoretical comvralM coefficient 

El(10"3) E2(10~3) m(10" 3) 

AMlgaed 
Multipolar!ty 

U02.0 0^-212 (15) 
•j , • 37 (•> 
OJ, - 9.6 (10) 

I198.9 ojj - n o (10) 

$06.8 0^ - 9.2 (1.2) 

518.3 6^-107 (11) 

$27.6 a^ • 8.3 (8) 

58k.O Oj - 7.0 (11) 

602.9 ft^ • 60 (12) 

615.3 <y • 59 (5) 

623.0 0^ « 6.* (11) 

13.k 35."» 195 
2.26 15.5 33.9 Ml 

0.0527 0.395 7.97 

6.52 22.li 109 KL 

8.25 21.7 105 n 

7.88 20.7 99.0 » 

7.60 20.0 9k.W n 

6.20 16.3 72.3 El 

5-83 15.3 (56.6 HI 

5.59 lk.7 63.0 ML 

5-U6 1«,3 61.0 D. 

http://22.li


Tabic 5 (continued) 

TraMttiea totimr Exp«ri»«nt*l e coovwtica Th»or«tlc«l* conversion coeff ic ient 
IMV ooeff leUnt (10" 3 ) 

BKlo" 3 ) 8g(10* 3 ) m(io~ 3) 

59-1 
10.8 

5T.0 

56.0 

kk.9 
7.69 

ki . i 

30.2 
5.13 

2?.0 

85.7 

2k.8 

630.9 0^ - 57 (5) 
oî  • 12.5 (16) 

639.1. o^ • 12.5 (17) 

6k3.8 e^ - V.7 (8) 

701.0 Cfc" 39 (k) 
(^ - 6.5 (U) 

78fc.7 c^ - kO (k> 

817.2 o^ • 30 (2) 
\ - 5-5 (5) 

852.7 e^ - 2k (2) 

969. V (0fc< 17 <«.))* 

981.1 e^ «• l8.k (25) 

5.32 lk.0 
0.903 1».10 

5.19 13.6 

5.12 13.5 

k.35 l l .b 
0.69k 2.87 

k.08 10.7 

3.26 8.52 
0.51k 1.93 

3.01 7.87 

£.91 7.59 

2.8k 7.k 

AMlfntd 
Multipolarity 

Ml 

IS 

El 

«.{+ B2) 

MX 

la 

Ml 

(Ml • K ) * 

M l <• K 2 

(continued) 
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Table 5 (continued) 

Transition Energy Experimental conversion 
keV coefficient (10 - 3) 

Theoretical conversion coefficient 

El( l ( f 3 ) E2(10"3) M1(10"3) 

Assigned 
Multipolarity 

909.2 (o^ < 23) b 

929.9 c^ « 20 (2) 
<Y - fc-1 (5) 

955.8 0^-19 (2) 
<^ • 3.3 ih) 

976.5 o^«19 (2) 

1181.* e^ - ».31 (0}c 

o^ - 0.80 (7) 

1201.2 (a^ < 12.5) 

1205.» («fc < 2.5) 

1289.0 

1J.36.7 «fc « 1.13 (10) 
e^ • 0.18 (2) 

2.68 

2.36 

1.21 
0.15V 

6.98 

6.11 

1.69 4.31 
0.26 0.821 

l.6« fe.19 

1.63 h.16 

3.03 
0.5b2 

22.9 

2.57 6.69 21.6 
0.!»03 l.Ul 3.68 

S..U5 6.36 20.1 
0.383 1.32 3.»2 

19.1 

11.7 
1,98 

11.2 

11.1 

7.12 
1.20 

(E2 ? ) D 

Ml 

HL 

Ml 

pure 12 
E2 

(E2) b 

(EX + < 15* M2) b 

( E3 or \ 

El • < 32* M2/ 

21 

(continue*? 

i 



Table 5 (continued) 

Transition .Energy Experimental conversion 
keV coefficient (10 - 3) 

Theoretical conversion coefficient 

E'l(10~3) Eg(lO""3) M1(10 - 3) 

Assigned 
Multipolar! ty 

1U83.3 0^ = 1.06 (10) 
c^ = 0.17 (2) 

1552.7 

1599-5 CL. = 0.93 (10) 

1.1!. 2.86 6.56 El 
o.vrit 0.508 1.10 

(El • < 21JS 

1.01 2.50 5.1*1 El 

theoretical values vere obtained by computer interpolation ) from the tables of 
U2 Hager and Seltsser ). 

Only a limit cuuld be set on the conversion electron intensity, as discussed in text, so that the assigned 
multipolarity is tentative. 

These (relative) conversion coefficients were measured relative to the 1181.h keV (2 •* 0 ) transition which 
was assumed to be a pure E2 transition. (See Appendix F for a detailed discussion of the method.) 
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Fig. 37. Comparison of experimental K-rConversiori coefficients with the 
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25 of Hoff and Hollander ), 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 OL for the 
Jj 

201.8 keV transition is also consistent with the multipolarity assign­

ment of Ml obtained from the K-conversion coefficient of this transition. 
25 83.^-keV transition: Hoff and Hollander ) reported the existence 

210 of weak conversion lines from At 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 
2T measurements or in the previous study by Prussin and Hollander ). 

However, in the recent in-beam studies by Bergstro'm, Fant, and 
37 Wilkstrom ), an 83.7-keV transition has been identified as the transition 

+ + 2 23 0 

between the 8 and 6 members of the Chq/2) ground state band In Po. 

These data place the location of the 8 level at about 1557 keV. Recent 
2 0 9Bi(a,t) studies by Tickle and Bardwick (TB) 2 8) and Lanford 2 9) 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 
210 

At and it is then reasonable to associate the transition reported by 
Hoff and Hollander with the decay of this level. 
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210 E. At 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 
210 levels and configurations is given. For Po we will first assume that 

there is no residual interaction between the two protons outside the 

Pb core in order to make some zero-order energy estimates of the 
210 expected level structure. A schematic representation of the Po 

ground state and neighboring experimental ) 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 (7r(hg,2) v(p , ) ) . Taking the three lowest 

configurations for the 83rd proton from Bi experimental data, one can 

estimate the energies of a number of excited states of different spin for 
210 

Po. If there were no residual interaction between the 83rd and 8i*th 
210 210 protons of Po, each Po configuration would have an energy just 

P09 equal to the sum of the energies of the two " Bi 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, 1791*, 2506 and 3218 keV. Berause of the residual 

interaction, however, some of these configurations will be depressed in 

energy while others will remain unshifteft. 

In addition to these two-proton states as described above, excited 

states will occur in .Po due to excitation of the Pb cbre. The first 
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210 Fig. 38. Representation of the Po ground-state and neighboring 
experimental ) s i n g l e - p a r t i c l e s t a t e s . 
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three levels of 2 0 8 P b are at 26lk keV (3~), 3198 keV (5~) and 3^75 (h~). 

The 3~ level is a collective state due to many protons and neutrons and 
the 5~ and h~ levels are primarily due to neutron excitations from 
breaking the W = 126 shell to produce two states of the configuration 
V ( 8 Q / O Pi/p^li- •;-• Consideration (from the schematic diagram of fig. 38) 
of the single-particle orbitals in this region estimates the h and 5~ 
neutron levels as degenerate at an energy of approximately 2803 keV 
(plus the energy to break a pair of (p. ,_) neutrons). More complex 

excitations of Pb are known ) to occur in the energy range < h 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 configuration ir(h_,„) which start with the ground state 
and have spins 0, 2, h, 6, 8. Next a series of even parity states of 
the configuration ir(hg/2

 f7/2^ which should be approximately 900 keV 
above the least depressed ir(hg/p) level followed by the 3 collective 
core state. Finally a series of odd-parity states due to the 
•n̂ hg.g i.,/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 in fig. 39, 
Y-Y coincidence measurements and, in the case of the weaker transitions, 
sum-difference relationships when supported by recent reaction 
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210 
-pig« 39. Experimental decay scheme of At. (Absolute transition 

intensities are shown on the level scheme.) 
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studies ' ' ) 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 
27 previous study by Prussin and Hollander ). The levelB shown tn 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, our new conversion electron measure-
28 2Q "30 ments, and the results of recent reaction studies ' ' ). Figure ItO 

shows the results obtained in the reaction studies plus the composite 
210 

Po 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 correspond to levels arising from dominant configurations based on 
pc o"i op 

predictions of shell model calculations ' ' ) and our previous dis­

cussion on the expected level structure, 

a. Even Parity Levels in the Energy Banae 0-1556 keV 

These levels are believed to have the dominant configuration 

* ( h 9 / 2 ) * + . 
J + + 4-

1. Il8l.lt, Ht26.T, and 11*73.3 keV Levels - 2 ,h ,6 
The previously measured E2 multipolarities for the ll8l.lt, 2U5.3 

pll pc o(\ p7 

and U6.6 keV transitions ), the angular distribution measure­

ments ) and the new reaction studies (shown in fig. 1+0) have established the spin and parity assignments for the ll8l.lt, 11+26.7, aJid llt73.lt keV 

levels at 2 , It , and 6 , respectively. Our internal conversion 

coefficients (Table 5) support these previous assignments. 

http://Il8l.lt
http://ll8l.lt
http://ll8l.lt
http://llt73.lt
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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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2. 1556.8 keV Level - 8* 

The energy of this level was first inferred by Yanazalci and 

Ewan 5 ' ) and has been established in the 2 0 9Bi(<*,t), ^ B i f ^ e . d ) 

and Fb(a,2n) reaction studies (fig.. 40) of Tickle and Bardwick (TB) ) , 
29 30 .* 

Lanford ) and BergBtrom et_ al_. ). The preliminary report by Bergstrom 

et̂  al_. ) gives the energy of the 8 -*• 6+ transition as 83.5 keV. Whi?.e 

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 spectrographlc 
25 results of Hoff and Hollander ) clearly indicated the presence of such 

210 a line of E2 multipolarity in the decay of At. By assigning this 

transition 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 S30.9, 250.5. and 1289.< keV 

cascade and energy sum data are consistent with the population of this 

level. 
o 

All levels of the ir(hg/2) configurations are believed identified 
+ + J + as described above. The 4 , 6 and 8 levels have measurable half-lives 

37 44 U5 k6 k7\ in the nanosecond range (due to the low energy E2 transitions • * * ). 

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 XVD2. The shape of the 1483.3-245-3 

keV cascade time spectrum was 
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height circuitry were supplied by the 245.3 keV photopeak and start 
pulses by the 1436.7 and 1483.3 keV photopeaks. 
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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. Th/s half-life of the 8 level could not be measured by this 
technique because the population in the electron-capture decay vas too 
weak (~X>.6% of the decays). However, it has been measured as 110±10 

37 47 \ nsec by in-beam techniques * ). 
b. Even Parity Levels in the Energy Range 2187-2438 kaV 

These levels are believer nave; the dominant configuration 

*(h9/2 W,*' 
J + + 1. 2382.4 and 2403.2 keV Levels .- 5 .4 

2T These levels were established by Frussin and Hollander ') 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 keV and by the 1201.2 (ML + E2) and 955-8 keV (Ml) transitions 
which connect this level to the 2 and 4 levels at ll8l.lt and 1426.7 keV. 
This assignment is consistent with the results of the reaction stiidtes 
shown in fig. 40. The spin and oarity of the 5 level at 2403.2 keV is 

established by the 976.5 and 929.9 keV Ml transitions to the 4 and 6 
levels at 1426.7 and 1473,3 keV and this assignment is also consistent 
with the reaction studies. 
2. 2326.0 keV Level - 6*L 

The data obtained in ref. ) established a tentative level at 
either 2278 or 2325 keV which decayed via the 852.7 keV transition to 
either the 4 'or 6 levels at 1U26.7 or 1473.3 keV. Our Y-Y coincidence 
data show that the 852.7 keV transition is in delayed coincidence with 

http://ll8l.lt
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the 21+5.3 and 1181.1+ keV transitions. This result along with the 
apparent absence of a transition at 125-2 keV (Section IVD3) indicates the 
existence of a level at 2326.0 keV. 

A level at this energy has also been observed in the reaction 
studies (fig. 1+0), and a spin and parity 6 is indicated from these 
data. The measured Ml multipolarity of the 852.7 keV and the El multi-
polarity of the 581+.0 keV transition from the 5~ level at 2910.0 keV are 
consistent with the 6 assignment. The 581+ .o and 852.7 keV transitions 
are also in prompt coincidence. 

We note here, evidence for the existence of a transition of 
77• 2 keV which connects the 5 level at 21+03.2 keV to the 6 level at 

210 2326.0 keV. By re-examination of the original At magnetic conversion 
25 electron spectrographs plate taken by Hoff and Hollander ) in the Auger 

region, it was noted that the 60.2 keV (K - L-.L..-.) line seemed too intense 
by a factor of about 1.7 compared to the same Auger line in the spectrum 

211 of At. No other electron lines were observed which could be 
associated with this line indicating that this line might correspond to 
an L. conversion line of a weak 77-2 keV ML transition, (in section J 

we discuss how these lower energy iffrg/g fi/z^ ~*~ ir'^h9/8 f7/2^ 
Jt Jf 

transitions might favorably compete.) 
3. 2187.7 and 2438.3 keV LevelB - 8*'.1* 

The levels at 2187.7 and 21+38.3 keV have been observed in reaction 
28 29 30 + + 

studies ' ' ) and spin and parity assignments of 8 and 7 have been 
made, respectively. These assignments are consistent with our measured 
Ml multipolarities for the 630.9, 881.1, 250.5 keV 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 transition of 112.3 keV from the 7 
level 21*38.3 keV to the 6* level at 2326.0 keV. Hoff and Hollander 2 5) 
reported an unassigned electron line at 85.27 keV which might be the L. 
conversion line of such an Ml transition, 
1*. 2290.0 Tentative Leyl-(2*) 

This level is tentatively defined on the basis of the (a,t) 
studies2 ' ) which suggest a level with a spin and parity of 1 or 2 

in this region (£285 ± 5 keV) and by our 2290.0 keV transition to the 
210 + 

ground Btate of Po and by decay of the U level at 2382.k keV. The 
latter transition (92.0 keV) was identified by Hoff and Hollander •') as 
a probable E2 transition. If our identification is correct and . 28 29\ corresponds to the same level observed in the reaction studies ' ) a 
spin of 2 (or 3) seems most likely for this level. The (2 ) -*• 2 
transition to the Il8l.lt keV level was too weak to be observed in our 
spectra BO that this must remain a tentative level. 
c. Odd Parity Level.at 2386.8 keV . 

The odd parity of this level was established from the 639 •** keV 
E2 transition from the 5" level at-3026.2 keV. Figure k2 shows a portion 
of the gamma-ray spectrum in the 6U0 keV region with the corresponding 
K-convereion electron spectra. A o.ualitative inspection of fig. kz also 
supports the assignments of the 615-3 and 630.9 keV (as Ml) and the 623.0 

http://Il8l.lt
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and 61*3-8 keV (as El) transitions; each pair being of the same multi-
polarity, but different from each other. The relative increase of the 
639.^ keV K-conversion electrons relative to the 623.0 and 6U3.8 keV EL 
transitions support the 639.'* keV E2 assignment. The L-convers.ion line 
of the 569.6 keV transition in "̂ Fb is also present in Pig. k2. This. 

211 state was populated from the alpha decay of Po and/or the electron 
207 capture-decay of Bi. Both isotopes are produced from the decay of 

2 1 1 A t present in the 2 1 0 A t sources. The 569.6 keV transition ( 2 1 1Po 
alpha decay) was also observed in the gamma-ray spectra (e.g. see fig. 8). 

The 639.^ keV E2 transition from the 5~ level at 3026.k keV 
limits the spin and parity of the 2386.8 keV level to the range of 
(3-7)~, but the 2386.8 keV transition to the 0 ground state further 
limits the assignment to (3,^)". The 1205.U keV gamma'-ray which is in 
coincidence with the 639.2 keV transition to the 2 level at 1181.1* keV, 
can only be limited to EL (+ < 15< M2) ?>u which the assignment 3~ is 
favored. 

The 1205.h keV 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 ll8l.lt keV K-line as the standard line shape for 
various electron peak areas expected as detectable for the 1205.^ k*V 
transition. Consideration of the energy region where the K-convereion 
electron peak occurs allowed a conservative limit of 1000 counts above 
background for the maximum non-observable peak to be i«t. The maximum 
M2 admixture from such an intensity is 15Jf «b that the 1205.U keV 

http://ll8l.lt
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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 281*9-3183 keV 

These levels are believed to have the dominant configurations 

"N/2 113/2 )
J- a n d v ( g 9 / 2 P l / 2 }

5 - -
1. 2910.0 and 3026.2 keV Levela-5" 

The parity of theae levels haa been established as odd in 
previous studies ' 2 ' 5 ' » 2 ' ) and the spin assignment of 5 to the 2910.0 
keV level is also well established. The 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 El + (< 20? M2). 
The 1599.5 keV El transition to the k+ level at 12*26.7 keV then establishes 
this level as 5~. 

Shown in fig. 1*3 is a 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. 1*3 have 
been calculated for transitions of either 100% M2 or 100% El. Because 
of the relatively lov background (~ 520 counts), a limit of 300 counts 
was set for the maximum unobservable electron intensity above background 
which limit the maximum M2 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_. ) from angular distribution measurements on 
the 1599.5-21*5.3 keV gamma-ray cascade. Prussin and Hollander ') favored 
a (1*) assignment based on-the large difference in the gamma-ray 
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branching ratio ^ C O Q ^ I S S O a s c o m P a r e d t o * h e ratio ^2.hB3^lU36 f o r t h e 

analogous decay of the 5~ level at 2910.0 keV. That this argument vas 
weak can now he 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 effect the gamma-ray brandling ratios. Two 
possible mechanisms that could allow the gamma-ray transitions to take 

place could be for example small amplitudes of fffhg/o \ i ^ i n f * n a l 

J 
states or •n(h.Q, i,,/*) in the initial states. The allowed El 
transitions could then take place through the components 

(As will be discussed in Section I, these two 5~ levels are 
believed to arise from two dominant configurations ir(hq<2 i,,i,) and 
vfg^P^" 1)^.) 

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 poor statistics, substantial differences exist between 
the conclusions drawn by (TB) ) and Lanford ). 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, ho a. 

summary of all data available on the levels of the ir(hg/2 i-io/o) 
multiplet. 
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2. 3075.1 keV Level-(It") 
The level shown at 3075.1 keV may be identified vith that 

observed in the reaction studies which have been assigned a spin and 
parity of k~. (We have only observed a single gamma-ray transition 
defining this level.) 

3. 312l>.7 keV Level-(6)" 
This level is established from the fact that the 602.5 and 721.6 

keV transitions are in coincidence. The level at 312U.7 keV has been 
seen by both TB ) and Lanford^) but was not identified in the (a,2n) 
studies of Bergstrom et_ al_. ). Our gamma-ray data establish the parity 
as odd and limit the likely spin assignment to the range h, 5 > 6. With 
the assumption that this level is due primarily to the two proton 
configuration ir(h_._ i-io/o)» w e tentatively identify this level with the 
— 28 % 

6 level defined by Lanford. Although the original analysis ty TB ) vas 
U8 in conflict with this conclusion, a reanalysis ) of the data taking into 

account fragmentation over two 5~ states at 2910.0 and 3026.2 keV 
29. resulted in agreement with Lanford ). 

The assumption that this level is due to the h_ ,„ *i-3/p con­
figuration seems reasonable through the following arguments. First the 
only likely core excitation leading to levels in this energy range is the 
neutron configuration v(g„y,2 pT/o)* Secondly as discussed in section 1 

210 210 
electron-capture in At proceeding to core-excitation in Fo should 
occur with much higher probabilities than those to levels of the simple 
two proton configuration of the 83rd and 8Uth protonc of Po. (Note 
here the low valueB of log ft for transitions to the 5~ levels in this 
region.) 
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U. 3016.8 keV Tentative Level-(7".8") 
We have tentatively included a level at 3016.8 keV in agreement 

with the results of the reaction studies of TB ) and Lanford ). The 
level is defined by only a single gamma-ray transition to the 6 level 
at 1^73.3 keV and thus its spin is probably limited to the range h-B. 

We favor a likely assignment of 7~» 8*" to this level. 
5. 3111.k keV Tentative Level-(3)~ 

The remaining level in this region was established from weak 
coincidence data on the 3l6.8-721*.7-1205.^ keV gamma-ray cascade 
(section IVD2). The level at 3111.h keV was unresolved in the reaction 
studies and its decay to the 3" level at 2386.8 keV by an Ml transition 
defines the parity as odd and limits spin to the range 2-k, The weak 
population of this level in (3-deeay rules out its assignment as the k 

member of the neutron excitation v(go/o Pi/2^' T h e *°- decay to this 
level from the (U)~ level at 3U82.2 keV then suggests a tentative spin 
and parity assignment of (3)~. Finally if this is the 3~ state of the 
^^9/2 *1V2^ c o nfiBuration, *&« possibility exists that this state may 
contain a small collective 3~ component from the 2386.8 keV state (section G). 

In summary, levels in this energy region (2800-31*00 keV) are 
expected to arise predominantly from the two proton configuration 

pe o7 
l r^ h9/2 *1V2^ a n d e v ^ e n o e from this study and previous studies * ) 

J 
have also established the importance of contributions from excited states 
of the Fb core. In particular, the lowest energy core excitation is 
the neutron configuration v(g q< 2 P-wp) (in analogy with Fb) at 
approximately 3200 keV. The corresponding k~ core configuration should 
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oecur several hundred keV higher in energy and is consistent with our 
observation of two 5" and one (k~) states in this energy region. Of the 
7r(h_,_ i.,,~) configurations, only the 2" member remains unassigned 

J 
since the levels of the multiplet with spins 8, 9> 10, and 11 have been 
identified from reaction studies. We have included these in the coiqposite 
level scheme shown in fig. kO. The location of the levels with spins 
10 and 11 at energies of 3183 and S8k9 keV seem well defined. However, 
the definite assignment of spins 8 and 9 to the levels at 3138 and 3009 
keV respectively is open to question as reaction data are in conflict 
here. Both Bardvick and Tickle ) and Lanford 7) have argued for an 

unresolved doublet at about, 28^5 keV composed of the ll' and (possibly) 
2~ members of this multiplet. With our tentative assignment of the 

(3)" member at 3111.h keV, it would appear that the 2" •member might 
belong in the quartet of states in the energy range 3000-3030 keV. While 
reactiqn studies require a greater strength at 28U5 keV than can be 

accounted for by the ll" level alone, this may reflect a relatively 
weaker strength for the lower spin members of the multiplet due to 

configuration mixing with the ir( f„ ,g ^i3/2^ states. The calculations 
of Kim and Rasmussen ) locate the levels of the ir(t„,n ij^/g) P r o t ° n 

multiplet at about 600-1000 keV above the corresponding "(hn/o ^i-s/p^ 
multij. -o. Coufifciuation mixing u. .^tm these two configurations would 
leave the .2" and ll" members of the ff(hg/2 ̂ 13/2^ Multiple* Pure and give 

o . -

them an apparent greater intensity in the (a,t) or ' H*»d) studies 

relative to the remaining levels of the irChg/o i-i-s/o) configuration. Y: 
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e. Levels in the Energy Range 3*428-3780 keV 

These levels are all populated rather strongly in the decay of 
At (log ft — 5-1 - 7-1) vhich may indicate large core components due 

OH A 
to both proton and neutron excitations (in anology with Pb excited 
states in this region). Two proton states due to irCf̂ /p i ,_) 

J 
configurations should also occur in this region but should not be 
populated directly in the electron-capture decay except thru core 

configuration admixtures. One might speculate that the states populated 
in the decay may be of spins k, 5, and 6. Of the core excitations, the 

likely proton particle-hole states in this region would be of spins h 

and 5 and due to the 7r(h ,p
 si/p) configurations, in addition to neutron 

excitations. 

1. Level at 3^28.2 keV - (k)~ 

The spin of this level is limited to (h, 5)" by observation of 
the 518.3 and U02.0 keV Ml transitions to the 5~ levels at 2910.0 and 
3026.2 keV and by the gamma decay to the 2 + level at 1181.U keV. The 
probable assignment of (k)~ has been inferred by the Ml + E2 assignment 
to the 316.8 keV transition from thiB level to the (3)~ level at 3111. U 
keV. 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 keV transition requires both 
that the spin of the 3111.h keV level be 3 and the spin of the 3**28.2 
keV level be k. 

