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 EXPERIMENTAL INVESTIGATION OF THE ELECTRON CAPTURE DECAY
oF O amp ®94¢:

THE LEVEL SCHEMES OF 210

Po AND “%%po
Leslie James Jardine
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

December 1971

ABSTRACT
The nuclear levels of 21OPo'and 209Po populated by the electron-
' w210, 209 . : L
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.
For the case of 21'O]?o, present date have been used to define
twenty-three levels. Thé.multipolarity.of'thirty—six transitions in

21OPo have been determined and_combined with data from recent reaction

studies to assign spins and parities to the-leVels. All levels arising
from the two—proton configuration (h9/2)2 and from the multiplets due to

the configurations {(h ) and (h ), except for. the lowest

o/2 Tr/2 9/2 t13/2

spin members, have been identified. The level structure is compared with
two-proton shell model calculations and experimental transition proba- -

) and (h )g'proton multiplets

9/2 T1/2 9/2

are comparéd With‘predictions using severai.sets of shell model wave-

bilities for gamma decay of the (h

functions. Evidence isvpresented‘Which locates the 3~ collective level
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.. 210 ' ' ' : '
in Po at 2400 keV above the ground state. The electron-capture
transition rates to odd parity levels above 2.9 MeV are discussed in
terms of neutron-neutron and proton-proton particle~hole excitations of
208

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

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

210

3" and 5~ core states of Po.
For the case of 209Po, twenty-levels have been defined by the
present data. Multipolarities of thirty-one transitions in 209Po have

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

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

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

in the lead region to sapproximate residﬁal 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 ﬁredicting.nuclear

structure over the whole périodié chart of the nﬁclides. The first

mbdel to correctly describe the shell.propeftiesvand‘the‘ground—stafe
spiﬁs of'nucléi was the sinélé«parficle»shell model proposed by Haxel,
Jensen, and Suessh)‘and MayerS); The basicvéssumptioh of the shell
model was that the effect of interactioﬁs with oﬁher nucleons on a

single (indepéndént) nucleon could be approximaﬁed by an average

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

pgrtic1e description wasrtested by the compafis¢n_dfvthe experimental
leVei s£fﬁcture of a nucieus with ong_nucleén béyopd a double closed
shell of neutrons and.proténs with that predicted by the model. The
same génerai deséripfion should be true for nuclei consisting Qf one
less nucleon (referred to as.a hole) than a double closed shell.
Nuclei with'tﬁo nucleons beyond a double closed shell provide a
means for examining furthér details of the shell ﬁodel, nameiy residual
interactions between the two nucleéné.__The shéll’model-describes such a
nucleus in termsbof_two independent particles mo#ing in a potential
generaﬁed by the double closed-core of neutrons and protons. At low
excitation energies thé core is freated as inert with reépect to the
level structure. Each;nucieon outside the coré.may be identified ﬁith a
definite single-particle energy state. Iﬁ'a "zero-order" shell model
approximation of_novresidual.interéction bétween the two ﬁucleons,'all

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

-nucleon configuration are degenerate, However, there is a residual



interactién between the two individual nucleons which removes the
degenefacy and leads to a series of states which can be classified by
différént couplingsvof tﬁe angular momenta.

At higher excitation energies, the core of nucleops can have
excited éonfigurations with én aﬁgular momentum other than zeroc.. The level
structure of a double closed core nucleus gives an indication of the
energy ﬁecéssary to broduce core excitations. For example, the experi-
mental ievel scheme of 208Pb has its first excited state ét 2.6 MeV.
Below ﬁhis eneréy nuclei‘with two nucleons beyond a 208Pb core might be
expected to obéy the shell model. Above 2.6 MeV additional core-
excitations should occur with the shell model stafes to produCe.abvery
complex level structure; Thusla detailed examination of the level
structure of a nucleus two'hucleons beydnd & double closed shell provides
the simplest casé to study the details of the re;idual_interactions
between nucleons and the validity of the inert core assumptions. If
these details of the shell model are to be further investigéted,,the
ideal nuclei to study should’be those near the regions of the double
closed shells.