2. Level at 3727.2 keV - (5)" 
The spin and parity of this level is defined as (5)™ by the 

measured Ml transitions to the levels of spin h, 5, and 6. 
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3. Level at 3525-2 keV-(5.6)~ 
This spin and parity assignment to this level ean he limited to 

(5,6)" if the 1087.2 keV transition to the 7 level is placed correctly. 
We were able to set a (crude) limit for the muftipolarity of the 1087.2 
keV transition as (El + < 50% M2) or (E3 + < 3k% M2) which is not 
inconsistent with a (5.6)" assignment. 
•»• Levels at 3699.4. 3711.5. and 3779.5 heV-(4~'.5"'.6-) and C^.S*^*) 

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 keV. 
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F. Shell Model Comparison of Level Structure 
1. Introduction 

Using known experimental single-particle energies for the odd 
209 proton in Bi and a delta function singlet force to represent the 

residual proton-proton interaction ' ), Hoff and Hollander (ref. x) ) 
calculated the two-proton level structure shown in fig. kk. (The 

proton-proton coulomb interaction waB also included in these calculations.) 
In 1959 Newby and Konopinski (ref. y) ) performed a much more 

210 detailed calculation on the Po level structure but did not include 
contributions of neutron orbitals or collective excitations from the 

Pb core. They used a gaussian singlet-even potential (n_,_,) with no 
spin-orbit term (see section IIB). They reported the level spectra shown 

in fig. kk and configuration-mixed wavefunctions for the even-parity 

states of spin 0, 2, k, and 6. 
•3P PQfl 

Kim and Rasmussen (ref. z) ) made another detailed (inert Pb 
210 core) calculation for Po 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. kk. 

Shown in fig. kk with the two-proton shell model calculations 
of Hoff and Hollander (ref. x) ), Newby and Konopinski (ref. y) ), and 

2P 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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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 collective and neutron v(gq/ 2 Pi/p) core states of 
pftO 

Pb. 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 
due to the coupling of the 83rd and 8Uth protons in the Tr(h.,?) 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 keV 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 2187-2^38 keV 

These even parity levels, with the exception of that of spin 0, 
are due to the ir(hg ,„ '7/3) configuration which all calculations predict 
in this energy region. (The 0 state is due to the ir(f„.2) configuration.) 
The ir(f„;2) configurations are expected to be very weakly populated 
(if at all) in the decay of At and not observable in our study. The 
exception of the odd parity level at 2386 keV is discussed in section G. 
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U. Odd Parity Levels in the Energy Range 3016-3125 keV 

The next grouping of levels (at 3 MeV) in the experimental 

spectrum are of odd parity and of the dominant two proton configuration 

ir(hQy2 i-io/p)* ^h* 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 v(gg/_ p",„) and 

the two proton IT(h-.- ^va/o^ states to produce two 5~ levels. 

5- Higher Energy Excited States (> 3.2 MeV) 

At higher energies the two proton theoretical level spectra 

become less clear but odd parity states of the type ir(t„,„ ^TO/O) o c c u r 

within the energy range that the electron capture decay can populate. 

However, since core states (similar to Fb) 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 states 

seems very likely. This point is discussed further in section I. 
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G. Odd Parity Level at 2386.8 keV 
91 A _ 

We have identified the 2386.8 keV level in Po as a 3 state. 
PI O 

Our previous shell model discussion of Po levels (section P) 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. 
1»5 Is a plot of the experimental collective levels ' ' ) for nuclei 
in the lsad region which makes the collective assignment seem reasonable. 
Further the 3~ level Is not populated directly in the electron capture 
decay (log ft > 9«3) but is populated by gamma-ray decay from higher-
lying states. Inspection of fig. k$ shows that in the even-even lead 
isotopes (N < 126 neutrons} the 3~ state occurs at a relatively constant 
energy of 2600 keV. 'Pb shows that the coupling of the v(p7/p) 
neutron-hole to the 3~ collective state is weak and two such states 
occur in the 2600 keV energy region. For the odd-even Tl isotopes, the 
coupling of the nCs"/.) proton hole to the 3" core state is again weak 
and produces a series of states at approximately 2600 keV. Weak coupling 209 is also apparent for the odd proton couplings with the 3 state of Bi. 

PI o PI a pflft 
For the case of Pb and Po with two particles more than the Pb 
core, the 3~ states seem to be depressed significantly. 

210 — In Pb, two 3 states, the lowest depressed ~ 800 keV from 
pi A 

2600 keV, have been experimentally observed from Pb (p,p') and 
210 *5U 

Pb (t ,t') studies by ELlegaard et_ al_.? ). The collective strength of 
the lower 3" level at 1869 keV was found to be approximately 2/3 that of 
the collective strength in Pb with the upper 3~ level at 2828 keV 
having the remaining 1/3 strength. The fragmentation of the 3" strength 
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has been interpreted with a particle-vibrational coupling model ' ) in 
terms of the configuration mixing of the v(g_/2 Jic/o^ _ state with the 

210 collective 3 state. A similar situation exists for Po for the mixing 
of the two-proton configuration TvCĥ .p i ,,.) (which has heen 
tentatively identified at 3U1. 1* keV) with the collective 3" core state 
at 2386.8 keV. The results of Hamamoto's calculation ' ) for the 
interaction matrix elements show this point. 

<0, ( g 0 / 2 J 1 5 / 2 ) 3 J H c o u p l l n g | 3 - c o n e c t l v e > - 666 keV (for 2 1 0 P b ) 

< 0- f h9/2 ^ / S * lHcouplingl3~collective > = l 6 3 k e V <*°* ^ ^ 

However, the interaction between the 3 core state and the 3 
210 two-proton state is not as strong for Po as the interaction for the 

210 two-neutron state of Fb. This is because the interaction Hamiltonian 
57 H .,3 is stronger ) for single particle-matrix elements between 

single-particle states with J = X + s" (e.g. g- ,g, J 1 5/ 2» ii3/2^ a n d t h e 3" 
collective states than with J = i - s (e.g. h„, 2). 

These results might qualitatively explain the 200 keV depression 
(from 2600 keV) of the 3 core state in Po while the depression 
(~ 800 keV) for Pb is greater. The results of Hamamoto's 
calculations ) for the eigenvalues of the 3 states are shown in 
Tahle 6. This allows UB to conclude that the 3~ level at 2386.8 keV in 
210 

Po is approximately the full strength collective 3 core state. 
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Table 6. Results of the 3~ collective core and single-particle coupling 
calculation for 2 1 0 P b and ^ P o by HaIdaInoto52,53). 

Isotope Spin-parity Level Energy 

J* 
Experiment 

keV 
Theory 
keV 

2 1 0 P b 
3~ 
3" 

1869 
2828 

2110 
3310 

2 1 0 P o 
3~ 

(3)" 
2386.8 

(3111 -h) 

2520 
2880 
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H. Weak Coupling Calculation to Predict the Energies 
of the 3" and 5" Core States 

210 The energies of levels due to core states of Po are expected 
ortD 

to he shifted from those observed in Fb by the 83rd and 81»th protons. 
209 Using experimental data on 'Bi 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 0 and 2 , 
respectively) and the vtSo/o Pi/p^ neutron excitation of Po. The 
formalation of the calculation has been presented in detail in section 
IIC. 

The energy of the core states were estimated from the following 
equation 

E * E j + E + £ (2J12 + l)(2J2c + Dlwtf^J^; 3^ J ^ 2 (Ej - E j ) 
?c 
(89) 

'12 — " "• * ' " " "• u2c 
J2c 

The energies of the 3 and 5 core states E- were taken as the 
o pnfl 

experimental ) energies observed in Pb. The term E_ was taken as 
1 2 

zero since our calculation assumes the weak coupling of the 3~ and 5~ 
core states to the 0 and 2 states in Po. The values E. used for 

2e 209 the various Bi proton-core configurations are shown in Table 7. 
The 3~ collective state (coupled to the 0 ground state) is 

predicted from Eq. 39 to be at 2630 keV which is consistent with other 
observed 3~ states in the lead region (see section 6). However, the 
experimental value s 2386.6 keV which is significantly depressed. The 
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o 209 — — Table 7. Spin and energy assignments*) used for Bi 3 and 5 core 
states coupled weakly to the lh<j/p proton. 

Spin and- Parity Energy 
E J 

0 
(keV) 

Probable 
Configuration 

3/2* 2U92 
9/2* 2563 
7/2* 2582 

11/2* 
13/2* 

2599 
?60l 

[ ( 2 0 8 P b 3 " ) ® l h 9 / 2 ] 
J2C 

5/2* 2616 

15/2* 271*1 

13/2* ' 2987 
3/2* 3038 
5/2* 3091 

11/2* + 19/2* 
17/2* + 7/2* (+ 1/2*) 

3135 
315U 

i ( 2 0 W ) g > i h 9 / 2 ] 

15/2* 3170 
9/2* 3212 
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250 keV depression may he indicative of particle-vibrational coupling ' ) 
*3 discussed in section G (i.e. configuration mixing between the two-
ps-oton configuration T ,( nQ/ 2

 ii3/2^ a n d t n e o o l l e c 1 ; i v e 3~ state). 

The energy of the neutron core state v(Sg/2 Pi/p^ i s c a lculated 
ai) 3058 keV which is within 150 keV of the 5~ member of the tr(hQ,2 i 1 3 / 2 ) 
configuration calculated by Hoff and Hollander 2 5). Newby and Konopinski ) , 
?„nd Kim and Rasumssen ). Configuration mixing of the two 5 states at 
nearly the same energy is expected. The result iB that ^wo configuration 
admixed 5~ states should occur in the 3 MeV region. Bcperimentally two 
5~ states are observed at energies of 2910.0 and 3026.2 keV. We have 
been able to determine (from analysis of the S-decay) the following 
experimental wavefunctions for each of these 5~ states by assuming that 
the levels are composed of only these two components (see section I for 
the calculation). 

* _ (2910) 2 0.53Mir(h 9 / 2 i 1 3 / 2 ) > _ + 0.8U6|v(g 9 / 2 p ^ £ ) > __ (90) 

<l> _ (3026) s 0.81*6|ir(h9/2 i 1 3 / 2 ) > * 0.531*1^/,, P~} 2) > _ (91) 
5 5" 5~ 

Stese experimental wavefunctions shov that configuration mixing does 
Sake place with the lo\*er 5~ state at 2910.0 keV 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 llfil.li 
JteJ. was also computed with eg.. (89). The energy of this 5~ state is 
pat dieted as 3822 keV. This level occurs at an energy where other 5~ 
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states [(ir(h9/2 s ^ 2 ) , v(g 9 / 2 t£}2)> *(fj/2

 tx2/2>"^ a r e b e l i e v e d t 0 

exist so that a simple description may no longer be possible. Perhaps 
210 coulomb excitation of a Po target would reveal such states as well 

as the collective 3~ state. 
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I. Electron-Capture Decay Rates and Particle-Hole 
210 Core Excitation in Po 

1. Introduction 

The log ft values for electron-capture transitions to levels in 
210 

Po below 3^00 keV have been obtained with the expanded nomogram of 
22 58 Moszkowski ). For higher-lying levels log ft values have been 

obtained by using the method discussed by Konopinski and Rose ") 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 

Q-,c = 38?7±26 keV ) and electron-capture branching ratios were obtained 

from our Y-ray intensity data corrected for internal conversion. 
31 In their early paper Newby and Konopinski ) discussed the 

importance of particle-hole core excitations in the level spectrum of 
210 

Po. Experimental evidence for such effects was first pointed out by 
25 Hoff and Hollander ) through analysis of the electron-capture decay 

210 210 
rates of -At to the odd-parity levels in Po above 3 MeV, Specifically, 

^10 they pointed out that the decay of fc At (assumed ground-state configuration 
3 —1 2 

(ir(h„»2) v(p~< 2)) to levels of the two proton configurations ir(hQ,2) , 

ir(h-y2 f 7/2' o r "^9/2 ̂ 13/2^ s h o u l ( i a i l t e his 1 1 1 7 forbidden due to the 

large change in orbital angular momentum required for conversion of an 
h<3/2 P r o t o n i n t o a Pi/p n e u t r o 1 1 . Experimentally, highly-hiadered 

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 
p/yQ 

in these states from neutron excitation of the Fb core. 
. Recently a fairly complete picture of core-excited states in 

Fb has been obtained in the energy range below about l*.l MeV through 
era 

numerous reaction studies. The observed levels ) are shown to the left 
in fig. k6 and their dominant configurations ) are given in Table 8. 
The lowest levels due to core excitation (3198 and 3^75 keV) are the 
predominantly two components of the neutron excitation 
v(g ,2 P w 2 ) _ _ respectively. Although a number of the levels in the 
energy, range 3700-1*100 keV have unknown parentage, at least four levels 
arise predominantly from the neutron excitation ^(gg/o ^/p) _ an^- * n e 

proton excitation it (h_ « 2 s., ,„) _. Configuration mixing between 
J 

components of these excitations is evident from the wavefunctions for 
these states calculated by True et, al. ). 210 In the case of Po these core excitations occur in the 
vicinity of the odd-parity levels arising from the two-proton config­

urations 7T(hQ/„ i-,o/o) _ a^ld ^^7/2 i13/2^ a s i s e v i , i e n t f r o l n * n e 

' • ^ • 32 
level spectra calculated by Hoff and Hollander2?) and Kim and Rasmussen ) 
(fig. hh, section F ) . Although the effect of the additional 83rd and 
8Uth protons on the zero-order energies of the particle-hole core 
excitations is unknown, energy shifts should b? 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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The configurations shown for the Pb levels represent the two largest 
components in each state as calculated by True, Ha, and Finkston ). 



208 Table 8. Dominant configurations of Fb odd parity levels below 4.1 MeV as calculated by True, Ma, 
and Pinkston ). 

Energy* Spin Configurations 
(MeV) J 

(collective) 

-0.92 v(g a / 2p-) 2) • 0.20 *(n 9 / 2s:J 2) 

-0.9* vfgo/gP^g) + 0.25 V(g 0 / 2f;) 2) * 0.23 v(g 0 / 2p-) 2) 

-0.57 Vtgo/gf^g) + 0.52 *<h 9 / 2s-} 2) + 0.36 v(i u / 2p-} 2) + 0.29 ^ 9 / ^ ) 

0.98 v ^ , ^ ) 
-0.87 *<n 9 / 2s-) 2) - 0.*T «(b 9 / 2«5 2

) 

. -99 v(go / 2fg%) 

*Energies vere those calculated in ref. ). 
Only those configurations with amplitudes (a.) greater than 0.2 are listed. 

2.fc87 3 

3.350 5 

3.509 It 

3.680 5 

3.982 6 

h.066 k 

U.0U7 7 

I 
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the neutron particle-hole excitation v(g0/j> P w ? ) and/or the proton 
3 —1 particle-hole excitation ^(hf.g si/2^ w i l 1 b e relatively unhindered. In 

the first case, unhindered 1st forbidden decay is due to conversion of 
an lhg/p proton into a 2gg._ neutron. For the proton excitation, decay 

210 of a 3s. »„ core proton in At to a 3p, # p neutron is similarly 
unhindered. From the experimental and theoretical data available, we 

210 can conclude that unhindered 8-decay to odd-parity levels in Po is 
due primarily to components in these states arising from excitation of 

O/tO 
the Fb core, and that the 0-decay transition probabilities to levels 

210 in Po above about 3 MeV should be a measure of the total amplitudes 

in these states of the neutron wavefunction |v(g-,„ P 7 / O ) > a n r i t a e 

proton wavefunction k(h|/ 2
 8 i / 2 ^ > # T h i s i s o f particular importance 

210 to the characterization of the more highly excited levels in Po, 
since the complimentary information on amplitudes of two proton com­
ponents is derived from the reaction data of (a,t) and ) 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 

Po (predominantly w(h-y2 i 1 3/g) _> * n d t n e f i r 8 t 5~ level in Pb 
(the two-proton wavefunction undoubtedly contains a small component of 

the configuration it^n/* i\-»fo> -» b u t t n l B d o e a n o t • f f e e t * ° e 

following argument). The wavefunction for the first 5 state in 
has been calculated by True, Ha and Pinkston (IMP) 6 ) as 
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* _(3198) = - 0 . 9 2 3 ^ ( ^ 2 p ^ 2 ) > + 0 .200 |n(h 9 / 2 s~J2)> 

+ 0 . l U T | v ( l n / a P ^ 2 ) > + 0 . lW | i r (h 9 / 2 d*J2)> (92) 

- 0.122|ir(fT/2 d~^2)> + 0.0199|v(g o / 2 f^ 2)> 

and the amplitudes of the tvo principle components are in agreement with 
the experimental data of HCClatchie, Glashausser, and Hendrie ) and 

63 
Bardwick and Tickle ). With the assumption that the ground state wave-
function of At is |Tr(h|.g) V ( P 7 / 2 ) >

 +» the electron-capture decay to 
the tvo 5~ levels will be dominated by amplitudes of the first and second 
components of the above vavefunction that contribute to these states. 

As an estimate of the relative amplitudes of core and tvo proton 
components in these states we follow the analysis of first-forbidden 
8-decay given by Damgaard and Winther ), and Damgaard, Broglia and 
Riedel ). Their analysis has shown that in the region around 
the values of ft for B~ transitions of this type between single-particle 
or single-hole states can be estimated to a good approximation by the 
relation 

tt " W[B(A - o> + B(A - i>] ( 9 3 ) 

where D * 6250 sec and the B(X) are given (in units of « ) as 

B ( x ) " 2 z V r i < J f l o ( x ) I J i > l 2 m 
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In particular, the decay of Tl to the first two 5~ levels in 
was shown to be dominated by the components in these states of the core 
excitations v(&n/n P w 2 ) and f(h_/2 s~.„). While the analysis has been 
carried out only for fi~ decay, it is reasonable to expect that the same 
formulation 1B 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 
210 the wavefunction for the ground-state of At can be written as ' 

|ir(h„,2) v(p~,g)> + and that the wavefunctions for the two 5~ levels in 
210 •* 

Po can be approximated by the two component vectors 

*5_<2910) - ajirfh^ i 1 3 / 2)> 5_ * \ H ^ / Z P ^ 2 ) > r (95) 

*5_(3026) - a 2|,r(h 9 / 2 !„/,,)>___ + h 2|v(g J > / 2 p") 2)>^ (*) 

If we choose the phases so that the a's are positive, then 
b 1 * ±(1 - a 1) , a„ « |b.J and |ls_| • a.. We can then rewrite our 
second wavefunction of eq. (96) up to a phase 6 as 

*5_(3026) - |bj |ir(h9/2 i 1 3 / 2)> 5_ + ^IvCgo/a p-) a)> 5_ (97) 

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 
w(hoy 2) > v(P!/ 2) c a n b e neglected, the ratio (f*)291o''^ft^3026 g l v e 8 
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( f t ) 2 9 1 0 . a l . 4 _ a l ,oft. 
'3026 l - ^ i I*! a2' 

Using our measured ft values in the decay for these two levels ve find 

•jTp-B-Ar- 0- 1' 0 <»> 

Thus ve aay construct the exporimental two component vavefunction (up to 
phase S) tor the two 5~ levels. Using our arbitrary phase convention 

o 1/0 b * ±(l - a ) ), the two-component vectors become 

* _(2910) * 0.53U|ir(hQ/2 i 1 3 / 2 > > _ + 0.8U6|v(g o / 2 p~}2)> _ (100) 

* _(3026) * 0.81t6|ir(h / 2 i 1 3 / 2 ) > + 0.53ft K « 9 / 2 »i/2 ) : > . < 1 0 1 ) 
5 5" 5~ 

These results can be compared directly to the relative two-proton 
ampltiudes obtained from the 2 0 9Bi(a,t) and ^ B i ^ e . d ) reaction 
studies of TB 2 8) and Lanford 2 9). In bath studies the 5~ level at 2910 keV 
was excited and well resolved from members of the irOxg/n ^13/0^ 
multiplet. Since the 11~ maaber of this aultiplet is expected to arise 
only from this two-proton configuration, the ratios I (2910)/! (29U5), 

5" 11" 
corrected for the (2J + 1) dependence of the reaction cross sections, 

2 directly yield experimental values for the amplitude a!*. By assuming that 
the remainder of the tvo proton strength is located in the level at 3026 
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keV, the ratios c f the tiro proton components in these states are 
estimated from these data as 

and 

(fef) O.kl (102) 
(IB) 2 8'* 8) 

- 0.82±0.20 (103) 
(Lanford)29) 

The agreement between these values and that derived frca analysis of the 
electron-capture transition rates (eq. (99)) is good, in spite of the 
many simplifying t-ssumptione required in the calculations, and is 
suggestive 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 0-decay does however permit the qualitative 
discussions given in the following paragraphs. 
3. Electron-Capture Decay to Levels at 3075.1 and 3U28.2 keV 

The experimental results of Bondorf, von Brentano, and Richard ) 
have indicated that the wavefunction for the first k~ level in T ^ 
(at 3VT5 keV) can be written 
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* _(3*75) = (0.96±0.02|v(g9/2 p"J2)> 
4 

- (0.afit0.03)|v(^/2 p~J2)> * (O.0T±O.l£)|v(fl^/2 f~J2)> (10«») 

which is in good agreement with the calculated wavefunetion of TMP ). 
The extent to which this configuration mixes with the k~ level arising 
fro» the *(hq/2 ^i^/p) configuration should he reduced relative to that 
observed in the 5~ levels because of the larger difference in leroth 
order energies of these states. Unhindered electron-capture decay is 
then expected only to the relatively pure core state and it is reason­
able to associate this state with the (h)~ level at 31*28.2 keV 
(log ft » 6.9). Decay to the (1*)" level at 3075-1 keV is highly 
hindered (log ft • 8.9). While no quantitative estimates can be made, 
the reaction studies indicate that the greater part of the strength of 
the ir(h_,_ i. _ ,„) configuration is located in the latter 2?vel since 
the other member of this pair vas apparently not excited to a measurable 
extent. 
k. Electron-Capture Decay to Levels at 3525.2. 3699•**. 3711.2, 3727.2? and 3779.5 keV 

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 expected here, the most probable admixture that can 
give rise to these fast transitions is the proton excitation 

Tiih^.g Sjy 2) _ _ in addition to the neutron excitation discussed 
*^ 210 

above. The decay of the 3s, ,„ proton in At to the 3p,/g neutron in 
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210 
Po night be expected to occur with a somewhat greater absolute rate 

than for the similar decay of a l no/2 P 1" 0* 0 0 * n t o * 2 8 Q / 2 n e u t r o r ' 
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 Tl to th 
sinilar (but somewhat lover) log ft. 
observed in the decay of Tl to the core states of Po, proceed with 
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J. Gaia-Ray Transition Rates Between the Even Parity Levels 
210 The data available from reaction studies and 8-decay of At 
210 now give a fairly detailed picture of the lower-lying levels in Po. 

o 

All levels of the ff(kQ/2) ground state multiplet are well characterized 
and except for the low spin members of the ir(hQ<p f7/p) multiplet, the 
major transitions in the decay of these levels are now known. Comparison 
of the shell model level sequence calculated by Hoff and Hollander ), 

31 32 
Newby and Konopinski ) and Kim and Rasmussen ) with the experimental 
spectrum (section F, fig. 1*2) 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 Ml branching ratios in decay of the odd spin members 
of the fffhg^g f7/p) 1 > a a d t 0 t h e low-lying even parity levels nay serve 
as a sensitive test of the ir(hQ/„ f7/p) admixtures in the ir(h- ,„) band 
since Ml transitions to the major components are forbidden (Li. = 2). 

For the purpose of testing the accuracy of ^Opo wavefunctions '̂  '•" 
shown in Table 9, we have calculated (using the formalation presented in 
Appendix A) the total absolute gamma-ray transition probabilities T(X) 
for decay of a number of levels of the ir(h0,- f7/p) multiplet. For the 
effective charge which is necessary for the calculation of T(E2), we used 
the value of 1. 5e for the proton as was discussed by Astner et, al̂ . ). 
The oscillator parameter v for the calculation of E2 matrix elements was 

1/3 fixed at O.165 from the relation v = O.98/A . The gyromagnetic ratio 
g, used for the T(M1) calculations was obtained from the tabulated 
u 
measured magnetic moments ' ) for the lh_ ,„, ^7/2 a n d ^13/2 
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proton orbitals and from the Schmidt (free space) value* for the 2f_._, 
3 p3/2 & n d ^1/2 o r b i t A : L s occurring in the vavefunctions of Ha and True ). 
Table 10 shova the effective magnetic moments used to obtain g.. The 
Schmidt values (used in the calculations in Appendix 0) for all proton 
orbitals are also shown. 

Listed in Table 9 are the vavefunctions of Ma and True (iff) ) , 
Kim and Rasaussen (KR) 3 2) and Bevby and Xonoplnskl (UK)*) used to cal­
culate the absolute gamma-ray transition probabilities shown in Table 11. 
The experimental level energies have been used to calculate the values of 
T(A) rather than the theoretical level energies. With our rather limited 
data ve can not state that one particular set of vavefunctions 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 ve 
have listed experimental and theoretical E2-H1 gamma-ray mixing ratios <r 

9 
for several transitions. A limit of 6 was set vhen the transitions were 
measured as pure Ml (d » 0). The limit corresponds to the maximum 12 
admixture vithin out* 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 competition with the more energetic interbaad 
decay to the levels of the dominant *(n 0/a) 2 configuration. This lend* 
some support to our placement of the 77.2* 92.1 and 112.2 kcV transitions in 
the decay scheme. (She theoretical results also predict the Ml character 
of the 77.2 and 112.2 keV transitions.) A similar intraoand transition 



.162. 

Table 10. Magnetic moments used to obtain the /rcmafnetic ratios. 

Shell 

^7/2 
l l13/2 
2 f5/2 

*3/2 
3>l/2 

Effective Moment Used Schmidt Value 

U.08 2.62*1 

fc.fcl 5.79275 

7.9 8.79275 

0.662 0.8623 

3.793 3.79275 

-0.26U3 -0.26*25 
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Table 12. E2-M1 Mixing Ratios ( 6 2 ) a 

Angular 0 

Moattntun 
Transition 

Energy 6 2 Theory 

J i + J f (keV) (experimental) MX KR NK 

\+h 250.5 <0.32 0.00028 0.0002b -
8 2 * 8 1 630.9 <0.19 0.0328 0.078 — 

V 6 1 852.7 n , f t * 0 . l 6 
° - 1 9 - 0 . H . 0.215 0.687 0.173 

7 1 * 8 1 881.7 0 56*°'kl 

O , 5 < , - 0 . 2 9 0.167 0.673 -

5 1 * 6 1 929.9 <0.32 0.012 0.0295 0.008 

V"l 955.8 <0.29 0.155 I .898 0.7W 

5 l ^ l 976.5 <0.19 1.7U 0.81 0.62 

T>h» n < * 4 i w i Mfc4n Kr l a drffni - M g » . i < w . ? j £ . iSjSSi. 
|< iMXl >| 2 T ( M " 

bTha experimental fi2 ware obtained from comparison of oar X-cowrereion coefficient* with the 
1*2 theoretical values of Hager and Seltser ). 

C J 4 and J f rafar to tha spins of tha initial and final states reapectively. The subscripts 1 and 2 
rafar to tha first and sacond levels (increasing energy) of a givan apin. 
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may be responsible for the weak 125.2 keV transition reported by Hoff and 
Hollander ). In general agreement between the calculated and experimental 
gamma-ray branching ratios in the decay of members of the "Ch. ,g £r/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 

210 gsama-ray branching ratios. It should be noted that a second set of Po 
wavefunctions calculated by H T 3 3 ) using different force parameters gave 
slightly better agreement in the gamma-ray branching ratios while not 
significantly changing the agreament in the mixing ratios, 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 g + 8. (769.2 keV), 
6 2 * \ x (899.3 keV), 2 g * k± (863.3 keV) and 2 g + ^ (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 g. which were obtained from the Schmidt values as shown in 
Table 10. The T(M1) values seemed rather sensitive to small changes in g.. 
For example, a 20% change for the £-•» orbital changed several T(Ml) by 
more than two orders of magnitude. This point is discussed further In 
Appendix C. 

Finally in Table lb we have listed the experimental and calculated 
absolute values of T(Z2) for the m^\/2' configurations. The results 
are in agreement which supports the value of 1.5c recommended by Astner 

67 et al. ) for the effective charge of the proton In the lead region. 
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210 Table 13• Gsama-ray branching ratios for some transitions in Fo. 
Transitions Ratios* V Y2 
Energy (Experiment) Theory 
(keV) MT KR IK 

881.1/96^.9 1 OR*'62 

1' 3 8-.38 
8.59 1.U5 -

88l.l/2$0.5 1 Ok*' 3 7 1.88 0.82 -

881.1/112.2 (*(6.75)c 31.3 5.53 -

929.9/976.5 *•*::£ 3.63 0.71 0.98 

929^9/77.2 (M28.7)c 25.6 7.3 15.9 

955.8/909.2 20 l * n - 2 25-U 0.72 0.657 

955.8/1201.2 11 3 * 1 , 0 
U , 3-2.2 2.71 0.78 0.51* 

*The Y-rsy branching ratios are defined as 
Y^Yg " (*(Hi) + T(E2))1/(T(M1) • T(E2))2 from Table 11. 

The experimental ratios were obtained froa our gamma-ray intensity data. 
cIntensity vas estimated from the conversion electron line intensities in 

95. the spectrographic plates obtained by Hoff and Hollander )• 



Tabla 1W. Coapartaoa of tha obaarvad transition probabilltiaa for tha tZ transltiona batvaan tba *(J»g/») 
configurations wit* tba calculated transition probabllltlaa for tba w w a fnaetlona of Ma and Trua (Mt)33), 
Kla and Raaauaaan (KR) ) and Xaatgr and Kooopinatt (VK) 3^). Tha ainfl«~particla aatlaatas ) ara also (Iran. 

Transition 
A n « u l ' r Inarty 

J t * J f (kaV) 

Total 
Conrarslon 
Coefficient 

Experimental 
Half U f a 

aac 

E.t?arlK«nt«l 
T(M) aae" 1 

a w 1 

Theoretical 
T(E2) aec" 1 

MT XR IK Single Particle 

8 1 * ° 1 

k l * * l 

6 1 * * 1 

1181.U 

2*5.3 

1.6.6 

83. S 

0.239 

272 

16.2 

l .T(2) 10"* 

38(5) 1 0 - 9 

110(8) 10"* 

3.3(a) 1 0 8 

6.7(9) 10 f c 

3.7(3) 10 5 

8.3 1 0 U 

3.5 1 0 8 

6.1 101* 

U.6 1 0 5 

6.9 1 0 1 1 

3.» 1 0 8 

5.7 lO* 

a . l 1 0 5 

7.". 1 0 U 

3.a 1 0 8 

5.9 10 k 

a.65 1 0 1 1 

l . « 1 0 8 

h.k 10 h 

8.1 1 0 5 
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K. final Remarks 
The best summary of this study can be Bade with use of a figure. 

In fig. 47 ve have shown the two-proton theoretical level structure of 
Po calculated by Ma and True ) and the experimental lerel structure 

of a 0 P o and 2 0 8 P b . The two-proton sndel does not include core exci­
tations and the "extra" 3" and 5~ states in the region of < 3.2 KeV 
hove 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 U, 5 or 
6. The sum of the number of Fb core states and the number of tvo-
proton. states of spins 4, 5, or 6 in the energy range of 3-2 - 4.3 MeV 
is sevnn. 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 
210 "shell model" calculation for Po 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 

210 angular correlation measurement of the gamma-rays from the decay of At 
might determine the spin of the odd parity states at 3428 and 3727 keV. 

Higher resolution Bi( He,d) reactions might be used to look for 

fragmentation of the ifag/n ii3/2^ configurations over the i r(f 7/ 2
 ii3/2^ 

and/or the core configurations. In particular mixing of the (h)~ states 
OTA 

at 3075.1 and 3428.2 keV coU.d be investigated. A " ' 'Po target might be 



-169-

0.0L 

'?<» ' i v» _ - -

(h„. )* 
V \ " ~ - - - _ t f _ 

aL. 

- \ j * 

_» . • 

Theory 
lb) 84 Po 

Experiment 

=M 

210„ 

to 5?Pb 
Experimes 

auvm-«ci 
Fig. 1*7. Comparison of the experimental level scheme of " u P o (b) vith a 
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The dotted lines connect levels believed to have 2 0 8 P b 35) (e) 

componei.is due to the same configuration. The zero-order energies of 
210 the two-proton configurations in Po are show 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 n(h Q, ? i,„/p ) 

configuration also could be investigated. This experiment might explain 

the 3 depression in energy from that observed in Fb 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 keV 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. The 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 

una83igned conversion electrons '). 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 ELECTROH-CAPTURE DECAY OF 2 0 9 A t TO LEVELS IN 2 0 9 P o 

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 

closed shell of N = 126. The electron-capture decay of 9At(5.5h) to 
209 209 

Po populates levels of Po and hence provides a means of studying 
the nuclear level structure. 

209 The ground-state spin and parity of 'At has not heen measured 

but is predicted on the basis of the shell model and experimental data ) 

in the lead region to have the configuration 

(ir(h^2 s^,2) _ v(p°/ 2 f 5< 2) + ) _ . The spin assignment of 9/2 gains 

some support, from the measuredTl) spin of 9/2 for the ground-state of 
pi T POO T2 

At. The ground-state spin of Po has been measured ) as 1/2 and 
has the probable configuration (7r(hn/0 s, / 0) . vfp!", f c/ 0) ) 

9/2 1/2 Q + X/d >/2 j-yg ^ g 

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 
pno 209 

'At to the even-odd nucleus Po 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 

lh , g proton to a 3p, ,„ neutron which requires a change of four units 
EL (AX. = U) in the orbital angular momentum (i.e. '"(h*,-) > v(p_ ,„)) and 

should be hindered. Thus population of excited states is expected. 
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No previous studies of the decay have been sjade vlth high 
resolution Ge(Li) detectors so that a detailed Investigation has been 
performed. In this section we report on the investigation of the 
transitions following the electron-capture decay of ^ A t . The energies 
and intensities of 87 Y-*"*y» between levels in ^ P o 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 

209 
measurements defining 20 levels. The levels of Po have been compared 

with a weak coupling calculation using experimental data from the levels 

of Bi, Po, ^ B i and Pb to represent the neutron hole-proton 

and proton-proton interactions using the formalism presented in section 

IIP. 
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»• Pffyt9W gt^iff 
^AtfS.Sfc) wa» first identified b£ Barton, Ghiorse and FerLaan 7 3) 

it. 1951 who reptH-ted decay by alpha Mission and electron-capture. (The 
par cant alpha branching of W A t par decay has bt«n Measured ') a» 
*.i*0.5*.> The conversion electron, fro* the ̂ A t decay vara report* 
in 195* by Hihelich, Schardt, and Sag-re"a ) *i though no decay aches* was 
proposed. In 1956 Stoner 3 6) reported in detail the a < 0 9At conversion 
electron, gaasm-ray and alpha spectra. He reported intense gaasui-ray* 
at 90*8, 195« 5^5 and 780 keV in coincidence and proposed the decay 
»cheae shown in fig. «6b. The 2 0 S >Bi{a,%n) 2 WAit reaction was used by 
Stoiwtr to produce intense electron sources with appreciable amunta of 

At present fro* the eoapeting (a,3n? reaction. An alternate Method 
of production involving protor. spallation of thoritas natal to produce 

Tie was used to isolate aut'h saaller quantities of ̂ A t after an 
appropriate decay period. This produced low intensity sources free of 

At for ae&sureaKMt of the gaiam-ray spectra. 
In 19^5 t**aa*ki and Matthias7*) investigated the levels of ̂ P e 

with the 2 0 8«>{tt,3n) 2 0 9Po reaction and Se(U) detectors, fhey established 
the «pin sequence 9/2(7829) 5/2C5&5Q) 1/2 for the lower levels or 2 0 9 P o 
shown in rig. '->Bu. ¥iuMua)tl and Matthias ) also reported a 100 na 
isoweric level at an energy similar to th* 8 level of Po. They 

for the isoaeric level. 
suggested the possible two particle-one hole configurations 
(f(h? / 2) + v(p"} )) _ 

Curing the course of our study, preliminary reports have been 
node by Alpsten, Appleqvi*t, and Astner ) and Alpsten and Astner ) on 
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the electron-capture decay. Bergstroa et. al. ) issued a preliminary 
report on a reinvestigation of the Fb(ct,3n) Po reaction. 
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C. Source Preparation 
Sources used in thia atudy were obtained by the ^Bi(a,lin)^At 

reaction in the Berkeley 88-inch cyclotron at bombarding energies of 
1*9-51 MeV, with bismuth metal target thicknesses of 30-59 mg/cm . The 
astatine was separated from the bismuth target by volatilisation and 
sources were prepared as previously described ' ' ) in section IVC. 
These sources contained, In addition to At, varying amounts of At, 

At and At from the competing (a,5n), (a,3n) and (o,2n) reactions, 
respectively, depending upon the energy of the incident alpha particles. 

The (a,3n) and (a,2n) cross sections had been previously 
determined * *) In the energy region of 20-'i2 MeV. The (a,Un) and 
(a,5n) cross sections had not been studied in the energy region of tl-65 
MeV. To determine the (a.fcn) 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.U, 5^5.0 and 686 keV and consi­
deration of the decay schemes allowed determination of the relative atom 
ratios 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, 6l.7, 5>*.6 and 1*7.7 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 (<1»2 MeV), an 
extrapolation of the (a,3n) reaction cross section was made and is shown 



300 ek 
Table 1$. Relative genoa-ray ratio* and eroas sections for various astatine isotopes produced hy ̂ M ( le.xa) 
reactions based on swagured gasaa-ray transition Intensities The 1181.*, 5*5.0, and 66o fca* Y-ray trass*tlone 
in SlOpo, 209PO, and SOSpo vera Matured (relatively) to arrive at these values after correcting for alpha-
branching and appropriate decay tlaes. 

Alpha Knergy* 

K,V 2 1 C A t / 2 1 0 A t 

Cama-ray ratios 

^ A t / ^ A t ^ A t / ^ A t ^ A l / ^ A t 

Relative 

o(a,3o)* 

cross section (barns) 

o<».kn) b o(ft,5») b 

66 1.0 2.9 16.95 0.15 0.07 0.226 1.32 

61 1.0 3 . * si.a o.:» 0.12 0.k$5 2.98 

5k 1.0 5-»5 11.7 0.i65 2 .0 i . a 2.3» 

M 1.0 k.2 0.TB5 5.35 5.8 2.1.3 O.kOl 

"The error (estimated ±2.5 kcV) reflects uncertainty in the target thicknesses and corrections for energy losses 
fin within the targets and alualnuB backing foils }. 

bTfeis cross section value is based on earlier results' , 7 9 ) at lower energy sod the extrapolation procedure 
described in the text. 
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«s a dotted line in fig. Uo. This extrapolated shape of the (o,3n) 
cross section was used only to provide a normalization point for the 
measured relative cross section ratios of Table 15 and these results 
arc included in fig. 1»9. All data points of fig. 1*9 in the region 1*5-70 
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) wei'e estimated as ±8%. Errors shown in fig. h$ for the 

helium-ion energy reflect the uncertainty in the target thicknesses and 
80 corrections ) for energy losses within the targets and aluminum backing 

foils. 
To identify At, the energies and intensities of the major 

01 
radiations reported by 'freytl, Hyde, and Yamazaki x ) were remeasured. 
We note that the At could be minimized by bombarding below the thres­
hold energy (~ 1*8 MeV) for production of detectab e amounts relative to 
the At. The "impurities" from ' At in spectra were identified by 
comparison of the energies and intensities of gamma-rays and conversion 
electrons reported in section IV. 

It should be noted that this production method limited obser-
209 vation of the weaker transitions following the decay of At due to an 

increased background. Typically, at the end of bombardment, the largest 

ratio of the relative gamma-rays of ( At) to ( At) was approximately 

b-5^ to 1. In order to check the relative Y-ray intensities obtained 
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15 20 30 40 50 
Helium ion energy 

60 70 
( MeV) 

X B L 7 I I I - 4 6 3 4 
Fig. J*9. Excitation functions for the reactions Bi (a,xn) At, for 

x = 2, 3, h, 5. The (a,2n) and (a,3n) results below 1*3 MeV are due to 
Ramler et. al. ) and Kelly and Segre 1' 9). The data points above 1*3 MeV 
are from this study. The vertical scale for these points is arbitrary. 
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from mixed sources, some data were taken with appreciable amounts of 
At in the sample because of the higher I ( At)/I ( At) ratios. 

Toward the end of our study, we were fortunate to obtain a low 
intensity 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 vas 
essentially free of 2 1 0 A t (< 10"3X relative to 2 0 9 A t ) . The portion of 
the 5 ma aluminum collection foil from the mass separator containing the 
mass 209 deposit was used directly as a source for obtaining gamma-ray 
and conversion electron spectra. 



-l8l-

D. Experimental Results 
1. Gamma-Ray Single* Spectra 

209 The data for At gamma-ray singles measurements were collected 

as previously described in section IIIA. Mixed sources of astatine 
( 2 1 0At, 2 0 9 A t and ^ A t ) were used (see section IIIC) and data were 
collected over a period of 0 20 hours aft«r end of hoebardment to 

210 minimize the At background. Figures 50 and 51 show spectra taken: with 

the 35-ea (active volume} coaxial Gc(Li) detector over the energy 
ranges of 110-1600 keV and 630-2760 KeV respectively. Ptotopeeks from 

At are present in the spectrum of fig. 50. A gamma-ray spectrum of 

the lower energy range of l6-2*»0 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. 

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 in 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 confirmed. 
Four occured at the same energy as some intense At transitions. 
Table 16 lists additional transitions observed with the mass separated 
source bv.t, which could not be definitely assigned to "At decay. Clearly 
a more intense source is needed to extract more definite information free 
such a spec tram-
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Fig. 50. Gamma-ray spectrum of a mixed source of a s t a t i n e in the energy-
range of 100-1600 keV taken with a coaxial Ge(Li) spectrometer. 
Symbols are used to denote gamma-rays due to isotopes other than 209 At. 
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761.9 -1 [-790.2 

Channel number ( !00 channels/division) 

Fig. 51- Gamma-ray spectrum of a mixed source of a s t a t i n e in the energy 
range of 630-2660 keV taken with a coaxial Ge(Li) spectrometer. The 
symbol • i s used to denote gamma-rays due t o the decay of At. 
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Channel number ( 100 channels / division ) 
' XBLTIII - « 7 M 

209 Fig. 52, Gamma-ray spectrum of a mass separated ^At source in the 
energy range of 100-2700 keV taken with a coaxial Ge(Li) spectrometer. 
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209 Table 16. Weak transitions observed from a lov intensity mass separated At 
source. The assignment of these transitions to 2 0?At decay is uncertain and 
these are not placed in the current level scheme. 

Absolute 
Gaxma-ray gamma-ray 
Energy intensity 
keV % of 2 0 9 A t EC decays 

515.1 (3) .05 (2) 
523.0 (3) .0U (2) 

108Uio 00 0.037 (5) 
1112.9 (6) 0.022 (6) 
1202.3 (U) 0.022 (6) 
1210.2 (It) O.OltT (10) 
1295.8 (!*) 0.026 (6) 
1299.0 (5) 0.022 (6) 
13&..T (6) 0.0092 0*0) 
U19-1* 0») 0.0l»l (9) 
l!»21.5 (5) 0.023 (8) 
1529.>• (5) 0.016 (5) 
1706.1 (7) 0.013 (2) 
2102.0 00 0.008 (3) 
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The energies and intensities of the Y-rays were obtained by 
analysis of the spectra with the computer code SAMPO * ). Energy 
calibrations were obtained using the standard energies compiled ) in 
Appendix D. The relative photopeak efficiency was determined with an 
IAEA calibrated intensity set and 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 ±h% 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-
209 peaks assigned to the decay of At. The assignments were based on 

half-life measurenents for the more 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 Seltzer * ) were used 
to derive these results. The multipolarities of the 113.2 and 151.5 kaV 
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 lQk.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. 



-187-

Table IT. Gamma-rays observed In the decay of 209 'At. 
Absolute Absolute 

Gamma-ray 
Energy 

gamma-ray 
intensity 

transition 
intensity 

(keV) (* of 2 0 9 A t EC decays) {% of 2 0 9 A t EC decays) 

90.8 (2) (1.69 (12) ) k (19.8 (15))k 

10U.2 (2) 2.50 (25) /l7.9 (E2)\ 
\28.1( (Miy 

113.2 (3) 0.16 (It) (0.85)e 

151.5 (3) 0.055 (20) (0.13)e 

191.1 (3) d 0.1(1 (7) -
195.0 (1) 25.0 (1.2) 65.0 (32) f 

233.7 (1) l.lit (9) 2.33 (18) 

239.2 (1) lit.25 (50) 15.05 (65) 

321.1 (2) 0.71 (3) 0.72 (It) 

3U2.8 (2) d 0.57 (3) O.67 (5) 

388.9 (2) 0.56 (3) 0.70 (5) 

1(15.8 (6)° 0.06 (2) -
1*33.8 (3)° 0.08 (2) -
>»>»7.7 (2) 

Absolute 

0.28 (2) 0.32 (3) 

Absolute Absolute 
Gamma-ray 
Energy 

gfimma-ray 
intensity 

Gamma-ray 
Energy 

gamma-ray 
intensity 

UeV) (% of 2 0 9 A t EC decays) (keV) {% of 2 0 9 A t EC decays) 

5»»5-0 (1) 97.lt (30) 1272.9 (2) d 0.22 (2) 

551.0 (3) 5.21 (2>0 1311.7 (3) 0.056 (6; 

552.U (M 1.36 (20) 131(2.9 ( 3 ) d > 1 0.070 (6) 

55^.6 (U) 0.6l (11) 1357.0 (2) 0.18 (1) 
(continued) 

http://97.lt


-188-

Table 17 (continued) 

Gamma-ray 
Energy 

(keV) 

Absolute 
gamma-ray 
in tens i ty 

{% at 2 0 9 A t EC decays) 

Gamma-ray 
Energy 

(keV) 

Absolute 
gamma-ray 
in tens i ty 

(% of 2 0 9 A t EC decays 

596.U (a) 0.72 (It) 1U09.0 (6)° 0.019 (8) 

630.3 (2) 0.75 (3) l i t l l . l ( ! t ) d , s 0.057 (8) 

666.2 CD 2.01 (7) 11.27.0 (3)° 0.030 (6) 

719.6 ( 3 ) d 0.08 (1) 1M6.15 (10) 0.56 (2) 

750.9 ( 2 ) d 0.07 (1) llt56.lt (2) 0.12 (1) 

781.9 (1) 87.0 (26) 1U78.9 (3) O.Oltlt (It) 

790.2 (1) 66.3 (20) Ht8lt.7 (3 ) c 0.10 (1) 

799.1 ( 2 ) d 0.11 (2j 1U90.8 (2) 0.28 (2) 

809.8 ( 3 ) d ' s 0.036 (9) 1533.1 ( 2 ) d 0.16 (1) 

815.6 (3) 0.2U (3) 1537.7 (1) 0.51 (3) 

817.7 ( 3 ) d ' c 0.18 (4) 1575-6 (2) 0.89 (It) 

826.8 ( 3 ) d , e 0.05 (1) 1581.6 (1) 1.87 (7) 

85U.h (2) 0.62 (!t) l622.lt <2) d 0.18 (1) 

86U.O (1) 2.11 (10) 1651.5 (5) 0.0lt3 0 0 

903.05 (10) 3.37 (12) 1687.3 ( 2 ) d O.ltO (2) 

910.7 ( 5 ) d , s 0.078 ( l l ) 1 ' 1730.0 (lt)C 0.01.1 (2) 

922.0 ( 3 ) d ' g 0.077 (10) 171*5.8 (3) 0.086 (5) 

933,5 ( 3 ) c 0.05 (1) 1767.0 (1) 0.5't (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 (V) 

1008. U ( l t ) a , s 0.038 (9) 1810.0 ( 2 ) d 0.039 (U) 
(continued) 

http://llt56.lt
http://l622.lt
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'lable 17 (continued) 

Gamma-ray 
Energy 

(keV) {% 

Absolute ' 
gamma-ray 
intensity 

of 2 0 9 A t EC decays) 

Gamma-ray 
Energy 

(keV) 

Absolute 
gamma-ray 
intensity 

(% of 2 0 9 A t EC decays) 

1037.8 ( l * ) d , e 0.030 (6) 1861.1* ( 5 ) d ' J 0.008 (2) 

107U.8 (2) 0.21 ( l ) 19U7.7 o o d 0.011* (2) 

1092.8 (lt) d 0.0U9 (7) 2109.5 (3) 0.0l»2 (1*) 

1103.146 (10) 5.5 (2) 221(5.8 ( 6 ) d 0.007 (1) 

1136.5 (3) 0.075 (10) 2292.3 ( 5 ) d ' s 0.011) (I*)1 

llUl.U (3) 0.3l» (2) 2319.6 (li) 0.007 (2) 

11U7.U (3) 1.37 (10) 23U2.9 (U) d 0.017 (5) 

111*8.8 (3) 0.85 (10) 2357.7 (6) 0.007 (2) 

1170.75 (10) 3.1 C8) 2363.7 (It) 0.015 (2) 

1175.1* (2) 2.0 (1) 2368.3 (U) d 0.012 (2) 

1183.0 ( 3 ) d ' C 0.16 (2) 2lf33.1»lt (20) 0.015 (2) 

1192.9 (3) 0.16 (7) 2528.1 (6) 0.0025 (10) 

1213.8 ( 2 ) d 0.1*6 (U) 2555.1* C»)d 0.002 (1) 

1217.2 (2) 1.13 (8) 2588.9 (l*)d 0.017 (3) 

12U3.9 ( 2 ) d 0.16 (2) 26U5.6 ( 3 ) d 0.010 (3) 

1262.6 (1) 2.00 (8) 265lt.lt (It.) 0.0021 (9) 

Absolute intensity per electron capture decay is based on the nev level scheme. 

The theoretical conversion coefficients of Eager and Seltzer ) were used to 
derive these transition intensities. 
c 209 
Assignment to At decay is based on the observation of the transition in a 209 low intensity At mass separated source. 