Many details of nuclear structure have been revealed during the
past.five years because of improved developmenté in solid-state detectors
and electronics. Computer analysié of data and "on line" computers
have been combined to aid researqhefs in deciphering and collectihg vast
amounts of data. It is hoped that the interpretation of the data might
allow a better understanding to be made of the'nuqleus, residual inter-

actions, and nuclear potentials wﬁth the ultimate goal of being able to



'predictﬁthe properties of aéy»nuéleus'from a get of firét principlés.
In ofder td achieve this géél and tovdetéfminé the limifafiéns and
validitj of preseht modelé, furtherbdetailéd expefimgntal information
musf be_obtaiﬁed for nuclei, ih'particular near double closed sﬁells.
Analysis of thié data should provide‘informafion'necéséarj to achieve
the goal. |

Detailéd nuéléar stfﬁctﬁre information has been obtained for two
neutronvdeficient nuclei neér thé'doubly closed éhell of 2O8Pb using the
experiﬁehtai‘programs’described in'this thesis. The primary goalkof this

study was to determine the level scheme of zgiPo. The 209Po nucleus is

208Pb where one might

of theofétical interest due to its proximity to
hope to undérstand its low;lying level structure with a shell model.
Initially we hoped to be able to identify the neutron-hole states of
209 | |

Po éhd_éompafe them with those preﬁiously_obéefved in the anelogous

‘odd-neutron nucleus 207

Pb in order to determine the eéffect of the 83rd
and 8Lth protons on such states.
: An:additional reward develoﬁed from the choice of the

)209

209

Bi(a,ln At reaction for the production of sources. This required

0,,

~ that the'decay properties of 21 At (which was produced in sources from

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

2lOAt electron-capture decay scheme needed to be investigated in order

to‘better-understand fhé decay. Thus a reinvestigation of the’glOAt

decay was undertaken to search for finer details of.theZQlOPo level
structure, in particular core-excitations. The new data combined with .

new reaction date on the levels of 210Po and 208Pb'allowed a very



detailed level scheme to be constructed. As a result almost all levels

208

due to two-proton shell model configurations and Pb core-excitations

occuring below 3.4 MeV have been identified in the 210p, 1evel structure.
The idehtifiéation of the neutron and proton core—excitatiOns in the
level structure has established the need for a model explicitly taking
into account core-excitations.

Beforevpfoceedinngith'the‘experimental results, we shall oﬁtline
the material to be presented. This thesis was wfitten into several
iﬁdependenf parts with the ideal of it being useful to future-people
‘entering nuclear spectroscopy . Thus there is some repetition and dis-
“cussion of technical points for which the experienced spectroscopist is
invited to skip. A reader should be able to read,any»of the five
sections of interest eesentially independent‘of'the other as the
refefehcing to other sections was kept to e minimum.

~In section II a brief theoretical discussion is given of the
single-particle shell model and weak coupiing models as adapted to the
specific examples of 210Po énd 209Po. These models are used in our
discussion and interpretation of the levels. Section III eontains'a
detailedvdiscussion of the experimeﬁtal detection'systeme used in this
study. | |

The experimental results and the interpretation of the electron-

210 0

'capture decay of At are given in section IV. Results for 21 Po are

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

coupling_model. Identification of two-proton shell model etates_and

o . . o _ .
O8Pb core states are made. The gamma decay transition probabilities are

ealculated‘between the.low—lying even-parity levels.

» 1




In section V the expeiimental results of the ?09

209

At electron-

capture decéy to Po are presénted. Tdentification of states in 209Po

arising from single-neutron (particle or hole) configurations are made

2O7Pb énd theoretical

by a comparison of the leveivstructure with
éalculétiéns. A weak-coupling médel_calculatidn is madé for the two
proton~¢ne neutron hole configurations, and such states.are identified
in the.209Po:level-§tructuré. | | |

Finaily‘we havevincluded in the Appendices ‘a coliection of useful
.infdfmation'generatea during this sfﬁdy but not”deemedvnecessary fo the
main text. The fopics included'are>gamma.decaj“transition probabilities,
electron4éapture log ft calculations, and .the daté acquisition gystem.
A compilatioh of gamma-ray energy calibretion sfdndards 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.



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
containiné these numbers are 120, ggCa, légSn, an@ Qgng. Nuclei with
a douﬁly magic number of nﬁcleons have a sphericéi'shape in contrast to
a'deformed shape for nuclei whichAhave a_numbervof nucleons removed from
a magic number. §uccessful attempts have been made to predict the sheil
closures and the basic assumption used to generate the ciosures is that
a nucleon travelé within a complex nucleus in a smoothly varying field
of'forcé éenerated by all other nucleons. The choice of a potenﬁial to
represent-the aVerage potential experienced by a nucleon ié determined
by the nucléar force which is known to be strong but short ranged. Any
form for the potential that crudely represents the general nuclear force
.criteria will repréduce some of the shell cibsurés. The average potential
used must be strong and nearly constant inside the nucleus and must risev
répidly near the nuclear éurfacevsince the nucieon is bound. The two
simplesf potentials often used are the single harmonic oscillator and
the spheriqal potential well which are illustrated in fig. lJI The

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

lead regionl). For example, from the relation

1/2 m® 8% = B = (N + 3/2)hu (1)

1/3 [

where R = 1.L42 A fm], the value N = 5 (for 126.neutrons) was used.

The depths of the potentials (Vo and Vé) were ﬁsed in a'calculationl).
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XBL7111-4820.

Fig. 1. The simple harmonic oscillator and spherical "square" well
potentiais. The parameters represent approximate values used near

the 126 neutron shelll)‘



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) outsideua_doubly closed shell.
The nucleon is aésumed'to move in‘an essentially undisturbed and unique
orbit in.a central spherically symmetric potential Vvir) geﬁerated by all
other nucleons composing the nucleus. The Schrddinger equation cén'be
solved for the single-particle eigenfunctions ¢i and the epergy eigen-

‘values E

Hp, = E¢, _ (2)

1 1

" where the Hamiltonian H is defined as

5 ;
H=- gﬁ- 3 + vir) : (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 mo® r° _ (L)

and the SPW potential the form




"N and % is

vie)= O (5)

where Vo? W, andeé are“pbéitive'éonstants. Both potentials have single-
particlg solutions (of eq. (1)) ¢h2m(r) = |nfm )-which depend on the
radial posifibn r and the quanfum numbefs nim aé described below.

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

set of dégenerate eigehvalues given by2’3)

==Y +h + ‘

N w(N + 3/2) o (6)
where N'is'defined as the principle quantum number and is restricted to
be integral values, including zero.  For each value of N there is a
series of states degenerate in eﬁergy which can be denoted by the .quantum

numbers n, %, and m. The relation between the principle quantum number

2,3>

‘N=2(n-1)+2=0,1, 2, ... (7)

ﬁhere.n is defined as the radial quantum number (n —‘l is the number of
nodes in the radial wavefunction portion of ¢n£m(r) for O <rc< ®), and

2 is the relative 6rbital angular-momentum of the nucleon;b The restric-
tion that'Q(n - i)'+‘£ is zerd;or integral ;eduires that £ is eithef even
or odd for avgiven N. "This leadé;to.the_factvthét.shéilé of the same

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

to the degeneracy in n and'zifor,a givéﬁ energy,_ﬁhefe is a 2(28 + 1)

- fold degenéracy (in spin and in 2 due to its m;prbjectioh) so that the
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total number of degeneracies in the eigenvalues of‘eo. (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 closuree aﬁ the (megic)
occupational numbers 2, 8, 20, 40, 70, 112, and 168.

Use of the SPW potential in eq. (1) leade'to eigenfunctions Which
have the degeneracy in the n and £ removed. These solutions are the
épheriéal bessel functions J£+l/2(Kn2) where the enengy eigenvalues are

given by the zero's of the bessel function as3)

2
h .o
E,=—% K (8)
nf PRSI . | S ‘ g

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

given by n (n =0, 1, 2, ...). The eigenvalues of eq. (8) are plotted
5 :

on the,right'of fig. 2 in units of The eigenvalues are still

QmR2

degenerate,in £ and spin with the number of degeneracies given by

2(28 + l).: The sum of the degeneracies is elso>shown in fig. 2 and leads
to predicted shell closures at the occupational numbers 2, 8, 20, S8,v92,
and 132.

In feal nuclei the true potential might be expected to be more of
an average of the SHO and SPW potentials. Average energy'eigenvalues and
occupational numbers formed from both potentials'with the n and %
degeneracy removed are shoun in the center of fig, 2. The average predicts
shell closuresvat 2, 8, ko, 70, 92, and 138. Except for the lightesf

nuclei (A < L0), neither of these potentials nor the average predict the



Harmonic
oscillator

6hw

1i; 2_g}, 3d,4s
1h, 2f, 3.p 5hw
19,'.2.d', 33 .4..T\w
| if, 2p : 3?\ w
1d,‘és 2h
1:5 | | ' T\w
Ohw

is

bow-

=11~

- Average
esl,~ |38
BB sizg 4=
q2><~ 1132
1 _/;:2fg|oe)./*T67'5'
TN~ _1h (92) '2
LR =T S
35 (70) ~ oz
- 70 < -4l _ 1 68
~<1g (58) |
40 > s8
~_2P(0) a5
>~ 1f (34)\ T pe—
~J 34
20 25(20) |
: ~NJTqd_(ger~ 429
8 | ~==
2 1s (2) 2

Square well

3p  (6)
25E i (26)
2f  (14)
“20E  3s (2)
th (22)
2d (10)
ISE
- 1g (I8)
2p (6)
10E  1f (14)
2s (2)
~1d (10
SE (1o
ip (8)
OE s (2)
_ 2k
B=—="
‘mR
XBL7i6-3728

Fig. 2. - Level system.of the three—dimensional simple harmonic oscillator _

. and the spherical "square" well withvinfinitely'high walls. (This

figure was taken from ref. 8).')