(continued) 

http://265lt.lt
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Table 17 (continued) 

These transitions are unplaced in the present level scheme. 
The multipolarity of this transition vas assumed E2. 
The multipolarity of this transition vas assumed KL + 20!t E2 based on our 

measured OL,, O L , and (X, values (see section TO3). 
tt_ 210 209 
This transition vas observed very weakly in mixed At and At sources s 209 that assignment to At decay is uncertain. This vas alto observed in the 209 low intensity At mass separated source. 
TSie Intensity was corrected for a Bi component. 
The intensity was corrected for a Ra component from room background. 
''Assignment to 2 0 9 A t decay is uncertain ( 2 0 5Bi?). 
These intensities were extracted from the relative conversion electron 
intensities vhere the 90.8 keV transition vas measured as 100!t E2. 
1 209 
Assignment to At decay is uncertain. 
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2. Gamma-Gamma Coincidence Spectra 

Three parameter gamma-gamma coincidence measurements of' two 

mixed sources were taken with two coaxial Ge(Li) detectors operated 
1 (• 17 1 ft 

"on line" with a PDP-7 multiparameter data acquisition system '* '» ) 
(see section IIIB). The second source was obtained approximately midway 

209 210 

through the 32-hour experiment to enhance the ratio of At to 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. al.. ) 

was used. The width of the distribution (shown in fig. 53) for the 

experiment was about U6 ns (FWHM). (Coincidences recorded for the 
210 209 population of delayed states in At and At are primarily responsible 

for the (delayed coincidence) shape of the i,ime spectrum of fig. 53-) 

A total of 3-9"10 three parameter (El, E2, AT) events were stored 

serially on magnetic tape for later sorting and analysis on the LBL 

CDC-6600 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. 5*t and 55- The coincidence sorting 

was performed by setting gates (for photopeak and compton background 

coincident event*) on the energy spectrum of fig. 55 and the time 

spectrum of fig. 5"' ofeown 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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Fig. 53. "Gross" time distribution for the 'At y-Y coincidence data. 
The 150 nsec gates were used to obtain the coincidence events shown 
in figs. 56-7^. 
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Channel number ( 100 channels/division ) 

XBl7llt - 4674 

Fig, 51*. "Gross" Y _Y coincidence spectrum for the UO-cm (active volume) 
coaxial Ge(Li) detector. Symbols are used to denote gamma-rays due 

209 to isotopes other than At. 
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Fig. 55. "Gross" Y-Y coincidence spectrum for the 35-cm (active volume) 
coaxial Ge(Li) detector. Symbols A denote transitions due to At 
and t due to At. 



Table 18. Peak and compton background gates used. With reference to the gamma-ray spectrum of fig. 55. 
these gates were set. The'tlme distribution gates were set ac shovn In fig. 53. The coincidence event* 
from the spectrum of fig. 5>» (with these gates) as returned by MSORT are shown in figs. 56-7U. 

Energy 
keV 

Peak gate 
channels 

Background gate 
channels 

Energy 
keV 

Peak gate 
channels 

Background gats 
channels 

90.8 136 1U0 lUl 1U5 85lt.!t HU6 1153 1177 nail 

10U.2 153 160 176 183 86U.0 1160 1166 1177 1183 

113.2 163 170 176 183 903.1 1210 1220 1221 1231 

191.1 26U 269 290 295 985.2 1321 1328 13U9 1356 

195.0 269 279 290 300 999.6 13U0 13U8 13U9 1357 

233.7 319 325 3l»5 351 •» 1022 1368 1376 1380 1368 

239.2 325 331* 3U5 35U 107U.8 lUUl 1M9 1U50 1U58 

321.1 U33 1.U2 !*1»5 li5U 1103.5 1U77 1U88 11.89 1500 

3U2.8 U62 It 7 1 U?2 U8l llUl.lt 1530 • 1537 15U9 1556 

388.9 525 533 531* 5U2 » 1148 1537 1546 15^9 1558 

M7.7 601 613 615 627 1170.7 1566 1575 1640 16U9 

5U5.0 732 7>tl 75U 763 1175.4 1576 1582 1593 1599 

551.0 7̂ 0 7»»5 760 765 1192.9 1595 1701 16U3 16U9 

552.!t 7U5 7̂ 8 760 763 . 1213.8 l62lt 1631 l61t2 161.9 
55^.6 7»»9 755 756 762 1217-2 1631 16U1 16U1 1652 

596.1» 602 80S 809 815 1262.6 1689 1700 1716 1727 
(continued) 

http://llUl.lt


Table 18 (continued) 

Energy 
keV 

Peak gate 
channels 

Background gate 
chancels 

Energy 
keV 

Peak gate 
channels 

Background gate 
channels 

- 623 83U 8U0 85b 860 1311.7 1753 1762 1763 1772 
630.3 8!»7 853 85k 860 * 1337 1785 1795 1796 1805 
666.2 895 903 90k 912 1357-0 1816 1825 1826 1835 
719.6 96k 975 976 987 lUi.6.1 1933 19Wt 1959 1970 
750.9 1006 1018 1019 1031 1I.56.U 19U6 1957 1959 1970 
781.9 10U6 1058 1079 1091 1U90.8 199U 200U 2005 2072 
790.2 1059 1071 1079 1091 1533.1 20U9 2055 2066 2072 
799-1 1073 1081 1119 1127 1537-7 2056 206b 2066 2074 
809.8 1087 1095 1119 1127 1575.6 2106 211U 212k 2132 
815.6 1095 1100 1108 1113 1581.6 21iU 2123 212U 2133 
817.7 1101 1106 U07 1112 1687.3 2252 2265 2266 2279 

121*3-9 1666 1675 1676 1685 
1272.9 1703 17lfc 1716 1727 
1767.0 235U 2369 2370 2385 
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performed at a resolving time of about 150 ns. Prompt coincidence 
spectra (from the spectrum of fig. 5U) are shown in figs. 56-7**• Gamma-

210 ray photopeaks of At were not present to any "significant" degree in 
200 the sorted spectra. The At 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. 56-7*0 from the decay of "At. Due to 

210 incomplete background subtractions, some photopeaks due to the At 
decay occur in the spectra. These peaks are denoted on figs. 56-7^ by 
the symbol •. The reader may continue at page 218 without a loss of 
content. 
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Fig. 56. Gamma-ray spectra i n prompt coincidence with E. » 90.9 keV 
( top) , E • IQlt.l.keY (middle) and E - 113.1 keV (bottom). 
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Fig. 57. Gamma-ray spectra in prompt coincidence with E * 191.2 keV 
(top), E * 195.0 keV (middle) and E - 233.6 keV (bottom). 
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Fig. 58. Gamma-ray speeti-i in prompt coincidence with E -,239-2 keV 
(top), E « 321.2 key- (middle) and E - 3^2.9 keV (Tjottom). 



-202-

« 
X! 

o o 

isuuoip J»<1 siunoo 

Fig. 59. Gamma-ray spectra in prompt coincidence with E • 388.9 keV 
(top), E = 1*1*7-7 keV (middle) and E = 5^5-0 keV (bottom). 
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Fig. 60. Gamma-ray spectra in prompt coincidence with E • 550.9 keV, 
(top), E • 552.5 keV (middle) and E 55U.5 keV (bottom). 
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Fig- 6l. Gaama-ray spectra in prompt coincidence with E = 596.1* keV 
(top), i; « 623 keV (middle) and E = 630.1* keV (bottom). 
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Fig. 62. Gamma-ray spectra in prompt coincidence with E * 666.2 keV 
(top), E = 719.h keV (middle) and E = 751-0 keV (bottom). 
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, 63 . Gamma-ray spec t ra in prompt coincidence with E = 78I .8 keV 
( top ) , E = 790.1 keV (middle) and E = 798.9 keV (bottom). 
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Fig. 6k. Gamma-ray spectra in prompt coincidence with E = 809.9 keV 
(top), E = 815,7 keV (middle) and E = 817-7 keV (bottom). 
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Fig. 65. Gamma-ray spectra in prompt coincidence with E * 851*-1* keV 
(top), E =86U.O keV (middle) and E - 903.1 keV (tottom). 
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Fig. 66. Gamma-ray spectra in prompt coincidence with E • 985•3 keV 
(top), 999-6 keV (middle) and E„ - 1021.0 keV (bottom). 
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Fig. 67- Gamma-ray spectra in prompt coincidence with E - 1074. keV 
(top), E * 1103.U keV (middle) and E 1141.5 keV (bottom). 
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Pig. 68. Oamna-ray spectra in prompt coincidence with E * lll*7.^ keV 
(top), E - 1170.7 keV (middle) and K * 1175.k keV (bottom). 
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Fig. 69. Gamma-ray spectra in prompt coincidence with E * 1192.7 keV 
(top), E * 1213-7 keV (middle) and E - 1217-2 keV (•bottom). 
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Fig. TO. Gamma-ray spectra in prompt coincidence with E_, • 1262.6 keV 
(top)* E 1311-7 keV (middle) and E * 1337 (sum) keV (bottom). 
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Fig. 71. Gamma-ray spectra in prompt coincidence with E "» 1357.0 keV 
(top), E„ * lkh(.2 keV (middle) and E„ - lk^6.k keV (bottom). 
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Fig. 72. Gamma-ray spectra in prompt coincidence with. *r lJ*°0.8 keV 
(top), E = 1533-1 keV (middle) and E. « 1537-7 keV (bottom). 
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Fig. 73. Gamma-ray spectra in prompt coincidence with E • 1575.6 keV 
(top), E v • 1581.6 keV (middle) and E, * 1687-3 keV (lottom). 
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Fig. 7k, Gamma-ray spectra in prompt coincidence with E « 121+3.9 keV 
(top), E * 1272.8 keV (middle) and E • 1767.0 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 
o 

5-mm x 0.785 cm (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 keV (FWHM) for 100 keV electrons and 

2.2 keV (FWHM) for the 1063 K-electrons from the decay of 'Bi, The 

electron spectra were analyzed for energies and intensities with the 

computer code SAMPO ' ). 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 keV and to ±12J> over the range of 

1200-1700 keV using the methods described in Appendix F. 
209 The conversion electron spectra obtained for At 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 
209 210 obtained with mixed 'At and At sources, the conversion coefficients 

of only the more intense (or highly converted) transitions could be 

determined. The conversion coefficients for many weaker transitions were 
209 determined with the mass separated At source because of the reduced 

background. Other spectra obtained with mixed aBtatine Isotopes were 

used to extract conversion coefficients of the stronger transitions where 

pulse summing of the x-rays and electrons caused interference in the 

spectrum of fig. 76. We have used these data along with the gamma-ray 
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Fig. 75- Conversion-electron spectrum (top) and X-ray spectrum (bottom) 
ono of a (mass separated) At source in the energy range of l6-2k0 keV 

taken with a Si(Li) spectrometer. The X-ray spectrum (bottom) was 
taken with telflon absorber covering the electron source. 



-220-

!>%% 

W V. I J iJ i 11 

~ ' 3 
*3 * .» 

1 , \ 
S " " ' - - ^ ^ . S < 3 . • a J-. « 

I : 
. . :::• t **.:. t 

1 > 
£ f* i n o ?; ? ? 1 

ou
nt

s 
/ 

> P! t« HI 
o ^ ; ^ , t - - • .- • ' . ! • " : • • . • • . . . • • • . . • ; • • ^ ! 

o 

vr • . ' ' . • • ' . .'•••.' ^m>*: 

If 

Channel number ( 1 0 0 channels / division ) 

aatFN'MM 

Fig. 76. Conversion-electron spectrum of a (mass separated) At source 
In the energy range of 6O-180O keV. 
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intensities to determine the X, L and M conversion coefficients relative 
to that for the 5^5.0 keV (5/2~ + l/2~) ground-state transition (assumed 
to he pure E2) and these are given in Table 19 along with the multi-
polarity assignments deduced by comparison with the theoretical values 

1*2 U3< of Hager and Seltzer ' ) . The theoretical K-conversion coefficients 

for the 1767.0 keV transition are those of Sliv and Band ). The K-
conversion coefficients are also shown in fig. 77 vith the theoretical 
curves constructed from the values of ref. )• We comment on two of 
our results. 

90.8 keV transition; As mentioned in section VD1, no gamma-ray 
photon intensity was determined for this transition. However, our 
measured (a. + a, )/a_ ratio determined this as an E2 transition. The 
measurement of the total L-electron intensity relative to the 5^5.0 keV 
K-electron intensity determined the 90.8 keV transition intensity as 
19.6% 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 mixing ratio Ml + 20* E2 for this 
transition was determined 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 + 20Jf is ot^/o^ « 193.5. 



Table 19. Experimental and theoretical Internal conversion coefficients: ^ A t . 

Transition 
energy 

Experimental conversion 
coefficient Theoretical0 conversion coefficient Assigned 

•ultipolarity 
keV (10 - 3) BK10"3) E2(10 - 3) m(io 5 M2(10~ 3) 

90.8 (0^ + 0^ ) / a h « 1.3V (10) 1.30U E2 

195.0 OJJ • 1170 (120) 70.9 178 lll20 5910 
0^ - 220 (20) 13 256 250 1800 KL + 20* 12 
Cfc - 61 (T) 3.06 67.U 58.9 "•56 

233.7 Oy. - 760 (50) U6 119 855 3230 
e^ • 136 (10) 0.22 120 151 910 Ml 
(e^-28 (10))* 1.93 31.5 35.5 229 

239.8 0^-37 (U) ••3.5 113 801 2990 
0^ - 5.0 (10) 7.75 109 lUl 83k El 

321.1 (e^ - 26 (I5))a 22 5B 357 1150 (*i)* 

3U2.8 «K • 110 (10) 19 30.1 299 935 H1 + E2 

388.9 OJJ - 190 (20) 1U.U 28.1 213 631 Ml 

UI17.7 0^ - 130 (20) 10.7 21 1U6 1(10 HI 

583.0 (c^ - 320 (80))* 7.73 20 .k 96.6 257 (H2) B 

(continued) 



Table 19 (continued) 

Transition 
energy 

Experimental conversion 
coefficient Theoretical6 conversion coefficient Assigned 

•ultlpolaritr 
keV do" 3) 11(10" 3) E2(l0~ 3) JQ(10" 3) M2(l0" 3) 

5^5.0 OJJ • 18.7° 18.7 pure E2 

596.1* efc • 31 (5) 5-9U 15.6 68 .k 175 Ml • E2 

630.3 a,. « 13.5 (»0) 0.859 3.83 .10.2 31.1 Ml 

666.2 Og - 13 (2) "».79 12.6 51.2 128 K 
e^ - 3.0 (8) 0.768 3.29 8.79 26.3 

719.6 (ajj - 130 (so))* U.Ik 10.9 Itl.9 103 (M2) e 

781.9 Of. - 9.1 (t) . 3.5k 9.26 33.8 81.1> E2 
OJ, - 1.9 (2) O.560 2.10 5.62 15.7 

790.1 fl^ - 3.3 (3) 3.U7 9.08 32.9 79 EL 
e^ » 0,50 (7) 0.5>»9 2.0b 5. M 15.2 

8156 (a^ - 29 (8)) a 3.27 8.55 30.3 72.3 (Ml)* 

817.7 (Of - 16 (8)) t t 3.26 8.51 30.1 71.8 (Ml + K ) ' 
(continued) 



Table 19 (continued) 

Transition 
energy 

keV 

Experimental converelon 
coefficient 

d o " 3 ) 

Theoretical 6 conversion coefficient 

M(10" 3 ) E8(10" 3) M1(10" 3) M8(10" 3) 

Aaalgned 
•ult lpolarlty 

85k.k 0^ • 86 (5) 3.00 7.8k 86.9 63.7 Ml 

903.1 OJJ - 3.3 (k) 8.71 7.07 83.3 5k .8 El 

1103.5 OJJ - 9.0 (9) 
c^ - 1.6 (I.) 

1.90 
0.29k 

4.89 
0.95k 

13.9 
8.36 

38.0 
6.03 

Ml + 12 

1136.5 e^ « 37 (18) 1.8 k.63 . 18.9 89.3 M2 

l l k l . k oy " 19 (6) 1.79 k.59 12.6 28.9 Ml 

1170.7 o^ - k.6 (6) 
e^ - 0.9k (38) 

1.71 
0.26k 

k.39 
0.838 

18.0 
2.03 

27.k 
5.12 

B2 

1175.k ^ « k.9 (8) 1.70 k.35 11.9 27.1 K8 

1813.8 (ag - 6.8 (20))* 1.61 k . l l 10.9 85.0 ( n • i s ) * 

1817.8 ( O J J - 7 . 1 (80))* 1.60 k.09 10.9 2k.8 (Ml • K2)* 

1868.6 Og - 1.8 (k) 1.50 3.82 9.89 88.5 El 

(continued) 



Table 19 (continued) 

Transition 
energy 
keV 

Experimental conversion 
coefficient 

do" 3) 
Theoretical0 converaion coefficient 

E1(10"3) E2(10"3) KLtlO"3) H2(lO~3) 

Assigned 
•ultipolarlty 

lM.6.1 

1581.6 

1767.0 

c^ • *.U (10) 

o^ » 0.87 (*»0) 

OJJ - 9.6 (20) 

1.19 

1.03 

0.65W 

8.99 

2.55 

a.oib 

7.0 

5.57 

3.96* 

1.59 

12.7 

9.3 b 

KL + B2 

XI 

vet 

*Thi» value vaa extracted froa a complex (doublet) peak and la only suggestive due to poor resolution. 
% Oft 
This theoretical conversion coefficient was obtained by extrapolation froa the tables of Sllv and Band ). 
^Theoretical values vere obtained by ceaputer interpolation ) froa the tables of Hater end Seltzer ). ro 
S h e IPO aetaod (aee Ap^-andlx F), aasualnt the 5U5.O keV transition (5/8~ * 1/2") vas pure E2, vaa used 
to extract these relative internal conversion coefficients. 
*The assignment of this converaion coefficient is uncertain. 
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Fig. 77• Comparison of the experimental K-conversion coefficients of some 
209 1*2* 

At transitions with the theoretical values of Hager and Seltzer ). 1,2. Lines are theoretical values ) and points are experimental values 
measured relative to the 5*5.0 keV E2 transition. The values for M2 
transitions vere extrapolated (dotted line) to 1770 keV. 
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209 E. At Decay Scheme 

1. Introduction 

Before discussing in detail the level scheme in the next sections, 
200 a brief qualitative description of the expected level structure of Po 

209 
is given. A schematic representation of the Po ground state con­
figuration is given in fig. 78 based on experimental ) single-particle 
states in the lead region. A series ot 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 
20 T made from the even-odd nucleus Pb. The addition of the 83rd and 84th 

209 protons in Po is expected to alter the energy of the single-neutron 
207 -1 -1 

states from those observed in 'Pb. In particular the 3P-./0, 2 fc/p> 
3Po/o' ^1^/2* ^8Q/2 a n ^ ^"11/2 n e u t r o n particle or hole states are 
observed at energies of 0, 570, 898, 1633, 23^0, 2803 and 3581 keV in 
207 209 

'Pb. Similar states are expected in the level structure of " 'Po. 
The 83rd and 8Uth protons of ^Po are also expected to produce 

a series of two-proton states similar to those observed in section IV for 
210 209 

Po to which the odd-neutron of 'Po can couple to produce states that 
are.of two proton-one neutron in character. If the couplings involved 
are weak, these states should occur at energies similar to those observed 
in Po. For example the p7/ 2 neutron-hole can couple to the 2 two-210 proton state (at 1181.4 keV in Po) to produce two states of spin 3/2 
and 5/2 near 1181.4 keV. The configurations would be 
tir(h*J + v(p-) ) ] 

9/2 2 + 1/2 l / 2 - 3 / 2- j 5/ 2-
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Fig. 78. Representation of the 9Po ground-state and neighboring 
Q 

experimental ) 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 
209 

Po 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 level scheme shown in 
209 fig. 79. Twenty excited states of Po are proposed as populated in 

209 the decay of At. Spin and parity assignments are based on previously 

reported data and our internal conversion electron aeasurwents. 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 vere established, 

but which fit between known levels from energy sum-difference relations, 

are shown 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 5U5.0 keV 

The ground state spin has been measured as 1/2 by Vander Sluis 
72 and Griffin ) and it is reasonable to associate this state with a p.. ,„ 

207 neutron in anology with 'Pb. The configuration of the ground state of 
2 0 9 P o would then be M h ^ ) + v(p"^)] _. 

The first excited state at 5^5.0 keV was assigned a spin and 
7U parity of 5/2 by Yamazaki and Matthias ) from angular distribution 

208 209 measurements of gamma-rays from the Fb(a,3n) Po reaction. The 

shell model predicts a low-lying fe/o neutron hole state and the 
Q 20T —1 

experimental') levels of Pb show such a v(f_,2) state at 570 keV so 
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Fig. 79. Experimental decay scheae of ̂ A t . (Absolute transition 
intensities per electron-capture decay are sbown on the level scheae.) 
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that the apin and parity aealgnaent of 5/2~ for this level la reasonable. 
Our measured log ft > 8.3 1* consiatent with this assignwnt aa direct 
decay to thia state vould be a second forbidden transition. 

We assume in tbe following discussion of the decay scheae that 
tbe ground state and first excited atate are l/2~ and 5/2~, respectively 
with a 5*5.0 keV £2 transition connecting the*. The 5*5.0 keV 12 
transition was used to Measure relative conversion coefficients of other 
transitions (see Section VD3) • Assignments of spin and parities to othar 
levels were inferred directly by our relative conversion coefficients 
with these assumptions, 
b. Even Parity Level at 2312.2 keV 

This level receives about 18% of the electros capture decay. 
Tbe weak 1767.0 and 1136.5 fceV M2 transitions to the 5/2" levels at 
5*5.0 and 1175.* keV establish the parity aa even and lialts the spin to 
1/2 or 9/2. 'ilia apin 1/2 can be ruled out by tbe log ft value and by 
transitions from the 2312.2 keV level to other nigh-spin levels which 
then establish tbe spin as 9/2. We favor the assignaent 9/2* which can 

would be of tbe first 
be associated with tbe probable dominant configuration 
(wdig.g) vtCg/o)) .• *•»• electron-capture decay 
forbidden type (ii(b0/2) + v^t«/ 2)) and the low log ft is similar to 
other values for first-forbidden beta decays in the lead region"). 
c. Odd rarity Level at 65k.k keV 

This level was established fro* the y-y coincidence data on tbe 
85*.* and 55*-6 keV cascade. Our coincidence measurement* also showed 
that the 321.1 keV transition should not be placed between the 1«09«1 and 
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85b.4 keV levels. The Ml Multipolarity of the 8?b.U keV transition 
establishes the parity of the 85b.>» keV level as odd and Halts the spin 
to 1/2 or 3/2. The ordering of the transitions used to establish the 
level at 8&.h keV is due to an anology with the v(p"J2) state at 898 keV 
in Pb. Our log ft > 9«5 la consistent if this level had the dominant 
neutron-hole configuration vtvZ/g)- Alao the 309 •*• keV transition 
connecting this level to the 5/2" level at 5&5.0 keV is Biasing as in 
^ P b . We favor the assignment (3/2)** for this level as due to the 
doainant configuration (w(h_,2) v ( P 3 / 2 ^ 
d. Odd Parity Levels at 1175.1*. 1326.9. Ht09.1. Ha.7.8 and 1522.0 keV 

The parity of the 1175.» keV level is established as odd and the 
spin is Halted to (3/2, 5/2) by the U75.<> keV E2 and 630.3 keV KL 
transitions to the 5/2" states at 0.0 and 5^5.0 keV, The weak 1136.5 M2 
transition frou the 9/2 level at 2312.2 keV then establishes the spin 
•» 5/2. 

Yaaazaki and Matthias7'') established the 1326.9 keV level as 9/2". 

The 781.9 keV E2 transition to the 5/2" level is consistent with their 
assignment. 

The level at lb09>l keV was established froa Y-Y coincidence 
relations of the 903.05, 233.7, and 1175.1* keV transitions. The 903.05 keV 
H transition froa the 9/2* level at 2312.2 keV establishes the parity 
as odd and Halts the spin to (7/2, 9/2. 11/2). The 233.7 keV Ml 
transition to the 5/2" level at 1175.b keV establishes the spin of the 
level as 7/2. 
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Xhe 90.8 keV transition vas deterained as pure S2 from our 
aeasurcaent of the ratio (OL + «, ) / a ^ in section VD3. Shis agrees-
vith the E2 assignment made by St oner*) and by Alpsten, Applegvist and 
Astner )• The spin and parity of the level at 1U17.8 keV can only be 
Halted to (5/2, 7/2. 9/2. U./2, 13/2)" on the basis of the 90.8 keV E 
transition since no other Bultipolarities of transitions lxrrolving this 
level were deterained. however, If the 90.8 keV transition was pure B2 
with no KL coaponent, the Halts for the spin can be reduced to 5/2 or 
13/2 . There are several arguments for favoring the high, spin 
asslgBaent of 13/2 . first, the strong intensity reported in the 
(o.3n) reaction studies by Bergstrca et,al,.**) for the 90.8 k«V transition 
indicates population of this (high-spin) level. Second, the lack of 
transitions froa 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.S keV transition to be pure E2. 