-12-

experimenﬁally observed shéll closures which suggests that some impoftant
detail is missing. The independent suggestions of an additional strong
spin-orbit coupling term by Haxel, Jensen, and Suessh) and Mayer5’6’7)
lead to the correct shell predictions. Thé veldcity dependent spin-orbit
term takes into account the interaction between the nﬁqlear spin s and

the relative angular momentum-z for a nucleon. The form for the spin-

orbit term is generally taken aslo)

2 N
2 .
. h 1 av(r) >
Vgo(r) = -2 (2mc>. r dr I_s | (9)
where A is an adjustable. parameter greater than-zero and is different for
protons and neutrons. The inclusion of this term with the SHO or SPW
potentials to V(r) in eq. (3) gives results different from the SHO or

SPW potentials in the following qualitative way. . Because of the relations
- v
B2 =3 - (1% +3%) ana x>0 , (10)

states of large orbital angular momentum § are effected most with states
- '

of total angular momentum J =»§ + ; more tightly bound than states  of

+ _ 3 . 8 . . o . -

J = 2 - 5. The results ) of a calculation with the inclusion of spin-

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

momentun ‘states interact strongly with the result that the states of

angular momentum'j =3 + : are depressed (probortional to A) in énergy

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

. are altered. For examplé, the splitting of the lg level into the lg9/2

and lg7/2 levels produces the magic numbér 50 by inclusion of 10

......
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additional states to the previous occupationél numbér of 40 produced
with either the SPW or SHO potentials. Similar splittings for other
large angular momentum orbitals are résponsible 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-partiéle model with the spin-orbit term cannot
correctly predict the exact ordering of orbitals fof all regions of the
periodic chart with one value of the parameter A. By varying A
separately for protons and neutrons for different regions, the experi- .
mental level schemes can be reproduced. For exémple, the experimentalg)

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

reproduced by varying A.
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B. Shell Model

The singleéparticle model as formulated above should be oﬁly
strictly valid for nuclei with one nucleon more than a doubly closed
- shell. More sophisticated treatments include the déscription bf two
or more pérticles outside of a double closed shell. Thisvleads to the
shell model where the excited states and their sbins and parities are
predictéa for more than é single-particle Beyond a double closed shell.

The approach in a shell model calculation is to assume some form
of an inert core which gives rise to a potential in which the nucleons
outside this core move and interact througﬁ residual two~body'intér—
actions émong themselves. To calculate energy levels, a potentialvwith
adjustable.éarameters representing the core and twé—body interactioné is
selected.'vimplicit in the model is that the'nucléons outside the core
do not interact directly with the individual core nucleons. The inert
core assumption‘may not be strictly valid but it prbduces & simplef
model which reduces the number of degrees qf freedom to a solvable
problem.

The inert core assumption allows thé total wavefunction of the
systemvw to be written as the product of a wavefunction for the non-
interacting core nucleons wc and the N valence nucleons &. The

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

Y=y 0 N (11)

o

and

H=H +H . ' (12)
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These éssumptions allow separation of the problem‘into'two parts which
may be solved individually. Thus in general we haVe eigenvalueé for the
cbre (Ec)vand the valancé nucleons (Ev) from the relations

By =EY S | (13)

c'c c c

and

Ho =E 0 ' (1)
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 Hamiltonian déScribing N wvalance nucleons

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

. partsg);f
B, = Hy v i o B (l?)
where
N L
B, = Z (7, +v,) : (16)
i=1 '
and

an

=]
}-J

i

<
[T
C .

Ho7is a Hamiltonian répresenting'the interaction of the valence nucleons
with the core but not with each other. That is, HO includes.all_intéré

actions experienced by nucleons outside the selected core except for the
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residual two-body interactions among valence nucleons. 'Ho is . generally

taken as the SHO potential where Ti is the kinetic enefgy of the ith

particle with a potential energy‘Vi outside the inert core. Hl represents
the sum of all two-body residual interactions among the valence nucleons

where Vi is the residual two-body interaction between the ith and Jth

J

valence nucleons. The assumption that only'two—quy forces need be
considered in the residual intéractions is tested in how well the
predicted results agree with experimental results. The form of Hl is

2,3)

generally taken from two nucleon scattering experiments as we discuss

at the end of this section.