The 1522.0 keV level is of odd parity because of the 790.2 keV 
El transition from the 9/2 level at 2312.2 keV. The spin can only be 
limited to (7/2, 9/2. 11/2). The population of this level in 2 0 8Fb(a,3n) 
reaction studies'') 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 keV 

These leveJ 3 were established froa coincidence data. The parity 
of the 1715.8 k<- / level Is established as odd by the 1170.75 keV E2 
transition. The spin can be limited to 7/2 or 9/2 by the 388.9 keV Ml 
transition to the 9/2" level at 1326.9 keV. 
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The parity of the level at 1991.2 keV is established as odd by 
the 321.1 keV El transition. The 1446.15 keV Ml • *2 transition to the 
5/2" level at 545-0 KeV and the 321.1 keV El transition from the 9/2* 
level at 2312.2 keV limit the spin assignments to 7/2 or 9/2. Weak 
evidence that the 815.6 keV transition to the 5/2" level at 545.0 keV is 
of KL multlpolarity favors the assignment (7/2)". 
f. Even Parity Level at 1761.1 keV 

The parity is established as even by the 239.2 keV El transition 
to the odd parity level at 1522.0 keV. The 239•2 keV transition was also 
observed in the in-beam vork of Bergstrbm «t_ aJU ) so that a high-spin 
assignment is likely. Our conversion data only limit the spin to (9/2, 
11/2, 13/2). A shell model calculation ) predicts a low-lying even 
parity 13/2 state at 1910 keV due to the dominant configuration 
M b o y g ) 2 v t 1 i 3 / 2 » +« 2 ° T p b • a»° h M * low-lying 13/2* state at 
1633 keV due to the l 1 3 / 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 and 2978.5 keV 
The level at 2759*8 keV was established from our coincidence 

data. The measured Ml multlpolarity for the UU7.7 keV 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 keV is established 
as even by the 1103.46 keV Ml + E2 and llkl.h keV Ml transitions to the even 
parity level at 1761.1 keV. The spin of the level at 2864.6 keV can be 
limited to (11/2, 13/2, 15/2) by the 1103.46 keV Ml • E2 
transition to the (l3/2)+ level at 1761.I keV, The low log ft of 6.4 for 
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decay to this level and the weak 2319*6 keV transition to the 5/2" level 
at 5*»5.0 keV make the asslgncent (11/2)* aore likely. She Ukl.k keV Ml 
transition to the (13/2)* level at 1761.1 keV Uait the assigUMnt of the 
2902.5 keV level to (11/2, 13/2, 15/2)*. The weak 2357-7 keV transition 
to 5*5-0 keV 5/2" level coupled with the relatively low log ft of 7.1 
argue for the sssignaant (11/2) . 

The 1581.6 keV n transition to the 9/2" level at 1326.9 heV 
Halt the spin and parity of the 2908.5 keV level to (7/2. 9/2. 11/2)* 
which is consistent with other transitions froa this level and the 
log ft value of 6.6. 

The parity of the level at 2978.* keV is established as even by 
the 1262.6 kcY El transition to the odd parity level at 1715*8 keV. The 
spin can be Halted to (5/2, 7/2, 9/2. 11/2)* The strength of the 
1217.2 keV transition to the (13/2)* level at 1*17.9 keV coupled with 
weak evidence of the 1217.2 keV aultipolarity as Ml • B2 argue strongly 
for a (9/2, 11/2)* assignaeat. The log ft of 6.* and other transitions 
froa this lovel are consistent with those assignaents. 
h. levels at 263>.2, 2836.0, 3072.8, ag* Kfl.y fcaV 

The level at 265*•2 keV was placed froa our energy sua-difference 
data for the three transitions of .265*.*, 2109.5. and 1*78.9 keV. 
Allowing M2 and S3 transitions, tentative spin and parity assignaents of 
(5/2*. 7/2*) are suggested for this level. 

The level at 2636.0 keV was established froa the 107*.8 keV -
239.2 keV Y-Y coincidence relation. The spin and aultipolarity reaain 
undetermined but the probable assignaents of (7/2~, 9/2*, 11/2*, 13/2*) can 
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be aade based on the gi—a-ray branching to the T/2~ and (13/2) levels 
at 1326.9 and 1761.1 KeV. 

The level at 3072.6 keV was established fro* energy sin-difference 
relations. Transitions to the 5/2" level at 5^5.0 keV and the (13/2)* 
level at 1761.1 keV 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 keV fro* energy sus-
difference relations. The 939.5 and 1.15.8 keV tranaitiona were observed 
with the aass separated source but not in sized astatine sources 
Indicating fcfce weakness ef the transitions involved. Our log ft > 7.1 
Unit was set assualng that no feeding of this level occurred froa 
sighar-iyine states. We can not sake a definite spin or parity assign­
ment for this level although (7/2*, 9/2*» 11/2*, 13/2*) are likely 
estiamtes. 
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F. Electron-Capture Decay Rates (log ft values) 
209 209 

The At electron-capture branching ratios to the various Po 
levels were estimated in our work from the total transition intensity 
depopulating each level using our v-ray intensity data corrected for 
internal conversion. For decay energies > 700 keV, the expanded version 
of the noaograe of Mostkowski5 ' ) vas used and for decay energies of 
< 700 keV the Method discussed toy Konopinski and Rose' 9) for allowed 
transitions vas eaployed. This Method is discussed In detail in 
Appendix B. The Q-value vas taken for the electron-capture decay as ) 
Qg, * 3*85 ± 15 keV and the half-life vas tsken as 5-5 hours. The 
transition intensities were corrected for fractional decay by K-capture 22 using the graphs In the ref. ). 
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G. Po Level Structure in Comparison vith Levels of Pb and Po 
POT 

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 

209 the experimental and theoretical level structure of Po with the 
o 207 210 

experimental } 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 model calculation for Po by Baldridge, Freed 

and Gibbons ) using a semir^alistic core polarization ) 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 (P Q, P„, and P. ) which simulate the core 

polarization. 
209 Tc make the comparisons we discuss the Po level structure in 

two section? using the experimental results and the theoretical calculation 

to group the states according to their dominant configuration. 

1. Heutron-Hcle and Heutron-Particle States 
We have plotted in fig. 80 the experimentally ) observed states 

207 209 
of Pb due to the odd neutron and four of these states in Po as 

8s calculated by Baldridge, Freed and Gibbons ). Also shown are five 
209 experimental states of Po which we believe to correspond to states 

207 arising predominately from the odd neutron as in Pb. 
The correspondence for the first four levels is quite good and 

tate 
83, 

-1 -1 -1 -1 209 
the 3p,/2» 2 f5/2* ^3/2' a n d **l3/2 n e u t r o n - n o l e states in 'Po are thus 

5w 1 
believed identified. The theoretical wavefunctions ) for the 3pwg» 
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2f~. , and li~ ,„ neutron states had amplitudes a. > 0.9^ for these 
neutron components. The 3p_ ,„ state was not as pure (with a p, ,_ 
amplitude of only 0.863) because of configuration mixing with other 
near-by 3/2~ states arising from the coupling of the neutron-hole states 
with the two-proton states coupled to other than zero. The main con-

tributor is the configuration [ir(h0/0) v(p7 / 0)] a t i 1 ^ 1 k e V as 
9/2 2 + 1/2 3 / 2 -

diftcussed 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 
2gg/„ neutron-particle state from our experimental observations. The 

209 ground state of At presumably has the configuration 
[ir(h-/„) v(f c / 0) ] and in the electron-capture decay a lh 0 /-9/2 9 / 2 - 5/2 0 + 9 / 2 - 9/2 
proton would undergo the transition to a neutron. Transitions from the 
odd-even (neutron) nucleus At to the even-odd (neutron) nucleus Po 
should favor population ot 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 
w(lb 9 / 2) -££-» v( 3 p x / 2 ) , or v(2t^2), or v ( 3 p 1 / 2 ) . or v ( l i 1 3 / 2 ) . These 
transitions are hindered because of the relatively large aZ or aj 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,-/2 neutron state wber* the transition *(lb„ ,g) > v^ 2*0/2^ 
would be of the first-forbidden type and relatively unhindered. A 
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210 210 
similar log ft value has been obsei u in the decay of At to Pc 
and explained in section IV as due to the same transition. The 9/2 

POO + 90T 

level in Po compared with the experimental 9/2 level in Pb is 
depressed about 500 keV in energy. This could be due in part to con­
figuration mixing with other 9/2 states in tbe approximate sane energy 
region as discussed further in section V I. 

In summary, ve favor Identifying the levels at 0.0, 5^5.0, 85b.fe, 
1761.1 and 2312.2 kev as the 3 p ^ 2 , Zt'1^, 3p:/ 2 > l i ^ / 2 and 2 ^ 

neutron states, respectively. 
2. Comparison with the Zero-Order Weak Coupling Model 

207 210 We will use the experimental levels of Pb and Po to obtain 
zero-order estimates of the level energies for a series of odd parity 
states of Po in the energy region < 2 MeV. A model for states in 
^ P o can be constructed by considering the couplings of neutron (hole 

or particle) states to the (» 0/ 2) two-proton configurations. For this 
model, ve take tbe first three levels at 0, 570, and 898 keV in *Fb as 
the single neutron-hole states 3p^/g, 2 fc/ 2» *nd 3pI/2» respectively, and 
we consider the zero-order coupling of these states the 2 , b , 6 and 8 
(two-proton) excited states of 2 1 0 P o at Il8l, lfc27. l'+73, and 1557 keV, 
respectively. The resulting band structure Is shown In column (b) of 
fig. 8l. 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 tbe density of levels at 2 MeV 
is predicted to be very high. 
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210 Ifce experiaental levels of Po are shown In coluan (a) of 
rig. 81. Shown in coluan («) are tbt levels froa the theoretical cel-
culatlon of Baldridge, Freed end Gibbons ), and in coluan (d) our 

209 experimental levels of 'Po in this energy region, this staple aodel 
is in very good qualitative agreaaent with the level structure of the 
available experiaental data and the acre complex theoretical calculation 
which included configuratioR aixing. It seeaa probable that the 
experiaental levels of 5/2", 9/2*, 7/2", (13/2)", (11/2)" at ll.75.«», 
1326.9, 1*09'1, l4l7.fi, and 1522.0 keV have the dominant configuration 
«(pj,2) coupled to the 2 , k , and o configurations of the 83rd and 
With protons, each in the l h 0 / 2 orbital. The level at 1715.8 keV 
assigned (7/2, 9/2}" nay belong to the states arising froa the fj/L 
neutron-hole coupled to the 2 tvo-protca state. Finally the (7/2)" 

-1 level at 1991•2 keV say be one of the f_,g neutron-hole states coupled 
to the k*, 6 , or 8* two-proton configurations; however, the possibility 
that this state aay have a large amplitude of the single-hole config­
uration v(2fl.2) due to configuration aixing can not be excluded. In any 
event this level, and others occuring higher in emergy, should be very 
highly mixed due to the aany different configurations possible free such 
an odd A nucleus. 

http://l4l7.fi
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H. Comparison vith the Week Coupling Model 
- - 210 

The description of the 11 and 13 states of Po at approx­
imately J».3 MeV by Blomqvist et al. 3 3) in terns 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 
3" and 5~ rb core states. In section IID a formalism was extended to 
estimate level energies of ̂ P o by including the coupling of the odd 
neutron with angular momentum j to the two-proton angular momenta 
(J, end J.) coupled to an angular momentum (J,J2)J. We aosumed that the 
proton-proton interaction could be approximated from experimental data 210 on the levels of Po and the neutron hole-proton interaction from 

AAfl 

available experimental data on the levels of Bi in the following way. 
He defined the mass (or energy) of a state in Po vith angular 

momentum 1 as M I ( 2 0 9 P o ) . I The mass of M 1 ^ ) of sxcifced ctateo of 
angular momentum I of a nucleus A includes the ground state mass til.Bll 
the energy of the excited state.) Ret. ̂ pling of two-proton angular 
momenta J, and ?, in terms of Racah coefficients lead to the following 209 expression to estimate the mass of Po. 

M ^ P o ) . M ( J l J 2 > J ( a 0Po) • M J° ("**,) - M ° + f 2 0 8 ^ ) 

* S ( 2 J * 1>(8J' * 1 } I W ( J 1 J 2 l V J J M | S ? ^ ' j 
J ' * n 

* iC { 2 J * 1 > ( 2 J " + l)\vihh J V J J " ) | 2 ^ " j ( i 0 5 ) 

JII 2 n 



-2l»5-

vhere 

I - J + Jn , 3 - \ + J2 , and 3» - \ * Jn (106) 

We have defined the tens representing the neutron hole-proton inter­
action in terns of experimental masses of ^ i , ^ B i , T b and 'Fb 

rf' - M ( J l J n ) J> 8Bi) • M 0^ 2 0 8^) - V°*Bi) - St^Fb) ( 1 0 7 ) 

For the evaluation of eq. (105), we used the tables of ground-
state masses of Wapstra and Gove ), and the experimental level energies 

207 208 209 and spin assignments for Pb, Bi and Bi recommended by Huelear 

Data). These values have been given in fig. U and Table 7 for Fb 
and ^^Bi while Table 20 shows the values used for ai. The results 
of the calculation are shown in column (c) of fig. 81 and in Table 21. 
The agreement of this weak coupling calculation with the experimental 
results is quantitatively very good up to 1552 keV. The correct order of 

the WpT/o) couplings to the k 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) seers to exist. However, the 
weak coupling calculation did not allow for any configuration mixing with 
the nearby (- 150 keV) (ir(h„ 2̂) + v ( p ^ ) ) _ state. Configuration 
mixing of the two 3/2~ states would lower the energy of the first 3/2" 
state into better agreement with the experimental value. The effect of 
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Tabl« 20. Spin, parity, and •nargy asaignMnta9) uatd for HBi atataa. 

Spin and Parity S»rgy Confi(uration 
T * IMV 

( 5 ) + 0.0 

{!»)* 63.5 9 / S l ' 2 

-1 

*UttQ/*> v(2f?L) 

(6)* 510.3 

(fc)* 602.3 

(5)* 629 

(3 ) + €*.k " ^ ' 2 ' V ^ ' / a 

(7)* 650.1 

(2>* 925.6 

(5)* 867 

0»} + 960 . 

(3) 1070 y / z 3 / s 

(6>* 1096 
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Tabl* ax. E&ergy levals of a09to calculated with tb* tasak coupling aod*l. 

Spin and rarity Energy** Spin and rarity •Mtrgy* 
J* keV J* keV 

(C* 1/2") 1/2" 0 <** 5/2") 3/2" 2068 
(0* 5/8") 5/2" 633 (** 5/2") 5/2* 2126 
(0* 3/2") 3/2" 1052 (** 5/2") 7/2" 2150 

<** 5/2") 9/2" 2028 
(2* 1/2") 5/2" 1169 (** 5/2") U/2" 2092 
(2* 1/2") 3/2" 1200 (** 5/2") 13/2" 1999 
I** 1/2") 9/2" 1385 
(** 1/2") 7/2" 1*58 (6* 5/2") 7/2" 21T3 
(6* 1/2") 13/2" 1*35 (6* 5/2") 9/2" 228* 
(6* 1/2") 11/2" 1516 (6* 5/2") U/2" 2153 
(8* 1/2") IT/2" 1*96 (6* 5/2") 13/2" 21*1 
(8* 1/2") 15/2" l6i* (6* 5/2") 15/2* 2117 

(6* 5/2") 17/2" 2058 
,*2* 5/2") 1/2" 179* 
(2* 5/2") 3/2" 1692 (8* 5/2") 11/2" 2*** 
(2* 5/2") 5/2" 19*6 (8* 5/2") 13/2" 2303 
(2* 5/2") 7/2" 1866 (8* 5/2") 15/2" 2150 
(2* 5/2") 9/2" 17** (8* 5/2") 17/2" 2181 

(8* 5/2") 19/2" 2100 
I't* 3/2") 1/2" 2088 (8* 5/2") 21/2" 2181 
(2* 3/2") 3/2" 220U 
(2* 3/2") 5/2" 23*1 
(2* 3/2") T/2" 2203 

*The ground state OQQ 
BUMS of Po was subtracted fron all Talus* calculated with Eg. (105) In order to give the ground atate energy as 0.0 k«V. 
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configuratlon mixing O D th* 3/2* states, M well M others, c u b« 
observed froa the theoretical *) level structure of column (•} which 
included mixing. Perhaps th* good agrament of th« remaining levels In 
column (e) with (d) is indicative of th* purity of th* state* end 1* 
proof that th* week coupling model ia a very food approxtaatios for 
explaining th* low-lying nuclear structure of thla nucleus. 

It should be noted that this week coupling calculation depend* 
strongly and rather sensitively on the level energies and spin assign-
•ante to other nuclei, namely. Perhaps a further consistency of 
data in the lead region can be tested with this veak coupling approach 
as nor* detailed data becoaee available for other nuclei, and hopefully 
the lower-lying states predicted for nuclei for which detailed spectro­
scopic information does m.". exist. 
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Z. Final Remark* 
With the present data cot much can he aald 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 MaV which aro fed directly In the decay. 
209 Applying the aero-order weak coupling model to *Po In this energy 

region, a high density of levels at 3 MeV was predicted. In particular, 
even parity states of spina 3/2-23/2, tvo each except for 3/2 and 23/2, 
are expected due to the configurations (ir(h„,2

 ix3/2^ v^ I >l/2^ +* ^ A c o m " 
parison of the configurations v ( \ / 2

 ii3/2^ - discussed in section 
IV provided the energy estimate as 3 MaV.) Population by electron-
capture of any "pure" stat* in ^ P o of the above configuration requires 
the transition if(hg,„) — — > v(Pi/o^ • n d should be relatively hindered 
because of the large change in orbital angular momentum (AJt • k). 

However, configuration mixing of the two 9/2 states with the eonfig-

uration (ir(hQ/„) v(g. / 9) ) . would allow an unhindered decay 
VI* 0 + ^"* 0/2* 9/2* 

through this admixed component. She transition would be via a first-
forbidden decay of the type wCUu^,) » v(2ggig) which is also 
believed to be mainly responsible for decay to the 9/2 level at 
23X2.2 keV. 

Unhindered electron-capture decay could also populate states in 
the 3 MeV energy region with small components of the type 
Tt(h_y2

 8"i/2^v^i2) due to proton excitations of the Pb core. (States 
in 2 1 0 P o at j.8 MeV of the configuration ir(h0/2

 8i/2^ v^ Di/2^ w e r e 

210 believed responsible for the low valuej of log ft in the decay of At 
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in section IV.) The T/2 , 9/2 » 11/2 states of 2 Q 9 P o due to the con­
figurations T(no/2 8 l / 2 ^ p l / 2 ^ * r e P r e d i c t e d w l t h a aero-order weak 
coupling model at an energy of ~ 3.8 MeV which is greater than the decay 

POO 
energy (3.5 MeV) of Po. Such states would not be directly populated 
in the electron-capture decay and this might explain why no higher-lying 

200 levels of Po were observed as dirsctly fed with any appreciable 

strength in the decay. However, configuration mixing with lower-lying 
7/2 , 9/2 , 11/2 states vould provide a second component to be populated 

in the decay via a first-forbidden transition of the type 

T ( 3 « 1 / 2 ) -^-> V ( 3 P 1 / 2 ) . 

In su»mary the 3 p ^ g , 2 f 5 / 2 » ^3/2» l i i 3 / 2 a n d 2 g 9 / 2 8 t a t e s i n 

«JCC 
'Po arising from the odd-neutron have been identified. The effect of 

207 t?3rd and 8Uth protons on these states, when compared to Pb, vas to 

depress the energy of the 2gg/o neutron-particle state by 500 keV. This 
is probably due to configuration nixing with other 9/2 states which 

occur in the same energy region. The energies of the 3P7/ 2» 2 fs/p* * ° d 

liT-.g neutron-hole states were not altered appreciably from those 
207 observed in Pb and these results were summarised in fig. 80. Odd 

parity states due to the weak coupling of the two-proton configurations 
ir(hg,g) with the vfp^.g) neutron-hole also have been identified. A 

209 weak coupling model was found to describe the 'Po level structure for 

energies of less than 2 MeV with the exception of one serious discrepancy 
in the energy of the v(p~/„) neutron-hole state. This discrepancy 
between experiment and theory was removed in a detailed shell model 

go 
calculation ) with configuration mixing which was not included in our 
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ve&k coupling calculation, the experimental, weak coupling model, and 

shell model level structure in the energy region of less than 2.3 HeV 

are summarised in fig. 81 vhere the agreement was found to be vary good* 

The absence in our study of a series of odd parity stages of the 

configuration *(k 0y 2
 f 7 / 2 ^ p l / 2 ^ ' v h i c l 1 a »«?o-order weak coupling 

model predicts at 2.1» MeV) does i alter our conclusions about the 
209 validity of weak coupling to describe the ̂ *Po level structure, Direct 

9fJO _ „ 

decay of At to these "pure states would be hindered in the sac* way 
as direct decay of ̂ A t to configurations in of the type 
w(hg»2 '7/3 M P w © ) * « * • values of log ft were observed to be > 8 (see 
section IV). No odd parity states exist in the ianediate energy region 
for configuration mixing which could allow an unhindered decay. Thus 
these states in Po should be populated only by gemma dceay of higher 
lying levels. The fact that 7&t of the decor "bypasses" these states by 
populating the lower-lying 9/2 level at 2.3 HeV could explain the 

absence of these levels in our decay scheme. Thi 
reaction, if possible, should populate such states and would help confirm 
or refute the weak coupling model at energies greater than 2.3 HeV, even 

though the density of levels expected is very high. 
The study of Po through the electron-capture decay of At 

has revealed only a limited number of states. All of the state* due to 

the 2f,y 2 and 3p-/ 2 neutron-holes coupled to the configurations *l\/*' «, 
JF 

have not been observed. These and many other states net populated in the 
beta decay cowid be populated and studied by different reactions. la 
particular, furthtr »3n) studies and possibly a high revolution 
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Bi(a,t) or Bi( He,d) reaction study would be very informative It 

is now known ) that the Po(p,d) t Po has been investigated ar.d the 

data are being anelyzed. The results of this r&action study should be 

most interesting as the weak coupling model can be further tested. 

States of the configuration [(TT(hg,2) + vfp"-)] _ 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 
1 2 3 k, nucleus has been formulated by several authors ' ' ' ). 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)LM; J. -»• J J 
(in units of [sec] - ) for the emission of a given gamma radiation of 
multipole type 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. to some final state J is given by 

R W T * i\ i /E (MeV)\ 2 L + 1 

T(E(t)LM; J. + J ) = 0 T r ( L * 1 } _ jr ( T 0 7 , 1 B(E(t)LM; J + J ) 
x f L[(2L + l)!!] 2 n V 1 9 7 , 3 ' X f 

(1) 

where B(E(T)LM; J. •*• J J, the reduced transition probability, is defined 
by 

B(E(t)LM; J. * Jf) " S I {j^t^umt))^iUi } ̂  ( 2 ) 

MM f 

The Wigner-Eckart theorem ) can be applied to eq. (2) to remove 
the M dependence. Using the (double-bar) reduced matrix element as 
defined in ref. ), eq. (2) can be rewritten as the square of a reduced 
matrix element. 
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B(B(t)L; J. * J,} - Y ] I J l L J f I | <jj6L(E(t))8ji. > |£ 

™7 LM. M MJ 
MM., i f-1 

V y | <J f»6 L(E(t)»J 1>| 2 (3) 
2 J i 

The multipole operator 0M(E(t)) in eq. (3) has different forme 
for electric and magnetic transitions. It is assumed that it can he 
written as a sum of single particle operators involving the coordinatea 
of each nucleon p, i.e., 

8j;(s(t)>-£SJ(E(t),p) w 

summed over all p particles involved in the transition. The magnetic 

multipole operators 0„(M1) have the general form ) 

Oh^) = ̂ - V [g (pis" + P&L t] • f rL Y> ) M 2m c JLJ | ° S * p L + 1. p i p M p 

(5) 

where Y„(S2 ) are spherical harmonics and r is the radial coordinate of M P P 
the particle p which is assumed to have the orbital angular momentum J, 

->• ->• and spin s coupled to a total angular momentum J . The factors g. and p p x 
g are the g factors for the free-proton (or neutron). The second form 
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of eq. (5) was obtained from th« relation & = J - s . The HI operators 
P P P 

are rathe? complicated functions with different forms for the various 
M components. As an example the magnetic dipole operator has the form 

o 
icr the M = 0 component ) 

6J(MI) = OT A £ gs(P) S z + g l ( p ) %z (6) 
p p 

However, to calculate the gamma-ray transition probabilities, reduced 
matrix elements of these operators are needed and the explicit forms 
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/T,T i V L „L ? B I - J « < W • <T> 

The operator for E2 transitions has the form for the M components. 

°M ( E 2 ) = Z S rp Y M ( V ( 8 ) 

Having given the forms for the multipole operators, the transition 
probabilities of eq. (l) (ia units of [sec] - ) can be rewritten in terms 
of the evaluated constants, the transition energy E , and reduced 
transition probabilities as ) 
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T(E1) » 1.59 • 1 0 1 5 • E3 • B(El) 

T(E2) - 1.22 • 1 0 9 • E^ • B(E2) 

T(E3) • 5.67 • 1 0 2 • EL • B(E3) 

T(El*) = 1.69 • 10"1* • E* • B(EU) 

(9) 

T(M1) « l.?6 • 10 1 3 • E 3 • B(M1) 

T(M2) - 1.35 • 10 7 • E^ • B(M2) 

T(M3) - 6.28 • 10° • E 7 • B(M3) 

T(Ml») =1.87 • 10" 6 • E^ • B(MU) 

2 The units of the quantities in eg.. (9) are E in (MeV), B(EL) in e' 

[fm] 2\ and B(NL) in ( - ^ ) [An] 2* 1- 1*. 

I. SINGLE-PARTICLE MODEL 
This model applies to an odd A nucleus in which the odd nucleon 

is assumed to undergo the transition from, a state of initial angular 
momentum J. to a final state J. as the nucleus emits a gamma-ray. In 
this model the angular momentum of the nucleus J is assumed to he. 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 aingle-particle states, the expressions for the reduced transition 
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probabilities can he simplified to terms involving a Clebach-Gordon 
coefficient and a matrix element of radial wavefunctions. For the 
special case of J„ = J. + L, the magnetic reduced transition probability 

1 o 
of eq. (3) takes the form ' ) 

[ Ji i L J i l K I ^ M * ^ ] 2 ( L - 1 } do) 
L 2 ° 5" -I 

with the selection rule t. = *. + L - 1. The Clebsch-Gordon coefficient 
T J i L J f 1 3 
I . 1 I in eq. (10) has the phase convention of ref. •). 
L 2 ° a J .- - 1 ̂  

If the more general restriction |J. - J.| ̂  L for magnetic 
transitions is allowed, a more complex expression (but of the same form 
as eq. (10) results with the additional selection rule )) that 
£. - jf_ + L - 1 must be even. The detailed expression of the reduced 1 "̂  transition probability for this case is given in ref. ) and ref. ) (in 
full half-page gloryl). The reduced transition probabiltiy for single-
particle electric multipole transitions is 

£(2L + 1) [Ji L

Q \ ] Kjflr1!^)!2 [fm]2 B s (EL; J. - J f) - «- '- - ̂  » i f • " T '-L|T *'2 r~- l 2 L 

(1 1 

with the selection rule that A. + L - l must be even ). 
The transition probabilities of eq. (9) may be calculated in 

terms of eq. (10) and eq. (ll) once the radial matrix elements 
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<J_|r IJ. > have been determined. The radial wavefunctionB needed to f' ' 1 
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. ) for a WoodB-Saxcn 
potential. These allow evaluation of matrix elements for most E2 
transitions. Hence ML and E2 transitions probabilities for odd A nuclei 
may be 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 

2 IK employed. These estimates involve Borne further approximations ' ) of 
eq. (10) and eq. (ll) which remove 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 > E ) . This leads to 
the two approximations 

3R < J f l r IV -rh <">• 

where the nuclear radius is taken as 

R = 1.2 A 1 / 3 [fm] . (13) 

Third, the transition is assumed to go from an initial state J. = L + 1/2 
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to a final ( I B . . ^ ) state with J f = 1/2. This fixes the Clebsch-Gordon 
coefficients as unity. Finally for ML transitions the following 
approximation is made 

(«s - r r t ) L 2U„ -rzrr) - w (HO 

These four approximations give the Weisskopf estimates ) for the reduced 
transition probabilities. Replacing the appropriate quantities in eq. 
(10) and eq. (11) we obtain 

V»! - J£ a-a) 8 0- 1 ' A 2 " - 1 " 3 ( JL . ] 2

 [ f i,j2("> ( 1 5 ) 

The units of eq. (15) are referred to as Weisskopf units. 

II. TWO-FROTON 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 J. = a and J„ = b coupled together 
to the angular momenta J (i.e. a + b * J). The two-particle wavefunction 

iff = |a(ab)JM) for such a state must be properly antisyametrized which is 
denoted by the curved ket | ). Explicitly the pure two-particle wave­

's 
function can be written as ) 

|aab;JM) = N [|aa(l)b(2);JM*> -(-) a + Wjab(l)a(2) tfK > ] (16) 
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where the normalization factor i s 

N h - 1 (17) 
^ ^ ( 1 + 6 f t b ) 

We have used in eq. (16) the notation a(l) to represent the particle of 
angular momentum J. located at the radial position r.. . Any additional 
quantum numbers needed to specify the states are represented by a. Since 

7r states of the same J can configuration mix, the actual wavefunction of 
a state will be a linear combination of two-particle states of the same 
(ab)J . The wavefunction for an initial state (with C . (a.) representing 

the amplitudes of various two-particle components) can be written in 
terms of two-particle antisymmetrized components as 

' 0 t J i M i ) = 2 C a b ( a i ) ! a a b ; J i M ^ ( l 8 ) 

(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 |aJ.M.) and 
a final state |a'J-M f). Only angular momentum (coordinates 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 type a(l) + c(l) 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 i n i t i a l and final s ta tes . 

B(E(t)L; J . - J f ) = g j J - T I £ c A ( 0 l ) C ^ C o ' J f a ^ i o ^ B t D J l a ^ ) ! 2 

(abed) 

• 2J7TT [ E Cab ( ai ) Ccd<af> V c d [ < af »(D4<2)i Jf^\ a(Db(2); J± > 
i (abed) 

a+b-J 
-(-) i <c£ c(l)d(2); J ^ O 1 ^ b(l)a(2); J± > 

-(-) f <<»•. d(l)c(2); Jf.B6Ijla± a(l)b(2); ̂  > 

a+b-J.+c+d-J. A T T 1 2 
+(-) * f <ct̂ . d(l)c(2); J fl0 Ll a i b(l)a(2); J±> J J (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: 

d+e-J 
|c£ d(l)c(2); J ^ > = (-) r |c£ c(2)d(l); J ^ > 

(20) 
b+a-J, 

\a± b(l)a(2); J ^ >. = (-) 1 \<x± a(2)b(l); 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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(i.e. dr.. dr p •- dr. dr., = dx. dx„ ...) and the phase factor vanishes). 
Hence the first and fourth terms maybe combined into a single term equal 
to twice the first. The same method may be used to combine the second 
and third terms. The result is that eq. (19) can be rewritten as the 
first two terms with an additional factor of two. 

B(B(t)Li J, - J f ) = 2J-Va [ J ) C a b ( a i ) C c d(ap 2N a bH c d 

1 (ab) 
(cd) 

[<e£e(l)d(2); Jfl6Lla,.a(l)b(2); J, > 

a+b-J. T "|£ -(-) i<^c(l)d(2); Ĵ .16' 

(21) 

To evaluate the reduced two-particle matrix elements of eq. (21) , we use 
the fact that 0 is a sum of (two) operators each involving only the 
spatial coordinates of r (or (l)) and r„ (or (2)). This allows eq. (21) 
to be rewritten in terms of two single-particle reduced matrix elements. 
He use the assumption that the apatial coordinates of a(l) and c(l) are 
the same but different than those of b(2) and d(2) (i.e. the allowed 
transitions are a(l) •*• c(l) and/or b(2) •* d(2)). Consider only the 
first term of eq. (21). The two-particle reduced matrix element may be 

•a e 
rewritten in terms of two single-particle reduced matrix elements ' ) . 
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sftlv-, . ̂  «L <a£c(l)d(2h JjlS^d) + 8 ^ ( 2 ) ^ ( 1 ^ ( 2 ) ; ̂  > 

= 6 d b (-) r x /(2J f + l)(2Ji + 1) W(baJ fL; J..c) < aj,c(l)l0ij(l)«aia(l) > 

+ 6 c a /(2Jf + l)(2J i + 1) W(abJ fL; Jjd) < e^d(2)l6L(2)l6ib(2) > (22) 

The second term of eq. (21) may be evaluated by simply replacing a(l) with 
b(l) and b(2) with a(2) in eq. (22). We note that the form of eq. (22) 
requires that only one particle contribute to the transition. As an 
example, consider the transition a(l) •* b(l) which is represented by the 
first term of eq. (22). The delta function 6„ requires that b(2) * d(2), 
but if a(l) •*• b(l) t 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 eq. (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 l?ave been defined in a 
paper by True and Ford ) for Ml and E2 transitions. Reduced matrix 
elements of the Ml operators are generally divided into two groups which 
are either diagonal or nondiagonal j.n the single-particle angular 
momentum. Explicitly, the diagonal Ml single-particle reduced matrix 
elements are given by ' ) 

< (n cA cl/2)cl6j(Ml)l(n aA al/2)a > - fa /a(a + l)(2a + 1) g & ^ 6g 

(23) 

_ - ac P 
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where g is the g factor for the state (A 1/2)J . The value of g can a a "a a 
be obtained from the relation for the magnetic moment Ji and the total 

- * • angular momentum j 

V<-"pn <*> 
For calculations g is obtained from eq.. {2k) with the experimental 
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 haB not been measured. 

The off-diagonal Ml. single-particle reduced matrix elements have 

the form 5 , J 

c-A -1 /2 /- 2ft (A + l ) 
< C n c i c l / 2 ) c l o J ( M l ) l ( n a V / 2 ) a > - (-) C <g £ - g & ) ^ ^ \ , 

8. ' 6 (1 - 6 ) (25) I t n s ac ' c a a c 

with the additional selection rule |J - J e| ̂  1• 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. 
(II) 5' 6) 

< (n c V/2)cl62( E 2)l(n aA al/2)a > = e >/(2c * D fc [ 1 ! 1 1 
L 2 ° 2 J 

| < c | r 2 | a > | 2 | [ 1 + (-) a + c ] (26) 
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M 

with the additional selection rule |j - J | < 2. All values necessary 
to evaluate the transition probability of eq. (l) 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. 

I 
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APPENDIX B 

THEORETICAL LOG FT CALCULATIONS - ELECTRON-CAPTURE 

I. INTRODUCTION 

For 8"i S i or EC decay the nomogram method of Moszkowski ) or 

Verrall et_ al_. ) is generally used for rapid calculations of log ft 
valuer, once the experimental partial half-lives (t-,_) " for 

expt. 
the levels populated in the decay have been determined. These nomograms 
are also reproduced in an expanded version in the Table of. IsotopeB ). 
However, when the decay energy Q, is less than about 300 keV (for Z ~ 85 ) s 

the nomogram method fails to give the correct values of log ft due to the 
neglect of the t=.Lectron binding energy BE(X) (of the daughter nucleus) in 
the expressions used in the original calculations for f. It has been 
noted'') that log ft values obtained from the nomograms for first-forbidden 
noaunique transitions (AJ = 0 5 1 yes) often show deviations of 30$ from 
those calculated theoretically for 8 decay (which were then corrected 
v4th the K/8 ratio to obtain the value of f 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 v*f the log ft values in this work. This method gives the same 
results (for Z = 85) as the nomogram method' for 0. > *K>0 keV and log ft 

values 0.1-0.8 units lower for BE(K) < Q, < U00 keV. 
a 

II. METHOD 
IK Reproduced here are two equations from volume 2 of Siegbaun ) 

(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 
Rose ) and the interested reader should consult the original article for 
details. From the text ) we have the following equations: 

f t = t «£_£ . f ( t jPWt. . ^ 2 2|_ rl ( 1 ) ( p > 1 3 l ( 1 e q > ( 2 1 ) ) 

X expt. g 

and 

K = \~2~) g K ( R ) S0,l ( 2 ) ( p > 1 3 5 5 e<1- ( 7 7 A ) ) 

The total allowed decay rate by all allowed modes (e.g. K, L, M, ... 
+ o capture) is defined as X , g is the coupling constant, and g„(R) is 

the large radial wavefunction for the electron evaluated at the nuclear 

radius. The K-electron capture rate is given by X„ and cq is the energy 
available for the neutrino. 

cq = W Q + me 2 -.BE(X) (3) 

where the decay energy Q, is defined as 

Q d = cq + BE(X) - W + mc 2 (k) 

The units c = h = m = 1 are used which implies 

q = Q d - BE(X) (5) 

where the units of energy are in terms of electron rest mass (MeV). 
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We now assume that the approximation S_ — £ for allowed 
transitions (AI = 0, 1 no) holds for lst-forbidden electron-capture 
decays (i.e. S . - ? ) . Substituting our approximation S 0 . = ?, we can 
combine eqs. (l) and (2) 

„. g.n 2 2rr ftn 2 ir 2, n, 2 . ,„» TT 2 , D N 2 ,,-> 
ft = _ - _ _ = _ g^) q . t ( K ) - ^ ( R ) ^ ( 6 ) 

All three values in eq. (6) may be obtained with reference to fig. 1 and 
the following methods: 

(a) g K<R) This is a dimenslonless quantity obtained from fig. la 
for the Z (parent) of interest. 

(b) q This can be evaluated from eq. (5) where the decay energy 
ft is obtained from the (Q-value) energy available for 
electron-capture decay Q„ c and the energy of the level 
E. to which the decay proceeds in the daughter (units 
of electron mass): 

(c) t , 2(K) This is the partial half-life if all decay went by Re­
capture. This quantity is obtainable from the experimen­
tally determined partial half-life ( t w o ) 5 ^ 'thru use of 
fig. lb and the ratio of total electron-capture EC (total)' 
to K-electron capture EC(K) as follows: 

t 1 / 2(K) - <t 1 / 2)P~*. SSggjU (8) 
expt. 

where the total to K-capture rate is defined as 
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Fig. 1. (a) Large radial wavefunction gj.(R) for the la-electrons evaluated 
at., the radius R )t 

(b) Subshell ratios for electron capture ). 
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EC(total) E C ^ + E C ^ + L +L 1 I 1)+EC(M-K H + •••) 
EC(K) ICTKJ ! u ' 

Using the approximation ECfL..,.,) 2* o (which is valid for allowed and 
approximately valid for first-forbidden nonunique transitions ))» eq. (9) 
reduces to 

EC(total) •*., , / E C< Li>\ /, . E C ^ i l ) \ /, , EC(M + N + •••) \ 
ECW / S i l + \WKTJ \ 1 + mLj-) \ 1 + EC(L) V 

(10) 

For allowed and first-forbidden nonunique transitions ) 

EC(Lj /Q, - BE(L.)>2 :(L ) /Q, - BE(L?)\-
T<zr=*i{z) U - E E ( K ) ) ( 1 1 ) EC( 

EC(L„) 11 EC(M + N + •••) where k.,{Z) is given by fig. lb. The values for ̂ i . \ and — * — E C I J . ) 

may be read directly from fig. lb also. Finally rewriting eq. (6) in 

terms of eqs. (5). (8), (10), and (11) we arrive at the final expression 
used in our log ft calculations 

expt ;[~*",[^frx-S^][~-»4*M] 
|4<R)(Q d -BE(K)) 2 (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. (T) once the 

file:///WkTJ
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decay energy is known. (The binding energies of the electrons and the 
K/fS ratios are ta'bulated in ref. ).) 
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APPENDIX C 
DATA ACQUISITION SYSTEM 

ABSTRACT 
The electronic systems used for f$ and Y-ray spectroscopy are 

described in the form of a user's manual. The assembly and testing of 
singles and coincidence logic circuits utilizing a PDP-T 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 
are desired, one Is referred to the available technical references ' ' ' ' ) 

on which it is based. Singles and coincidence electronics and methods are 
k 5 6 discussed. The PDP-7 system has been well documented ' ' 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 * 5501-Pl) 
The amplifier ) 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 made with a long-time constant 
on the oscilloscope. The unit has two outputs (l) 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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* < • . * • ' • • $ I 

^lH 

Fig. 1. The PDP-7 data acquistion system ) . 

XBB 688-5165 



-28U-

P
D

P
-1

 
co

m
pu

te
r 

-3
73

2 

• • < > 

5 
dO 

40
96

 
AD

C 

Co
un

t 
ra

te
 

m
et

er
 X 

T t 

L 

id
 

an
d 

ga
te

 L S 
an

d 
ga

te
 

r 
De

lay
 

lin
ea

r 

Fa
st

 

De
lay

 
lin

ea
r 

Fa
st

 

Sl
ow

-ri
se

 
tim

e 
In

sp
ec

tio
n 

Fa
st

 

Sl
ow

-ri
se

 
tim

e 
In

sp
ec

tio
n 

Fa
st

 Pi
le

-u
p 

re
je

ct
or

 

H
ig

h-
ra

te
 

am
pl

ifie
r 

Fa
st

 Pi
le

-u
p 

re
je

ct
or

 

H
ig

h-
ra

te
 

am
pl

ifie
r 

Fa
st

 

, ,. 

H
ig

h-
ra

te
 

am
pl

ifie
r 

, ,. 

P
re

am
pl

ifie
r 

! i ™ 

Ge
 

(L
i) 

De
te

ct
or

 

Fig. 2. Block diagram of gesma-ray "singles" spectra system. 
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that all optimum timing information is still contained in the signal. 
The input is internally terminated so that no terminator should be used. 

B. Pile-up Re.lector 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 rejector produces a valid output pulse which opens the linear gate 
(fig. 2). The pile-up rejector ) has two functions: (l) rejection of 
pulses which occur too close in time (pile-up rejector); (2) rejection 
or "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 i3 obtained from 
the fast output of the linear amplifier. 

The pile-up circuit rejects a pulse preceeded by another within 
a variable (5-30 usee, "inspect-time" knob) preset time (e.g. 25 usee), 
or one which is followed by another within approximately 0.5 UBec. 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 usee time duration. 

The slow rise-time inspect may 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 maid mum rise-time adjustment, and dead-time setting. 
The maximum rise-time is adjusted in one of two ways: (l) TTith 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 than back the screw off one or two turns; (2) with the linear gate 
ojaen. Lut 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 usee. 

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 &)• 

C. Linear Gate (LRL model #11 x 5510-Pl) 
In the trigger mode the linear gate ) 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 pulBes. 
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 discriminator output (pile-up rejector) while 
looking at the linear gate output on a high gain Betting, 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 ysec) 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 111 * k680) 

The analogue-to-digital converter (ADC) used in all experiments 
was of the high speed successive binary approximation type and is 
described in detail in ref. ) and was interfaced to the PDP-7 ). 

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. ). 
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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. h (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. k, 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 alter 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
criminator level can be adjusted Just above the noise level. These xlO 
amplifiers take negative signals and a pulse inverter (e.g. EG & G model 
jflTlOO) must be used to connect the fast output of linear amplifier to 
the xlO amplifier. An impedence matcher (125 ft * 50 ft) is also used and 
no termination is needed on 50 ft inputs to the xlO amplifier. 

• 
All fast circuits are 50 ft and slow ones 125 ft. 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 level by 
triggering the scope on the slow output of the fast discriminator while 
looking at the slow output of the linear amplifier. The discriminator 
level is very sensitive to the DC level setting on the xlO amplifier BO 
if the fast discriminator -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. 30 nsec) before the fast dis­
criminator to avoid any possible attenuation of the signal that may 
cause a failure in driving the STOP signal on the time-to-amplitude 
converter (TAC). The present output of the fast discriminator is "Just" 
enough to drive the ES and G TAC which requires input signals > 200 
•volts. 

(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. 2 2 N a with 180° 
detector geometry). 

(E) Connect the valid STOP output of the TAC (negative signal) 
to a BMC 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 make the signal time-coincident with 
the valid output signals of the pile-up rejectors. This external 
coincidence will reduce the valid outputs of the pile-up rejectors to 
those pulses that are coincident in both (^ and (?) and have produced 
a valid TAC signal. ( (T) and (2) refer to detectors START * (l) and 
STOP • (?) .) Note however that it is still possible for one pile-up 
rejector to not produce a valid output Cdue 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 thia 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 (l) and then connecting the front "triggar" input 
(now producing an output) to the slow coincidence input. Terminate 
only once and at the slow coincidence input.) 

(F) From the linear gates (l), run the outputs to the rear 
inputs of the linear gates (2) and do not terminate. From the front of 
the same linear gate input poBts, take the signals (ganma-ray energy 
pulses) and 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 TAC walk compensator inputs.) We shall require a further 
coincidence on the linear gates (2). 
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(6) Connect the output of the TAC -co 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 (l). Connect the output of this gate to the energy-walk com­
pensator "TAC" signal input. In the end, the TAC signal s 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 
(h) 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). 

(I) Connect the slow coincidence output of section (£) 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, Tk) and 
is fourth parameter (duaoy = TU) input to the analyzer. 
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(J) The four output pulses (E(l), E(2), T, Tk) of fig. k sent 
to the FDP-7 should occur at the same time and look crudely like thoae 
shown in fig. a. 

Portion of compensated 
TAC signal selects^ by-
linear gate (3) 

energy signals • E(l), 1(2) 

(logic pulse) 

i variable width due to choppers 
on delay gates 

rig. a 
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B. Conclusions 

The final signals (T, E l), E(2), TU) 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 
t > make the required coincidence -. This is done most effectively by 
adjusting the stretchers on the 'JAC, TAC walk compensator, and the dual 
delay gates (timing and vidths) o match the relatively fixed time of 
the energy signals. 

The details on the use aid the need for the TAC walk compensation 
urit were discussed by Jaklevic <»t al. ). 

A Hat of the model numb irs for the equipment used for the 
coincidence circuit of fig. fe no • described in the "singles" section 
fellow: 

Double xlO D.C. Amplifiers (LRL model #18 * 12&L-P2) 

100 MHz fast Discriminator (LRL model #18 * 1201-Pb) 
TAC (EG t G model Th 200 A/N) 
TAC Energy Walk compensator (LRL model #11 x 6891-Pi) 
BNC Del-a-gate (BNC model #CT-1A 
Dual. Delay Gate (LRL model #11 x 6361-Pl) 
Slow Coincidence Box (LRL model #11 * 5591-Pi) 

The coincidence system (resolving time) can be optimized by 
pl cing a Tla source between tvo 180° detectors to utilize 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 tailing (due to 
different pulse rise-times) is the smallest possible for the detectors 
being used. 

IV. ANALOGUE MULTIPLEXER W I T AID PDP-7 COMPUTER 
The PDP-7 peripheral hardware ) used is shown in fig. 5. The 

multiplexer (LRL model #11 * Ml»0-Pl) accepts the four coincident input 
signals (T, E(l), E(2), Tl») and stretches them individually in time so 
that one U096 ADO can analyze all four signals. Analysis is started by 
receipt of a valid coincidence input (Tb). The total time to process all 
four pulses is approximately 200 usee and ±a constant for each event due 

o to the successive binary approximation ADC unit ). These four processed 
parameters (E(l), E(2), T, TU) then gc to the buffer storage area of the 
18 bit PDP-7. When the storage buffer (512 words) is full, the data is 
written by an Ampex tape unit (modal #C208), 3 words per coincident event, 
(512 words equal one record) on an IEM magnetic tape. The IBM tapes are 

2fe00' 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 left over 
between processing coincident events is used to generate a 6lkh 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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XBB 688-5165 

5. The PDP-7 per iphera l hardware used in acquiring multiparameter 

coincidence data ; . 
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Detector © Detector T © Ik Buffer Window 
1 

Window 
2 

Window 
3 

(10214 ) a (10210* [(256) a (256) a (512)*] (I02l|)a (l02U) a (I02kf 

A0b Alb A2* 
Z0 b 

A3* 
Zl b Z2b Z3b 

number of Channels Display Switches 
NOTES: 
Detectors ^^ and ^ ) refer to the full U096 channel spectra comprcmed 
to a display of 1021* channels for the START and STOP detectors, 
respectively. 
T is the time distribution of the (gamma-gamma) coincidences. 
Tl* is the dummy parameter. 
Buffer: it looks like snow—don't panic1 
Windows are events coincident in Detector @ with 3 gates (2 display 
markers for each gate) set on the spectrum of Detector ^^ (e.g. pick 
three peaks in the first (102*1) display group (AO) and then coincident 
events between selected windows are displayed as three (102*0 groups 
(Zl, Z2, Z3). 

U 5 One can refer to the PDP-7 users manuals 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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APPHIDIX D 
GAM4A-RAY CALIBRATIOM STATOARDS* 

ABSTRACT 
A collection of Y-ray energies and intensities is given that are 

suitable for use in the calibration of high resolution Y-ray spectrometers. 
The energy range included in this tabulation is 25 keV < C < 3*52 keV. 
Adopted values are given for gears-ray energies based on weighted averages 
of the uncertainties reported in the literature. Relative v-re? 
intensities are also giver, for 

133,,. 1 8 2 ^ 
and ^Co« Mo afetejept was 

aade to establish weighted averages for the intensity values. 

This appendix appeared as a Laweoce Radiation laboratory Report 
UCRL-20V76 (April 1971). 
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I. INTRODUCTION 
With the development of high resolution Oe(Ll) detectors 

coupled with highly stabllzed linear electronics and computer photopeak 
analysis of data, it has become possible to aeasure gamma-ray energies 
to a precision of better than 0.1 keV. However, to do this, it in 
necestiary to have available a large number of standards with energies 
known to better than tens of eV. Marion ) compiled a list cf such 
standiirds in 1968, but since that time there have been improvements in 
the measurements of standards, and their number has increased sub­
stantially. Because the never 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 
nucleijr spectroscopy research. In the recent literature, the most 
extenuive work has been that of Cunnlnk et_ §1.. ' ). 

Gamma-ray energies ar* listed by source in Table 1. The original 
data ure shown along with the reference. The "adopted values" 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 definsd below. E, and o, are the author's stated energy 
and error, respectively. 

Marion's ) values*, which are also tabulated, often represent weighted 
I 
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averagee of several aaasursaants. In these eases the original aeasure-
aents reported by ref. ) were used in obtaining the new weighted sat of 
adopted values. 

Table 2 lists gaaaa-ray energy and intensity aeasureaanta for 
and Co. Ho atteapt was nade to establish a weighted set 

of intensity values. The energy values of Ounnink ft_al_. ) are used for 
5 6Co while weighted sets are given for 1 3 3 B a and l f l 2Ta. 