If the simple harmonic oscillator potential (SHO) is taken for
H, the well-known SHO wavefunctions are solutioné fof HO 2). Explicitly,
if the nuclgons outside the core are non-interacting, the solution for
N nucleons can be written as a product of N singie nucleon SHO wave-

'

functions'¢a (i) (see section IIA) for the various configurations
1 :
(specified by the quantum numbers (nfm) and represented by the label ui)

a.52,3>
N , ' -
<I>=T—I-¢u.(i) : (18)
i=1 b | |
Thus
Ho®,= ZE: si® ? ed ' ‘, | .(19).>
i , _

where



N 2 : ‘
h 2 .2 2
= - —— - N .
Ho E : 2mi _ﬁ Yo /2 piw - (20)
i=1 ’

The sumﬂbf eigenvalues for all N nuqleons outside‘the core in the absence
of all two-body residual interactions isbdefinéd»és.e. The singie—
barticle (SHO) eigenvalﬁes for various occupied orbitals outside the core
are represgnted by €. - (The € is the same as the éigehvaiue E of eq.
(8) in the single—partiéle model of section IIA'and is numérically the
mass of the‘ith single-partidle plus the core minus the core.)"However,
the-waﬁefuﬁétion in eq; (18) ié not antisymmetrié as reguifed by the
Pauli exclusion principle;. The properly normalized antisymmetrized
orthonéfmal wavefunction for N valence nucleons is generally taken as a

linear combination of the single nucleon SHO wavefunctions ¢a (1) in the

: . 1
form of 'a Slater determinentg)
%1(1) %2(1) ¢aN(l)
1

¢ = — (2) o (2) ..o ¢ (2) (21)

. : Aﬁf . ?dl_ '. qg o aN
6 (M o () 6 (m)
% %o O

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

by the single—particle wavefunctions ¢a (1) and ¢a‘(2)? then the wave-
' ’ 71 2
function ¢ would be written
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This is the correct normalized antisymmetrized wavefunction to be used .
in eq. (19).
The shell model Hamiltonian of egq. (12) and eq. (15) can be

grouped and rewritten as

H= (Hc + HO) + H) (23)
where we have shown with eq. (11), eq. (13), and eq. (19) that
Hp = (B + €y + By = B (2k)

This is thgvgiggnvalue equation that can be solved by matrix diagonal—‘
ization.‘ In general ® occuring in eq. {11) can be éipandéd in any
complete orthonormal set of properly antisymmetrized wavefunctions. For
this model,‘thevproper choice is the complete set of Siater deterﬁinents
(eq. (21)) {Qi} formed for all allowed SHO single nucleon wavefunctions
¢i of the configuration space outside the core; The wavefunction of

eq. (11) now takes the general forme)
¢E|‘P>=,|‘Pc>2ai|?i"_ (25)
i .

:Experimentally it is known that H must be rotationally invariantv
which implies that H is diagonal in J. The condition that H is invariant

to rotations is expressed by2’3)

<wJ|leJ3 ) = constant SJJ, . : (26)
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Rotatiqhal iﬁVériance of H is thé_basis of the statementbtﬁat states of

differenﬁ Ji(and parity) do‘not.intefacf.dr configuration mix. The

fofﬁs 6f H are also réstfictéd'fo be gcalér or pseudofscaler inter-

acfiqn52’3);l Sincé H.is assumed diagohal in J;'the sunmmation in eq. (25)

can be tfuncated to include only those terms where the configurations

" of the N nucleons oﬁtside the core have the same spin and parity-J“.

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

a émallef orbital space. However, rather than continue in a general wsy,

a specific case will bé discussed which may bé géﬁeralized by fhé reader;
Wé SHall proceed tb_outiine the methbds for doing =a éhell’model

calculation and discuss the techniqﬁeé.invdlved ﬁsing the’épécific

210?0 which has'two'protoné more than thé doubly closed 208Pb

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

example of -

core ana interact with each'othér through residual interactions to
produce different nondegeneraﬁe nuclear states. This example involves

a doubiy closéd core ﬁhich certainly approximates the inert core model;
however, a doubly closed core is not a restriction. Consideration of the
single—particle75§ates available for the protons in the lead region in
-fig.'h.éuggests that the lower levels of 21OPovm:‘Lght be satisfactérily'
,descfibed by a truncated_configuration space of_three orbitals, namely
This choice is determined in part by the

. 13/2°

lh9/2, ?fY/Q, and 1i
slightly larger experimentsdl energy gapvbetwéén the 2f5/2 and the lil3/2

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

tested with experimental evidence before the'validity is ﬁruelyvknown..
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Thus for 21OPO'We will assume that the two protons outside the
core are allowed only in the three orbitals immediately above the Z = 82

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

13/2°

lhg/é’ 2f7/2, and 1i
The lowest energy state (ground—state) of

210Po would have both

. .
protons in the 1lh orbitals coupled to O (as the ground-states of

9/2

other even-even nuclei are O+).with.the dominant-ground—state éonfigur—
' ation'ﬂ(hg/z)e. 'There.are other allowed proton orbitals (and anéular
momentum couplings) in this two—proton model. Thus many states of
different angular momenﬁum coupiings ahd parity (Jﬁ) are allowed which
generate the excited states. The nuﬁﬁer of stateé can be derived from
the number of ways in which two ideﬁtical particles (protons) of angular
momentum‘:jrl and 32 can be piaced into three orbitals. For two identical
nucleons in the same drbitél, the Pauli principle'eXCludes states of odad
3 couplings. (This also can be proved rigorously in the Racah algebra
for a t%o—particle antisymmetfic wavefunction2).) The total nuﬁber»of
ways to put two prétoné into fhe three orbitals is six with a total of
hé allowed, but differént,,couplings of the angular momentum 3 = 31 + 32.
These allowed configurations are enumerated in Tgﬁlé 1. These results
can be generalized to any number of orbitals and particles although this
method gqus rapidly in_coﬁplexity for allowed coﬁplings;

Since the number and types of allowed two-proton states for 210Po
have beeh discussed, we consider solving eq. (24) iﬁ'detail for the

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

general way in which shell model calculations are performed. We will
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Table 1. The shell model orbitals and the allowed (jljz)J couplings of
the two protons for QlOPo in our.three orbital space. The occupation of

Aan.orbital'ié represented by the symbol.X.-

Shell Model Proton Orbitals Allowed Cogfigurations

Hg/2 2 g 7"
- A (0,2,4,6,8)"
X  x (1,2,3,4,5,6,7,8)"
x R Cx (2,3,4,5,6,7,8,9,20,11)"
x | (0,2,1,6)"
X X (3,h,5,6,7,8,8,1b)'

xXx (0,2,%,6,8,10,12)"




) I

show that since H is diagonal in 3 and parity is conserved, dnly states
of the séme JTT need be considered at once. After choosing a partiéular
J" and solving eq. (2&) for the eigenfunctions and eigenvalues, the
procéss can be fepeated for a new-Jﬂ.

Suppose we first solve eq. (24) for all the J1T = O+ two-proton
states allowed in our space for 2105,  The expansion of ¢ in eq. (25)
reduces to three ferms since only three O+ states from the two-proton
couplings can be formed within our tﬁree orbital modei (see Table 1). .

+ c ~
The three 0 states will produce a 3X3 matrix to be diagonalized.

Explicitly we may write

I

3
vEJp ) = ]¢C> Z ai|<1>o+(i) ? (27)
i=1

0

where ¢ +(i) are the three Slater determinents formed for the two protons
O .

coupled to 0 in the By p» fq/p 804 14, orbitals

¢ (1) =0 ) )

0 9727,

¢ (é) E@(ﬂ(fz ) L) | '(28v)
+ 7/2) + »
0 - 0

0 ,(3) = o(n(il, ) )

0 0

" To solve eq. (24) for the eigenvalues E and'eigénfunctions v, we

utilize .our expansion of ® in eq. (27) to generate a 3X3 matrix.. Multiply
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eq. (24) by each of the three Qi ﬁerms invtﬁe summation of eq. (27) and
use the orthonormal properties <®il®j ) = 6ij and (Wélwé ) =1 to arrivé

atvthe'foilOWing set of equations.

_<¢C,‘j (o |u| Z ai‘l@i v,

1=1

E(<I> |Z |<I> ) = aE

]
)
=
Ny
\O

Ol Coplnf 3™ afo, Vv, ) = ap®
in |

i
)
=1

: 3 '
Ol Cogli] 3™ el Vv, ) = oy

The set of equa@iohs in eq[ (29)=can‘be put into matrix férm. After

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

equation

I< ¢c| <<I>l|.Hl_<I>.l‘_> v, Y- ® <¢C| (@iIH|<I>2 ) N’; »)-_ ..<¢c|.‘,§llﬁl¢3 '>'|¢C )
<w?| <¢2|ﬁ|qil,} 'hpc ) .<wé| <¢2[gl¢2 ) wc )- E | <q)c]f}}< ¢2|H[<I>3 ”“’c )
<wc| (<I>3|I.{|<I>-.l>) Iwc ) B (ipcl (@3--|}YI|<I>2).' |ch ) <”’>c| (¢3|H|q>3 ) Iwc ) -

(30)
Equation (30)_can be further reduced using the definitions of H in,eq; (23)
and the results of operating with the various Hamilﬁonian operators as

‘deflned in eq. (lh) and - eq. (19).
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(o lH @) + el - E (®1|H1|¢2 ) <@llﬁl|¢3>
(o |H |0, ) (o 8 [0,) + e} - E <®2|Hl|¢3)
\ <®3|Hl]®1 >v (<1>3|Hl|<1>2 ) (§3|Hl|®3 ) +el-E

(31)

We have introduced a new single-particle energy 6& which is defined as the
sum of the core energy eigenvalue Ec and the sum of the SHO single-
particle eigenvalues € for the +two nucleons as defined in eq. (19).