The low energy (8U-265 keV) y-ray intensity measurements1®) 
were aade using a calibrated 10-ca3 Ge(Li) detector. Details of these 
aeasuraaents are to be published later. (See Appendix E.) 
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Tabla 1. Or—n ray •narcl** uaad a* calibration atandarda llatad by aourca. 

Y-flay Inargy 

laotopa Balf-
l i f a kaT Rafa. Adoptad 

*** "•32.9 ± 0 •8y 26.3k& t 0.010 1 

26.31*5 t 0.010 

59.51.3 t 0.015 

12 

1 

26.3*165 ± 0.007 

59.536 ± 0.010 13 59.538 * 0.008 

17<k 120d 8U.2572 t 0.0026 11 

81*.257 t 0.003 12 8*1.257 * 0.002 

"»Cd **53d 88.03l» ± 0.010 

86.035 t 0.006 

13 

9 

88.036 ± 0.008 11 88.035 ± 0.00V 

5 7 Co 271.6 1 0.53 122.0li6 i 0.020 13 

. 122.061 i 0.010 9 

122.0U 4 0.02 

136.1)65 1 0.020 

136.«71 ± 0.010 

lh 

13 

9 

122.055 t 0.013 

136.U7 ± 0.02 1U 136.l«70 t 0.008 
(continued) 
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SKbla !• (continued) 

Y-Kagr Inwrgy 

iMtOp* Half-
Lift 

k«V Hef«. Adopttd 

a>3a. 1*6.8 * 0.2d 279.191 t 0.0OS 1 

279.179 1 0.010 13 279.186 ± 0.009 

U 3 S » 115.2 1 0.8d 391.688 ± 0.010 9 

391.71 ± 0.02 23 391.692 ± 0.018 

^ A u 2.7d till.795 ± 0.009 1 

1*11.792 ± 0.008° 13 "•11.795 ± 0.009 

137, c« 30.5 ± o.3y 661.635 ± 0.076 
661.615 1 0.030 2 661.613 ± 0.028 

*W 312.6 ± 0.3d 83V.81 i 0.03 1 

83V.8U ± 0.05° 2 83>».81 ± 0.03 

88 , OT.I* ± 0.8d 898.0b ± O.OU 

898.023 ± 0.065 

1 

13 

898.010 s 0.030 

1836.13 ± o.ouo 

1836.127 ± 0,050 

10 

1 

2 

898.021 i 0.023 

1836.030 ± 0 . 0 3 0 b , c 10 I836.I29 ± .031 
(continued) 
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Tftble 1 . (continued) 

Isotope Half-
Life 

Y-Hay Energy 

keV Reft. Adopted 

60, Co 5.28 ± O.Oly 1173.23 ± O.Olt 

1173.231 t 0.030 

1 
13 1173.231 ± 0.02U 

1332.1»9 ± 0.0U 
1332.50$ ± 0.025 1332.501 ± 0.021 

*« 2.602 ± 0.005y 511.006 ± 0.002° 1 
Sll.OOfcl ± 0.0016 15 511.001(1 1 0.0016 

127U.55 ± 0.0!) 1 
127fc,550 ± 0.0U0C 13 127l».55 ± 0.04 

2k 
He 15n 1368.526 ± O.Okk 1368.526 i 0.0M 

1731.91 ± 0.12 

1732.130 ± 0.060* 1732.130 ± 0.060 

2753.92 ± 0.12 

2T15>t.lk2 t 0.060 275*.098 t 0.183 
(.continued) 
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Mblc 1. (continued) 

Y-K»jr Energy 

Isotop* H»lf-
Llfc k*V Raft. Adopted 

k ° K 1.86 • lO^r H60.75 t 0.06 

1U60.9 ± 0.3 

1 

16 

lk60.95 t 0.07 

11(60.75 * .06" 

23 

18 

1160.836 ± 0.11 

» « 30y $69,653 ± 0.020 10 

569.62 t 0.06 

1063.63 1 0.030 

1 

10 

569.650 t 0.030 

1063.W» ± 0.090 

1769.71 * 0 .13 C 

1770.22 ± 0.0U0C 

1 

1 

10 

(1063.611 ± 0.172] 

1770.06 ± 0.07 7 1770.06 ± 0.07 

^ I r 74.2d 295.938 ± 0.009 1 

295-938 ± 0.010 

308.U29 ± 0.010 

2 

1 

295.938 i 0.007 

308.4U0 1 0.010 

316.I186 ± 0.010 

, 2 

1 

308.Ji35 t 0.008 

316A90 i 0.010 2 3l6.>)88 ± 0.007 
(continued) 
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Teble 1. (continued) 

Y-Rejr Energy 
Half- keV Heft. Adopted 

^^Ir (continued) J»68.05^ * O.OlU 1 

i»68.oSo ± o.oio 2 U68.058 i 0.008 

588.55T ± 0.01T 1 588.557 t 0.017 

60lt.385 ± 0.017 1 

«)li. 378 1 0.020 2 60I1.382 ± 0.013 

6l2.l»35 ± 0.017 1 

612,1*30 £ 0.020 2 612.1)33 ± 0.013 

U < t a * « 253d 4U6.77 ± 0.0U 5 

UU6.790 ± 0.020 10 UW.786 ± 0.020 

620.22 ± 0.03 5 

620.310 ± 0.020 10 620.28s ± 0.068 

657.71 ± 0.03 5 

657.720 ± 0.020 10 

657.75 ± O.OU lU 657.722 * 0.022 
(continued} 
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Table 1. (continued) 

Y-Ragr Energy 

I .o top . L i f t keV Refi. Adopted 

1 1 0 B A g (continued) 677.55 ± 0.03 5 

677.580 ± 0.020 10 

677.58 ± 0.05 I t 677-572 i 0.017 

686.80 ± 0.03 5 

686.950 ± 0.030 10 

686.95 ± 0.05 Ik 686.886 ± .088 

706.68 ± 0.0k 5 

706.650 ± 0.050 10 

706.63 ± 0.06 Ik 706.65k * 0.025 

7kk.l9 £ 0.0k 5 

7kk.260 2 0.030 10 

7kk.23 * 0.07 Ik Tkk.23k * 0.036 

763.88 ± o.ok S 

763.920 ± 0.030 10 

153.93 ± 0.07 Ik 163.906 £ O.OCT 
feoatiaecd) 
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Table 1. (continued) 

Y-Hay Energy 
laotope * £ " keV Refs. Adopted 

Ag (continued) 818.00 ± O.OU 5 
817.995 ±0.030 10 
817.95 4 0.08 1U 817.993 ± 0.031 

88U.67 i 0.0U 5 
88U.65O ±0.030 10 
88U.6S ± 0.0U 6 
88U.69 ± 0.0? lU 88U.667 ± 0.019 

937.U8 ± O.OU 5 
937.U50 ± 0.030 10 
937.U8 ± O.OU 6 
937.5U ± 0.07 lU 937.U72 ± 0.0U2 

138U.22 ± O.OU 5 
138U.2U0 ± O.OUO 10 
138U.26 ± 0.05 6 138i 337 ± 0.025 

11)75.73 ± O.OU 5 
ll»75.710 ± O.OUO 10 
1U75.76 t 0.07 6 1U75.726 ± 0.027 

(continued) 
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Table 1. (continued) 

Y-Buy Energy 
T 4. Half-Iaotope L i f e keV Befi. Adopted 

110aAg (continued) 150U.9 ± 0.08 5 
150U.9l»5 ± 0.0U0 id 
1505.01 ± 0.07 6 150U.951 ± 0.055 

1562.22 ± 0.06 5 
1562.255 ± 0.050 10 
1562.35 ± 0.08 6 1562.261 ± 0.069 

1 0 8 % 1S7 ± 7y 1>3>).0 ± 0.10 5 
U33.9>( ± 0.06 lit U33.956 ± 0.051 

6ll(.37 ± 0.10 5 

722.95 ± 0.08 5 
722.87 ± 0.06 lb 782.899 * 0.059 

228. Th 1.910y 39-85 ± 0.01 l ( a S l ) 

238.62U ± 0.009 It 2 1 2!*) 

510.723 ± 0,020 U20^!) 
(continued) 
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Tabl* 1. (continued) 

Y-Ragr Energy 

I»otop« *JJ*~ ktV »«f«. Adopted 

2 2 8 T n (continued) 583.139 ± 0.023 i f 2 0 8 ! * ) 

727.1 ± 0.1 l ( a 2 B l ) 

727.06 ± 0.07 727.09 t 0.06 

785.37 * 0.08 7 ( 2 1 2 B i ) 

763.13 ± 0.08 7 ( 2 0 8 T 1 ) 

860.37 * 0.08 7 ( 2 0 8 T 1 ) 

893.U3 ± 0.09 7 ( 2 1 2 B i ) 

1078.62 ± 0.10 7 ( 2 1 2 B 1 ) 

1592.696* O.OSO' 2 ( 2 0 8 T l ) 

1620.50 ± 0.10 7 ( 2 1 2 B i ) 

26U.I»7± 0.10 i t 2 0 8 ! ! ) 

26llt.708± 0.050 2 26lb.66± 0.20 
(continued) 
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fak&a 1. (eoatlauaa) 

*SiDea thaaa valuas ara for aotikla-aacapa pair paaka, cara, «a varaadl by 
Ounaiak & fj..*). shouid ^t aayloya* it using tbaa. 
Nfae eallWatlOA la treat tka aoaVla-aacapa paak. Saa raf. * ° ) . 
cIhla la not locludad la tka aaoptad «alua glvan. 

aaarglaa liata* ara froa aaucatera in aacay ctala. 



Table 2. Gasma-rajr energie* cad tnttailtiM UMd H calibration standards listed by source 

Y-Roy Baerar Y-Ray Intensity r 

Isotope Half-
Life keV Raft. Adopted Relative Ref*. 

1 3 3 B a T.2y 53,18 i 0.0V 1 3.78 1 0.09 19 
53.17 i 0.01 

79.SO i 0.05 

8 

1 

53-171 i 0.010 3.81 t .10 8 

79.63 4 0.03 

80.997 i 0.005 

8 

1 

k.50 t .«Q 8 

80.99 J 0.01 
80.998 t 0.008 

8 
9 

55.3 ± 3.0 C 8 

160.66 t 0.06 1 1.21 1 0.05 19 
160.63 i 0.02 8 160.633 ± 0.027 1.12 * 0.05 8 

223.37 4 0.23* 1 . 0.803 t 0.OH2 19 
223.12 4 0.01 8 223.12 * 0.01 0.78 i O.Ofc 8 

276.i6 l 0.2 e I U.6l 1 0.17 19 
276.1>S J 0.02 
276.397 t 0.012 

8 
9 276.ill 1 O.Ofcl 

11.6 ± 0.2 8 

I 

f 



ftohle 2. (continued) 

y-ttaj Qacrgy y-9f Ifttwnlty 
SmU- k»T ••*». Adopted Relative Mtm. 

i 3 3 B » (esatiMM*) 303-08 l 8.2* 1 29.75 * 0.29 19 
308.93 t 0.03 6 39.i t 0 .3 8 

302.851 t .015 9 303.867 1 0.065 

356.27 * O.lii* 1 100. 19 
355.09 t 0.0V 8 100. 8 

356-005 ± 0.017 9 356.018 t 0.073 

3BV.10 2 O.US* 1 lV-18 i 0.26 19 
383.83 * 0.03 8 l b . l * 0 .3 8 

383-851 * 0.020 9 383.6V5 * 0.017 

l**T* U5d W..257 4 0.003 
CV.67B * 0.003 

12 
17 

7.6 t 0 > 18 

100.7.06 £ 0.003 12 •0 .2 1 1.0 18 
100.10b 1 0.002 3* 100.105 * 0-002 

152.S>35 ± 0.003 3 d 20.5 t 0.51 18 
156.36T ± 0.003 3* 7.63 t 0.19 18 
179.393 t 0.00b 3 d 8.81 ± 0.22 18 
198.3S8 1 O.G68 17 k-15 ± 0.11 18 
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o d d 
41 41 44 

U S 
3 3 2 

3 8 o « S S 
• • • • • • 

o e o o o o s 
\0 r* 

in d •* 

S 3 
. . 

o o 
41 41 

2 £ 
to 

d 
4) 

5 
o 

£ 

. » , * CI \f> 

0.
00

5 
0.

00
8 

0.
00

9 in m m in in <u 
* sJ S3 S Si !S o e o o o o . . . . . . 
o o o o o o 

41 41 41 41 41 44 41 44 4) 

sag * & & * * « 
B i i iiiiig 

ri H i^ 

I t 
H «A» * O r4 O 
ci d d 
(B CO J4 
R *. 1 
r! « 5l 
(4 d ri 
j j ^ H 

m in H .4 o o 
d d 

o oi o 
o d d 
44 41 4! 

co 3 o o 
en o o . . * <n tn I - eo o» as co mm co rj w 

a a 



f 

ft 

-1 
p. 

° s l s CO 

ON 

CD Co CD Co # 
« r - J H >-• H 
H- H- 1+ 1+ 1+ 
O o © O o 

• O o 
- 1 § O 

to o s 

•e- o\ tr 
0 \ • ON 
• - 3 • 
S O - ) 0\ M vo 
1+ H- 1+ 
o o o 
b o b u n u o o 

smiSIS 
H W CD - 4 

* - - i v i 

8 P 

P ° 
ro o 

H- (+ H- 1+ H- H- 1+ M- I * 
O O O O O O O O O 
b R o o b © © © © 
H Q H H V f l H H I - ' H 
l » O U > U > H ' U l U > U > U > 

j s - * - e - e - * " c - « - e * * r 

» B S 
w ro (-• 

io ro 
H- H-

i 

u 

CD 
ON 

a °o- 6 * 

** h* Xr 
H U) U) • 

Co S S to 
1+ 1* 1+ 1+ 8 8 8 8 
o o o . • • • ( - • 
Ml U W - 4 

s 
o i 

I S H I S © P P S 8 

• • • O O < - t-> e - U> 
H M N U 
M H H O N - I O V O U ) -u > - > - ) o \ \ j i v n 5 o » * -
1+ M- M- 1+ M- t * I * 1+ t¥ 

O O O O O O O O O 
b b b b b b b o v n 
p o H » i 5 s r " S 

«- *r * r * -

s 
I 
8 • 
19 

? 
& (eont 

I 

9 

$ 

- A T E -



lable 2. (continued) 

Y-Ray Energj r Y-Ray Intensity-
isotope ***- keV Refs. Adopted Relative Refs. 

Co (continued) 1175-13 ± 0.050 20 2.302 ± 0.025 20 
1175-085 ± 0.070 2 1.73 ± 0.13 22 
1175.026 ±0.13 1 1.86 t 0.23 1 
1175.1 ± 0.1 21 1175.085 ± 0.070* 2.26 ± 0.23 21 

1238.30 t 0.020 20 67.638 ± 0.680 20 
1238.290 i 0.0U0 2 68.3 ± l.l» 22 
1238.3lt ± 0.09 1 69.35 ± H T 1 
1238.28 1 0.06 21 1238.290 ± O.OkO* 67.8 ± 1.5 21 

13^0.22 ± 0.030 20 k.iko t 0.0U5 20 
1360.219 1 0.0l»0 2 lt.15 ± 0.12 22 
1360.35 ± 0.090 1 1».38 ± 0.16 1 
1360.26 ± 0.0U 21 1360.219 ± .ouob b.16 ± 0.21 21 

rrri.ia ± 0.030 20 15.778 ± 0.160 20 
1771.33 * O.Ofi 2 lit.95 ± 0.1(0 28 
1771.57 ± 0.10 1 15.30 ± 0.53 1 
1771.38 ± 0.15 21 1771.33 ± 0,06* 16.5 t 0.8 21 

2015.36 ± 0.030 20 3.095 ± 0.031 20 
3015.33 * 0.07 2 2.78 ± O.lt 22 

(continued) 

I 

09 
I 



Table 2. (continued) 

Y-Ray Bnergj r Y-Ray Intensity r 

Isotope *££• keV Refe. Adopted Relative Rett. 

Co (continued) 2015.1»9 ± 0.20 1 2.93 ± 0.16 1 
2015.2U ± 0.12 21 2015.33 ± 0.07* 8.99 4 0.20 21 

203*.92 1 0.030 20 7.952 ± 0.080 20 
203*.90 ± 0.06' 2 7.56 ± 0.21 22 
2035.03 ± 0.12 1 7.33 ± 0.30 1 
203I1.82 ± 0.10 21 203lt.90 ± 0.06* 8.2 ± 0.6 21 

2598.58 ± 0.030 20 16.851 ± 0.170 20 
2598.52 ± 0.05 2 16.55 ± 0.U1» 22 
2598.80 ± 0.12 1 16.77 ± 0.57 1 
2598.53 ± 0.06 21 2598.52 ± 0.05* 18.0 ± 0.9 21 

3202.30 t 0.080 20 3.030 ± 0.030 20 
3202.18 ± 0.07 2 3.03 * 0.1* 22 
3202.25 t 0.19 1 3.15 * 0.16 1 
3203.1 ± 0.2 21 3202.18 ± 0.07* 3.2 * 0.35 21 

3253.62 £ 0.0U0 20 7.392 * 0.07* 20 
3253.61 t 0.06 0 7.35 ± 0.21 r> 
3253.82 t 0.15 1 7.70 t 0.3* 1 

3253.5 ± 0.2 21 3253.61 ± 0.06* 7.7 t 0.9 21 

<© 
I 



Table 8. (continued) 

Y-Rey Energy Y-Ray Intensity 

f$*W *J*J" keV Raft. Adopted Relative Refe. 

**C# (evntiaxe*) 3873.86 x 0.09 80 1.756 * 0.018 20 
3873-16 4 0.07 8 1.78 ± 0.13 82 
3873.30 * 0.18 1 1.55 1 0.11 1 
3873.0S t 0.10 81 3873.16 4 0.07 b 1.71 ± 0.85 81 

3k51.56 * 0.20 80 0.875 t 0.009 SO 
31*51.29 * 0.10 2 0.85 t 0.07 22 
31*58.18 * 0.88 1 0.88 ± 0.10 1 
3tt51.5 * 0.3 

1576.561 * 0.050* 
8160,17 * 0.07* 
2831.60 * 0.06* 
8851.15 * 0.07* 

81 

£ 
8 
8 
8 

31*51.89 * 0 . 1 b 0.93 ± 0.80 81 

81)89.88 * 0.10* 8 

*fitwa tha*a value* are for double-eeeape pair paaka, care, aa varaed oy Ounnink «t_al. 2), ahould be employed 
If ualnf the*. 
Thia net a vaigntad value, but that of raf. 2 ) . 
a 8 
Thia ia an adopted value trtm preview* vorka. Sea ref. ) for data*la. 
*Theee energy valuaa are averaged reaulta or refa. ' 2 ) aa calculated in rat. 3 ) . 
•tola act included U the adopted value (Ivan. 
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APPENBIX E 
RELATIVE INTENSITY CALIBRATION OF A Ge(Li) GAMMA-RAY SPECTROMETER* 

ABSTRACT 
Portions of the gamma-ray spectra of Ta and T!f have been 

remeasured with a Ge(Li) spectrometer system to determine accurate 
i ft? relative intensities. For Ta the eleven strongest transitions in the 

energy range of 100-1300 keV were measured. The relative gamma-ray 
branching ratio I (M3)/I (501) in ^Hf was remeasured to be 

5.70 ± 0.15. The intensity values derived from these measurements are 
recommended for use with an IAEA standard intensity set in the calibration 

of relative photopeak efficiencies for Ge(Li) detectors. An overall 
accuracy of ±k% for the relative intensity calibration over the energy 
range of 100-1300 keV can be expected and ±3% for the 500-2800 k.eV 
energy range-

* This appendix appeared as a Lawrence Radiation Laboratory Report 
UCRL-20fc35 (May 1971) and in Nucl. Instr. Methods £6, 259 (1971). 
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I. INTRODUCTION 

The development of energy calibration standards for Ge(Ll) 

detectors has advanced to a state where many standards in the energy 

range of 60-2800 keV are determined with errors of less than 0.1 keV. 

However, the absolute or relative gamma-ray intensities- of these 

standards are 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 

for internal conversion ). The criteria of either simple cascades with 

no croas-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 ^"^Ta and as 

isotopes spanning the energy range of 100-1300 keV to supplement the 

IAEA ) or similar standard intensity source sets for relative photopeak 

efficiency determinations of Ge(Li) detectors. Relative intensity 
182 measurements have been performed on Ta in the energy range of 100-1300 

keV and are compared with others ' ' ). The absolute gamma-ray inten­

sities for l 8 0*Hf are presented and compared with values reported in the 
10 30 33 literature ' ' ) based upon the remeasured I (M3)/Iv(50l) gamma-ray 

branching ratio. Relative intensity values for isotopes are included in 

the tables in order to collect the be3t sets of data necessary to cal­

ibrate Ge(Li) detectors over the energy range of 100-2800 keV to ±k%. 
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II. EXPERIMENTAL 
182 T ; The 115.Id J'"'Ta was produced in the Berkeley Research Reactor 

T AT P by irradiation of 1.0 and 0.5 mil foils of natural Ta C99.9877$ Ta) ) 
vhich has a large thermal neutron cross-section of 21 barns. The small 
0.07 barn cross-srction to produce the 16.5 m ^Ta 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 with two sets of 
absolute intensity sources obtained from the IAEA. ^ I f was also used 
to define the efficiency curve in the critical 100-335 teV region. The 

accuracy of the photopeak efficiency determination was checked by 
measuring several radioisotopes whose relative intensities are known ' ) 

to 2%. These measured intensities agreed to within 3% with those in 
Kane and Mariscotti ) and Donnelly et_ al. ). The efficiency curve for 

3 the 10-cm detector obtained in this way is shown in tin- 1. The 
detector resolution ranged from 1.4 keV at 122 keV to 2-3 keV at 1332.5 
.keV. The areas of photopeaks were determined using two separate 

6 7 * 
computer codes, SAMP0 ) and SPECT ), which use gauBsian 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 1,5, foils which were corrected for attenuation ) due to source thickness, 
and these were verified with an isotopically separated ("mass free") 
source. The results are given in Table 1 and are compared to other 
results*'5'2'1). 
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XBL7I5-3458 

Fig. 1. The relative photopeak efficiency curve for the 10-cm Ge(Li) 
detector as a function of gamma-ray energy. 



-327-

Table 1, Energies and Relative Intensities of T!a in Energy Bange 100-1300 keV 
Edwards 
et a l > ) 

White Sapyta Present Edwards 
et a l > ) et a l .5 ) et al.23) Work 

V v b S° V V 
100.101*10.002 i 0 . 2 U0.7±k.l 1)0.211.0 
152.1*35*0.003 20.5±0.8 21.3±1.0 19.512.0 20.510.5 
156.38710.003 8.oi»io.i» 8.0710.!} 7.5*0.75 7.6*0.2 
179.39310.OOl* 9.2+0.It 9-57±0.5 8.7±0.9 8.8±0.3 
222.10910.005 22.5±0.9 22.611.2 21.2±2.1 21.310.55 
229.322±0.005 11.1±0.5 10.9±0.5 10.5±1.1 10.310.3 
26U.072±0.009 

E d 

Y 

1121.29&±.013 

10.8±0.5 10.6±0.U 10.311.0 10.110.3 26U.072±0.009 

E d 

Y 

1121.29&±.013 100. 100. 100. 
1189.0U6±.013 Vf.lHO.7 U6.3±3.2 U6.5±0.7 
1221.3991.013 79-3±1.2 77.3±5.1» 77.3H.2 
1231.010±.013 33.1*±0.5 32.712.3 32.810.5 

Energies l i s t e d in keV are those reported by Edwards et_ al,. ) . 
0 T « 4 - _ - . , . . t . i - . t n , . ^ _ . . 4-u» i nri t.-.tr *.— . 

energies listed in keV are those reported by White and Birkett^). 
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The measured xa relative intensities should be accurate to 3% 

over the energy range of 100-1300 keV. Previously, Edwards et_ al_. ) 

quoted errors of k-5% over the energy range of X00~z6k keV. White et al. ) 
182 

measured the relative intensities of To. ganma-rays in the energy 

range of 152-1300 keV with errors of k-5%. Over the smaller energy 

range of 1000-1300 keV, errors quoted were in the range, 1.3-2%. 

was produced by reactor irradiation of the separated 

isotope Hf. ^ I f is very convenient ' ) in the energy region 

between 93-501 keV where calibration points for efficiency curves are 

sparse. The decay scheme^'^) of (fig. 2) allows absolute 

gamma-ray intensities to be derived by correcting for internal conversion 

if the I (Ul+3)/I (501) gamma-ray intensity branching is accurately known. 