That is

(B, + H )Y o, = (E, +e )b o =e!l ¥o - (32)

where

2 .
ERD RS FEWEL )

2
3=1 i=1

The values ofve& can be obtained from experimental data on single-particle

energies. In general the individual 83 represent the energy of a

b

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

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

odd A nucleus compésed of the same core. Spécifically, in the absence

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

'EloPo, the proton single-particle energies Ej " may be approximated
. b
209 208

from Bi data. The numerical value of Ec is the mass of the Pb

core, and Ei o the mass difference of the ith single-particle state of
o ] . ’
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20-9Bi and the 208Pb core. The value of €! o is thus the mass of the i?h

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

Bi
ground-state is subtracted from the single~particle energies (63 a) and
: . N . . 2
energy differences (relative to zero) are used. For example, from the

209

leﬁels of Bi (the ground-state mass subtracted) in fig. L, we have the

values Cs(ﬁg/g) =0, ' (f7/2) 89, and et (111/2) =T1609 ker_ Thus the,
E& ‘térms in the matrix of eq. (31) may be evaluated from experimental
data rather than calculated explicitly. |

.As an example we may wriﬁevdown zero—order,estimateé for
solufions of eq. (31) for the Variogs twé—protoh configurations in the
absence of all residual interactions. These estimates are shown ih
Table 2. The_stafes of thé various two—protonvconfigurations in Table
2 éfe dégénerate because'Hl was assﬁmed zero. .This model Vould then:
predict five degenerate excited states at the energies shpﬁn in'Table_Q}.
(Résiduai'interactions will remove thé degénéracies and alter these Zero—
order éStimates.)

However, since there are residual interéctions, ﬁhe matrix

1

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

elements of H, must be evaluated before the fiﬁal diagonalization of eq.

the evaluation of the résidual intéraction matrix élements, assume that
they ﬁaVe ‘been evaluated and are just-numbers.. Thls allows us to

_ dlagonallze the matrix and determlne the elgenfunctlons and elgenvalues
'for‘our example of the three O states. (The technlque used to evaluate

the Hl matrix elementb is dlscussed at the end of this sectlon.)
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Table 2. 210

209

interactions as estimated from

mass subtracted).

Po two-proton level structure in the'abéence of all residual

Bi experimental data9) (ground-state

Unperturbed Energy Spins

Configuration 5 ond Comménts
' = [] . .
€ | Ej,a Parity
J=1
: m
_(kev) (jlj2)J
2 ‘ +
mlhy ) 0 (0,2,4,6,8) ground state
9/2’
+ .
TT(h9/2 f7/2) 897 (1,2,3,...8) 1st excited state
TT(h9/2 il3/2) 1609 (2,3,4,...11) 2nd‘excited stgte
TT(f"(/:z)2 1794 (0,2,4,6)" 3rd excited state
ﬂ(fT/é 113/2) 2506 (3,4,5,...10) Lth excited state
Tr(113/2')'2 3218 (0,2,h,---12)f 5th excited state
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"'Solutions eﬁist.if,the deéerminent of'tﬁe 3X3 matrix’ie equal
to zero. Solutlon of eq. (31) (With Hl.ﬁatrix elements and values;df
‘E& aseumed known) produces an equatlon whlch is cublc in E. 'The three
energy e;genvalues E for the‘O etates'are the'three roots of the cubic
equatioﬁ'which can be obtained by vafious iterative techniques. At fhis
stage the eigenfunctions fof the.eigenvalues are hot'yet determined.
These-caﬁ be obtained by picking one energy eigen&élue E at a time and
. using it for the value of E in each of three equations in eq. (29). This
produceevth?ee eguations_and three unknoﬁne (al?eaé; a3) so that the
amplitudes (ai) of the wavefunctions of the expansion of |w ) in eq.

(27) mayebe determined. The solutlons (al, a_, and- 8, ) obtained for the

2

lowest energy eigenvalue E. represent amplltudes of the various- O

components_of the ground state wavefunctlon.

) )+ g 0(nliZ ) n

v =y, 0 ey o(nta /2) I <1>'n<f7/2

o.
(3h4) -

- The a; show explicitly the amount .of configuration mixing between
states of a given 3" and represent the relative compositions of the wave-

function. The remaining two energy eigenvalues,jwhen substituted into

‘ +
eq. (29), w1ll yield the wavefunctlons of 2 Opo for the 2nd and 3rd 0

‘states respectlvely. Thus if the‘values of,e&vand matrix elements of Hl

are known, the préblem can be solved for the three eigenvalues and eigen-
functions. The remaining J7T states can be solved in a completely

anaslogous fashion one at a timehuntil the 210Po,problem is'completely
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solved. It should be noted that the degree of complexity and size of
matrices involved depend upon the éize of the coﬁfigurétion space salloted
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 Hl' If the agreement between cal-~
culated and.experimental eigenvalues is good, then the wavefunctions may
be teste& by computing quantities which depend upon the wavefunctions
such as thé gamma-ray decay fransitiqn probabilities or the DWBA cross
sections.  If the agreement is poor this may be indicative that the
(or the configuration space) . may héve been