With reference to fig. 2 and the Hf decay scheme the following 

equations apply, 

I t(93) = * t(215) = l"t(332) = l^.{kkl) + It(501) (l) 

and 

I. (U3) + r (501) = (1 + a(M*3))I„(W3) + (l + a(.50l))l (501) (2} 

I and I are the transition and gamma-ray intensities, respectively; a is t y 
the total internal conversion coefficient. The r(V»3)/I (.501) relative 

gamma-ray branch was measured to be 5.70 ± 0.15 on the above detector in 

agreement with ref. ). The mixing ratio of 3.5$ M2 and 96.5?! E3 

reported by Bodenstedt et_ al_. ) for the 500.7 keV transition was used in 

calculating absolute gamma-ray intensities from the transition intensities 
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5.5h 

W" 
^ 

CM re; 

— • — 

{8> 

CM 

m 

w 640.776 
^ 

CM t ^ 

' * 308.504 
CM A » 
111 fi^ 

<y 93.263 I 0.0 
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Fig. 2. The ^ i f decay scheme used in the pbotopeak effioiency 
determination. The energies (keV) are based on the measurements 
of Gujrathi and D'Auria 3 0). The absolute gamma-ray intensities 
expressed in per cent from this study are shown in parenthesis. 
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of eq.. (l). The other transitions are of E2 multipolarity. Theoretical 
35 conversion coefficients used were those of Hager and Seltzer ). The 

calculated absolute gamma-ray intensity results obtained from eq.. (l) 
are shown in Table 2 with other results ' J > " ) . Included are the 93.3 
and 500.7 keV transitions not given by ref. ). The calculated 
14.5 ± 0.k% gamma-ray intensity for the 500.7 keV transition is in 
agreement with the values ~ 15* given by Gvozdev et. al̂ . ) and 
14.8 ± 0.S% of Goldhaber and McKeown 3 1) and Paul et_ aJU 3 2). 

Table 3 shows the absolute gamma-ray intensity values used for 
2k the IAEA calibrated set and Na. The intensity values are those 

recommended by the IAEA. They are given to collect the necessary 
intensity values, along with Ta and Tif, into one paper to be 

, 2k 

used for the efficiency calibration of Ge(Li) spectrometer systems. Na 
is also listed since it is useful for extending the curve to higher 
energies. 

III. CONCLUSIONS 
182 T [ The -"~Ta intensities determined in this work were used to derive 

the relative photopeak efficiency curve of a 40-cm coaxial detector 
l 8 Q m H f , 2k" together with ^ I f , Ha, and the IAEA calibrated set for which the 

results are shown in fig. 3. A third detector has been recently cal­
ibrated ) at this laboratory using this method and showed similar results. 
These isotopes and intensity values, when combined with the IAEA 

2k intensity sources and Na, should determine the relative photopeak 

efficiency of Ge(Li) spectrometers to ±k% over the energy range of 
100-500 keV and ±3% over the energy range of 500-2800 keV. 



-331-

Table 2. Gamma Energies and Absolute Gamma-ray Intensities of In the 
Range of 57-501 keV 

V V «,* s e V 
57.UU2 U7.5i3.lt U8.6i0.86 

93.263 l8.l*0±0.l6 16.7±0.33 17.U7±0.17 
215.21*1 8l . l±2. l | fll.U 83.U±2.3 8l.l*±0.8 

332.272 9l*.lt±lt.O 9U.U±0.8 9l*.l*±l*.0 9l*.l*±0-9 
Ul.3.168 81* ,8 83.0+1.2 8l.9±U.3 82.8±1.5 
500.702 15.7±1.3 17.05±5.2 e ll».5±0.1* 

a 30 
Gujrathi and D'Auria ) results with stated energy errors of ±0.015 keV. The 

measured gamma intensities vere renormalized to 332 keV. 

Kane and Mariseotti ) renormalized results. 
c 33* 
Edwards and Boehm } results using a tent crystal gamma spectrometer. 
Present work where ~ 1$ error was arbitrarily assigned for the 93, 215, and 
332 keV transitions due to uncertainity in the theoretical E2 conversion 
coefficients. 

^his was deduced from feed-ag and not measured directly (ref. ). 

http://U7.5i3.lt
http://U8.6i0.86
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8U Table 3. Energies and Intensities of the IAEA Standarda and Ka 

Isotope Half-Life1* E * I b 

2 4 l A m U32.9±0.8y 3 8 ' 3 9 ) 59-538±O.00B 35.9±0.6 ".M,H»,15j 

5 T C o 271.6+0.5d h0) 122.055+-0.013 85.O+J.7 8 ' l 6 > 2 T ' a 8 j 
136.l»7±0.008 10.65+.0.1t 8 ) 
136.U7iO.008 U.U±1.3 l 6 > S T » s 8 ) 

60, 

^Tfe *6.8±0.2d k o M ) 72.873±0.00l 9.7±0.5 1 7 ' 1 8 ) 
82.5±0.2 ' 2.8*0.2 

279-l86±0.009 8l,55±0.15 

2 2 S a 2.602±0.005y U°) 511,OOUl±0.00l6 181.140.2 1 9 ' 2 0 ) 
127k.55±0.0k 99.95±0.02 

1 3 T C s 29.90±0.05y UZ) 32.1±0,l 5.7±0.2 1 2 » 2 1 ) 
36.5±0.1 1.3+0.1 

661.618+0.028 85,l±0.1t 

5 UMn 312.6+0.3d 1 5 » 1 9 ' 1 * 3 ) 83l».8l±0,03 100.0 2 2 ) 

to 5.275±0.005y'tl'1,2'lt!') 1173.231±0.02U 99.87+.0.05 2 3 ) 
1332.501±0.Oil 99.999±0.00l 

(.continued) 

http://136.U7iO.008
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Tabl* 3. (continued) 

Isotope Half-Ufa* V 
«* 107.U±0.8d 1 * 0 , U 3 ) 898.02110.023 91.1*0.7 a U ' 2 5 ' 2 6 ) 

1836.12910.031 99.U10.1 

*to 15.00±0.02h 1366.5S^0.0U 100.0 
275lt.098±0. 100.0 

*£nergy values are adopted values from Jardine ). 
Absolute Intensity and half-life values recommended by Nuclear Data and the 
IAEA 1). 
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coaxial Ge(Li) detector as a function of energy obtained using the 
isotopes and intensities reported in the study. 
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APPENDIX P 
RELATIVE DETECTION EFFICIENCY CALIBRATION OF A Si(Li) 

ELECTRON SPECTROMETER 

ABSTRACT 
The method used to determine the relative efficiency calibration 

o of a 5 mm x 0.785-cm (active volume) Si(Li) electron spectrometer to 
±8% over the energy range of 100-1700 keV is discussed. 

I 
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I. INTRODUCTION 
Si (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 useful for making conversion electron measurements. A Si(Li) 
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(Li) 
spectrometer to ±8% over the energy range of 100 to 1700 keV. We have 
used the Normalized Peak-to-Samma-Peak ) (NPG) method for measurement 
of relative internal conversion coefficients. For the NPG method, the 
electron and gamma-ray intensities of a source 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. 
The primary isotopes we have used for calibration are l80mB£ and 2 0 7 B i . 

210 Three El transitions of At in the energy range of 1*+36-1600 keV are 
recommended as possible calibration standards of future Si(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. 



-31*0-

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 mm. 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 
valve with the detector and associated electronics on one side of the 
valve under vacuum and the source chamber on the other side. Sources can 
be changed by means of a screw-held cap ("o" 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. 

o 

The detector was a 5 mm deep x 0.7&5 cm Si(Li) crystal (made by 
the semiconductor group at this laboratory) and was mounted at the end 
of a liquid N„ cold-finger and was maintained at ~ 77°K during operation. 
The FET was also in contact with the cold finger and the preamplifier ) 
was of conventional design made at this laboratory. 

The output pulses from the preamplifier were fed to the same 
conventional high-rate electronics ) as being used with our Ge(Li) 
spectrometer systems. A PDP-7 system ' ) and a l*096-channel successive 
binary approximation analogue-to-digital converter ADC ) were used for 
memory storage and pulse-height analysis. 
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Fig. 1. The Si(Li) electron spectrometer. 
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Fig. 2. Schematic diagram of the Si(Li) electron spectrometer source 
chamber. 
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The resolution of the system was measured with several isotopes. 
The resolution was approximately 1.2 keV (FWHM) for 100 keV electrons 
and 2.1* keV (FWHM) for the 1063 K-electrons of 2 'Bi. A resolution ys_. 
energy curve is shown in fig. 3 with the best resolution found at -11*50 
volts bias. The system resolution was somewhat reduced due to boiling 
liquid K in the long cold finger which produced bad microphonics. 

The Si(Li) crystal had an approximate 500-800 A gold-coating for 
electrical contact which also allowed the crystal surface to be cleaned 
off gently with a soft Q-tip and ETOH when the surface became dated with 
oil or source materials. Ocassionally an apparent surface coating was 
indirectly observed by an increasing tail of electron peaks with the 
207 

Bi source. Cletining 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 laboratory ), utilizing 15 lbs. of molecular sieve 
at liquid N ? temperature, was used as the only chamber roughing pump. 
When the pressure was below ~ 10 -10 Torr, an 8-liter ion-pump was 
used to reduce and maintain the vacuum. A total pumping time of 

—fi approximately 5 minutes was normally required to attain the ~ 2*10" Torr. 
of *he ion-pump vith most sources. 

III. SOURCE PREPARATION 
207 The Bi electron source used was obtained from a previous /,',. 

study ). ^If was produced by a four-hour neutron irradiation of k mgi 
179 179 

powder of Hf0„ in the Berkeley Research Reactor. The Hf was an, ',:•, 
,; .Y-.K : 

enriched isotope from Oak Ridge and the i r r a d i a t i o n was in a set '-e^ qiiejstz,'-,".,'. 

*M i ••: A:k '•.'•Y'&WlM ( , ' « . : • 
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Fig. 3. Resolution of the Si(Li) spectrometer for electrons. Points are 
experimental. 
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tube. After irradiation the HfO_ was dissolved in 50-50 solution of 

k$% HF and cone. HNO and the excess HF and HHO were destroyed by twice 

taking to dryness with cone. HC1 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 HC1. 

Electron sources were made by flash evaporation of the HC1 

solution from a tungstun boat onto a coliminated aluminum mylar film 
p 

(~ 1 mg/cm ) which was located 5<5 cm 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. 
210 1"̂  

At electron sources were described in another paper ) and in 

section IV of this thesis. 

IV. METHOD 

Tne electron efficiency e for the Si(Li) system can be determined 

relative to one known standard transition using the HPG method ) and the 

following equatic^. 

A I a . ce Y A. st 
e . £ 1st , . 
e I A a K±' Y ce , x 'x st 

A is the area of the conversion electrons in a peak in a spectrum, 

not corrected for detector efficiency. 
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I 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 KPG method relies on an accurate knowledge of the conversion 

coefficients and gamma-ray intensities, and if known, e can then be 

measured relative to a standard transition in the source using eq.. (l). 

The values of I and the theoretical values of Hager and Seltzer ) 

for a used for the Bi and ilf isotopes are shown in Table 1. The 
207 gamma-ray intensity values of Bi were determined by a remeasurement 

on two separate Ge(Li) detectors which had been calibrated with a IAEA. 

standard intensity set ), and the values in Table 1 represent the 

average of those measurements. The intensity values of Tff have been 

recently compiled ) based on a remeasurement of the I (M»3)/I (501) 

relative gamma-ray branch described in Appendix E. 

Figure h shows an electron spectrum of ^If collected over a 

three-hour period. The efficiency calibration was made by normalizing 

the BI results to the 569 keV E2 transition and the T f results to 

the 215 keV E2 transition. The resulting electron intensities are shown 

in Table 2. All photopeak areas were determined with the computer codes 

SAMPO) and SPECT ). 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 mm) distance. 



Table 1. The theoretical conversion coefficients and gamma--ray intensities used in this study for l 8 0 B H f and 2 0 7 B i 

Isotope s 
keV 

Type °K °L <hi "Total 

l 8 0 B H f 93.3 E2 1.10 2.73 0.679 1».72 100. 17.vr ± 0.17 

215.2 E2 0.137 O.068U 0.0167 0.227 100. 81.5 i 0.8 

332.3 E2 O.OkZ 0.0129 0.00309 0.0590 100. 9i4.it ± 0.9 

1)1*3.2 

500.7 

E2 
j.965 E3 

(.035 M2 

0.0201 

0.0U097 

o.ooi(89 

0.0157 

0.00115 0.0265 85.2 

1U.8 

82.8 ± 1.5 

lit.5 ± O.lt 

2 0 T B i 569-65 E2 0.016 0.00UU5 — 100. 

1063.6 

1770. 
J. 993 KL 
(.007 E2 

0.097 

0.0033U* 

0.02l»5 

0.000585* — 
75.5 ± 2.2 

6.9 ± .2 

"These values are from the tables of Slir and Band ). CL was obtained by extrapolation of the ratio 

1 

http://9i4.it
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Teble 2. The measured and theoretical electron intensities 
electron efficiency for l80i>Hf and 207B1 on the 5 •» 

and the relative 
Si(Li) detector. 

Isotope EY 
Line 
Type e~ 

jTheory 
• 

Relative 
Efficiency 

keV % * * 

l 8 * H f 93.3 K 96.T (5*) 172.2 56.2 ± 6.0 
L 1»09.3 (1.8*) U27.U 95.8 t 2.1 

215.2 K 100. (1%) 100. 100.0 ± 1.5 
L 50.V3 (1.6%) 1*9-92 101.0 ± 2.1 

332.5 K 36.05 (1)0 35.52 101.5 ± 1.5 
L 10.97 Ct.2Jt) 10.91 100.6 ± U.l 

1*1*3.2 X 
L 

15.16 (lit) l!t.87 
3.62 

102.0 ± 1.5 

99.8 it 2 .1* 
500.7 K $.32 

L 2.03 (10*) 2.0U 101.3:1 11. 

W B i 569.65 K 22.35 («t) 21.86 100.51 2.0 
L 6.225 (2*) 6.08 100.5 ± 3.0 

10fi3.6 K 100.0 (1*) 100.0 100.0 ± 2.0 
L 25.5 (2*) 25.25 101.0 ± 3.0 

1770. K 0.27 (2*) 0.31U 86.8 ± 3.2 
L 0.OW (It*) 0.055 2 79 .8± 3.9 

*The 1)1*3.2 L and 500.7 K-lines were not resolved and their areas vere auaawd to 
calculate the efficiency. 
The fit error i» given in the pa-eethesla in *. 
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Normalization and extrapolation of the 'Bl and ^If seta of 
data (using eq. (l)) o*-erlap enough to produce the relative efficiency 
curve shown in fig. 5 over the range of 100-1000 keV to ±83!. A gap 
exists in the energy region 1000-1680 keV for which few, if any, 
transitions with accurately known conversion coefficients are presently 

210 known to the author besides four transitions from decay of At so that 
210 included in the efficiency curve are four points due to At. The 

1181.k keV transition was assumed pure E2 for the NPG method and the 

ll»36, 1A83, and 1599 keV 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 IO63 and 1770 keV transitions from the decay of 'Bi and 
probably establish the relative efficiency curve to ±8% over the larger 
energy range of 100-1700 keV. 

V. APPLICATION 
For an example of the usefulness of Si(Li) spectrometer systems 

for the rapid determination of relative internal conversion coefficients,. 
210 the results of K-conversion coefficient measurements of the 8.3 hr At 

decay are summarized. Using the NPG method on the basis of the 1181 keV E2 
210 13 transition in the At decay ), 30 K-conversion coefficients were 

210 determined. The results for the measurements of At are shown in fig. 8 
together with the theoretical values of Hager and Seltzer ). The details 

210 of the At measurements and decay scheme are the subject of section IV 
of this thesis. In the decay, three strong El transitions with the energy 
of IU36, 1U83, and 1599 keV exist and might be useful for future 
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Table 3. The experinental gaana-ray intensities, electron cpnvrrsion coefficients, 
and In addition the theoretical conversion coefficients for 2 1 0 A t . The 5-nm 
Si(Li) detector (K-line) efficiency is also given. 

Isotope 

keV 

Type "KdO -1*) •too*) n

e x P t 1 
"KflO"1*) "Uio- 1*) 

K-line 
Efficlenc) 

% 

a 0 A t 1181.1» E2 100. 1*3.1 8.21 8.010.7 100. 

1U36.7 El 29.2±i . : 12.1 1.81* 11.3*1.0 l.T9±0.20 93.3*10. 

11)83.3 El 1»6.8±2.C l l . l t l.Tlt 10.6*1.0 1.66*0.20 93.U±10. 

1599.5 El 13.5*0.6 10.1 9.3*1.0 92.2*11. 

http://ll.lt
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Fig. 6. Relative electron detector efficiency using the isotopes and 
methods reported. 



-351*-

10' 

e • 

§ 10 
u 

? 10 
c o o 
I 

10' •3 _ 

10 r4 
J L. _ i _ J • • i i L • • i,, i 

100 500 1000 
Transition energy (keV) 

1500 2000 

X B L 7 I I 0 - 4 S 3 9 

Fig. 7. Comparison of the experimental K-conversion coefficients from the 
decay of gJVt with the theoretical values of Hager and Seltzer ). 

c 



-355-

I 

2 T 

r 
_L. _1_ 
o o o 

iiunos JC JaquifiN 

* 
ni ? 
o 3 IW 
K 
01 

G 
• IP 
N 

o 
CO 

8 
8 
£ 
8 
<r <M 

1 N 1 
? S 
N 
CJ 1 
o 
10 I 

s 

o 
Jo 

Fig. B. High-energy conversion electron spectrum of 
energy range 1-1.6 HeV. 

210 At decay in the 
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calibrations of Si(Li) spectrometers as previously discussed. The I 
23 0 and theoretical a^ for those " At transitions are reported in Table 3. 

210 Figure 9 shows a portion of the At 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 keV 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 keV. 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 2 1 0 P o 

The calculations of T(X) discussed in section IVJ were repeated 
using Schmidt values of the magnetic moment to obtain values of g. for 
all proton orbitals. In the recalculations all parameters except g, 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 g, 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 g. changes 
substancially (by three orders of magnitude in one case) some values of 
T(Ml). It should be noted that g. enters the calculations only when 
diagonal single-particle matrix elements are involved while g. and g enter 
off-diagonal matrix elements. (Equations (23) and (2k) 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 
from the Schmidt values which uses free space values of g« and g , and 
free space values of g, and g for off-diagonal terms. If an effective 

(j. is used, perhaps some effective g„ and g should also be used. However, J x> s 
present data prevent the determination of any effective values of g- and 
g for the orbitals involved. Thus a more consistent set of g. for use 3 J 
in transition probability calculations may be those obtained from the 
free space values of g- and g (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 
parameters g., g^, and g . 



T«AU 1. Calculated Trwiattlon rrobobllitlea for HI and 12 transition* for the *"'h^j f - , / 2 ) *nd "(h-.,,)* configuration* uilnf the v*vt function* of K*. 
•n-J True {MT), MM and KaaifluMcn 'vjO. and Hcvby and Konoplnikl, (SK).* Tht dlngle-partlcle c*tl*nat«* ar* alio tabulated In addition to the ob»err*J 
Carna-ray lntcnaltie*. Tht Bctirldt values were used for.all aajmetlc aovent* of Po. 

Transition 
Enarcr Angulare 

Moacntua 

(»av> J , • ) t 

Eipcrl-
•«ntal 
Gantt-

"ajr 
Xntcnalty 

(» 
XT 

ilm'jio* TtK)l6* 

KXJIaac"1 

t(Ml)10* 

) Thaoratlcal 

HI 

t (K)10* 

n 
T(HDl6* I ( H ) l 8 8 

Slngla Partlcla 

T(l) 10 8 

881.1 * 1 * B 1 0.22(2) 2668.T >1.0 822.2 60.1 _ . ~ 1.92 10 5(>a) 

230.3 ' l ' B 2 0.21(a) 1652.0 0.053 16T1.5 0.0H3 — _ «100!H1) 

« U . 9 V 6 1 0.16(1, > 585.0 36.9 6a3.<! 33.3 1»16.0 28.8 2.5M0 5 (Ml) 

112.2 »1*S * .029* 192.9 X.JMfl"* 2k8.a T.86-1Q*' M.t 2.53-W* llO(Ml) 

929.f > l * « l 0.76(3) 2631.0 M 939.1 3.01 2066.9 1.80 2.25'10 5(Hl) 

n.« >1*«2 - .Ki* 126. T 2.63-10"' 131.T 2.0a'.10"J 130.7 3.1«'10" 5 189IM1) 

976.3 ****! 0.81(a) 516.7 66.9 750 .T 66.2 1306.6 88.0 2.60'10*(M1) 

630.9 V » l 0.91(2) 396«.a 21.3 1909.2 16.3 — ~. 7O300(Ml) 

Tla.a V « l (<.0a)* O 1.S9-10"7 0 O.OaTJ — — l.O2.10 5(E2) 

7».a V 8 1 (<.05»* 0 . 1.0} 0 33.2 _ _ . 538(C!) 

SS».T S * * 1.39(5) 2782.3 109. 869.8 6 } . } 1971.* 37.6 i . 7 3 ' i o 5 ( i a ) 

899.3 «**«! («.»)* 0 26.J 0 ( .06 0 17.1 1170(H) 

1201.1 V » l 0.16(2) 0 •33 0 98.0 0 ' 161 •990(E.) 

92.1 V * 2 (-.001)* 0 0.023 0 .022 0 .021 

95J.S . , • . , 1.01(C) 32W.a 158 23a .8 S0.3 •26.8 35.a 87300(M1) 

90».t V l 0.09(3) 0 •6.1 0 107 0 126 121.01E2) 

2290.0 * * * y l 0.012(3) 0 1730O 0 a«O0 0 6612 1.26.10 ;(E2) 

1108.6 **•*! ._ «9»0.1 231 11.1 H a U . « 2.57 3 .7»- io 5 (m) 

8*3.3 V k l _ . 0 T5.T 0 78.0 0 99.7 957(22) 

°tatlaat*a tnm tka cenraratoa altetnn Una latanaltlaa la tha ipactrograpMo plataa obtained ky Ion ant aollaatar.* 
Eattaatta taa prallalaary aata takaa vlik a eoaptoa •uppraaaad 0a(Ll) tpaetnaatar (nar. «). 
-f» Hi'l' ** ff r *• '?* •» , B* o f *"• **»*l«l •»• "»al atataa raapaattvaly. Ika aakaarlpta I n t t rtfar to tka flrat and aaeoad lanla (tncraaalna 
taarfyi or a g&vaa apln. 
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To further compare these results with our experimental data, we 
2 recomputed the mixing ratios S and the gamma-ray branching ratios. These 

results are shown in Tables 2 and 3 and can be compared with Tables 12 
o and 13 of section IVJ. The values in Table 2 of S obtained from using 

the Schmidt values to obtain g, were generally reduced by an order of 

magnitude over the previous results. The gamma-ray branching ratios were 

not nearly as sensitive to these changes in g. and remained relatively 
unchanged. As in section IVJ, a choice of a better set of vavefunctions 

can not be made. More experimental data is needed in order to draw any 
definite conclusions about these present sets of calculations. 



Table 2. E2-M1 Mixing Ratios3 (6 2)* for 2 1 0 P o . 

Angular0 

Momentum 
Transition 

Energy 0 * Theory 

J i * J f (keV) (experimental) MT KR BK 

7 1 * 8 2 250.5 <0.32 0.00003 O.0O0C26 
8 2 * 8 1 €30.9 <0.19 0.0036 0.00855 — 

6 2 * « 1 852.7 0 1 9 + 0 - 1 6 0.0391* 0.075 0.019 

7 1 * 8 1 881.7 ° - 5 8 - 0 . 2 9 0.019 0.073 -

5 1 * 6 1 929.9 <0.32 0.0018 0.032 0.0087 
1 

V U 1 955.8 <0.29 0.0U86 0.21U 0.083 

h*\ 976.5 <0.19 0.129 0.088 0.067 

^n»« at ir ln* i< 2 
mtio fi i s definat i M f i

g , M*y'>lS • 1» . 
|< iNll > { Z T W U | 

The experiiMmtal 6 vere obtained from comparison of our K-conversion coefficients with the 
theoretical values of Eager and Seltzer ). 
CJ^ and J f refer to the spine 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. 
"The value of g, obtained from the Schmidt value of the magnetic moment was used for all. orbitals in 
these calculations. 
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Table 3. Gamma-ray branching ratios for some transitions in Po. 
Transitions Ratios* Y 1 / Y 2 

Energy (Experiment) Theory 
(keV) MT KK NK 

881.I/96U.9 i-*!:8 U.37 1.30 -

881.1/250.5 *•*.£ 1.65 0.53 -

881.1/112.2 (*6.75)c lb.9 3.55 -

929-9/976.5 ••*!:8 «».5 1.15 1.1»8 

929.9/77.2 (*B8.7)° 20.8 7.16 15.8 

955.8/909.2 2o.i +f: 2 

—20 
73.7 2.66 3.67 

955.8/1201.2 MSS 7.86 2.91 2.87 

"The Y-ray branching ration are defined as 
Y x / Y 2

 S (T(M1) + T(E2)) 1/(T(M1) + T(E2)) 2 from Table 1. 

The experimental ratios were obtained from our gamma-ray Intensity date. 
intensity was estimated from the conversion electron line intensities in 
the spectrographs plates obtained by Roff and Hollander''). 
She value of g, obtained from the Schmidt value for the magnetic moment 
vas used for all orbitals in these calculations. 
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