1

bad. The sensitivity of the results on matrix élements of Hl may be

choice ofvparameteré for H

realized by considering eq. (31). A reparameterizatioh of Hl may»be
necessary to bring the calculated results intd‘better agréement with
éxperimental results and‘the whole process repeated. .If repeated
attempts fail, pefhaps»the sélected phenomenlogicel representation for
Hl or the core is wrong, or the shell model is too.éimple a model for
the nu@leus being considered. |

We have assumed in the above matrix diagbnalizations that the
two-body residual interaction matrix elements <¢i|H1|®J ) were known.
Calculation of these matrix élements'is the real crux of the problem in’
shell model calculations. Ogée these matrix elements are Obtéined, the
shell mbdelvprbblem is_essentially soived because only.matrix diagépalf
izations remain as we have shown. Two types of formalisms used for the

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

Hamiltonian Hl in such a way that the two-body matrix elements

<®i|H1|®j ) are calculable. The form of H., choosen for ‘the residual

1
interaction is generally deduced from experimental scattering studies of
two nuéieon systemse);“'The-most'general form for Hl can be written as

"a sum of tWO‘componentsg’s)‘

B = fep " e (35)

vhere H, is a central potential component and HNC

is a tensor .or non-
CT : .

central component. Two nucleon scattering experiments have shown that
' the form of the central two—body‘ihteractionspotentialvof Hl should be

rotatidn&lly invarient (scaler or psuedo-scaler), parity invarient

(scaler), charge independent (scaler in isospin), time reversal invarient,
and permutation invarient3).

H., can be written as aflinear combination'of the general inter-

- Fer
actions involving space and spin coordinates that involve two-body
nuclear exchange force32’3).

Hop = V(r)Sy + 8P, + 858G + Sy, Fo] (36)

The subscripted Sitrepresent-adjustable strengthS'(constants) for the -
various nuclear interaction potentials (i #'W, M, B, H) that are called
Wigner, Majorana, Bartlett, and Heisenberg potentiais respectively. PX
and'P0 are two-body exchange operators for the spaceAand spin coordinates -
respectively and V(r) 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 systém of thebtwo nucleons in which the two-
body force is acting. Hencefi ig the relative angular momentum‘of the
two nucleons experiencing the residual interaction . (The wavefunction
¢ used in this section has'thé explicit form of eq. (22) and represents

> + > ->
two nucleons with coordinates r. and s and spins s, and s .) The

1 2

1

Wigner force of eq. (36) is Just an ordinary r dependent-force
. -> ' : v
(r = Irl - rel), with a varisble strength S .

The Majorana potential in eq. (36) involves the'space.exchange
operator PX' For two nucleons, spatial exchange is the same as a
reflectioh_about the origin. The PX operation involves the parity (even
or oddness of the relative i) of the states and either does, or does not,
change the sign of the wavefunction depending on whether the parity of

the wavefunction is odd or even3).

+ V(r)SM® if % even

V(r)SMPx¢ = - : (37)

- V(r)s® if 2 odd

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

operator P0 operating on a wavefuhction, the following holdsB)

+
<3
)
w
=Y
[
o
w0y
1

1 (triplet)
V(r)SBP0¢ = ' (38)

->
- V(r)s e if S =0 (singlet) .
> > -> . '
where S = 8 + Sy The effect of this part of the potential is to

either Change the sign of the wavefunction if the two nucleons are in
> > B ‘ v
the singlet (S = 0) state or to do nothing if in the triplet state

@ =1).
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Finally the Heisenberg pdtential involves QLCOmbination of the
space-spin exchange operators3)

=1 % even
v(r)s,® = if '

H odd

_ v(r)sHPXPO¢ = S
' ’ = Q" £ even
- V(r)SH® if

my wmy ¥y nd
CH
(]
b

=1 & odd

Some formelisms treat the Heisenberg potential explicitly as the isospin

> > .o . . )

(1-1) dependence term (charge independence) of Hope
Another general formalism often used is very similar to- the

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

introduces projection operatoré-ﬂi which are defined in terms of the

exchangeioperators2’3).
n, = 1/2(1 +P_) i = triplet (§ = 1)
HS = 1/2(1 - PO) i = singlet @ =0)
| (40)
Ty = 1/2(1 + PX) i = even (% even)
M =1/2(1 - Px) i=odd (& odd)

These are projection operators because they either "project out" certain
states or give zero upon operation on-a_twé—nucleon'Wavefunction. Their

behavior on a wavefunction iSvthe followingB):__
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>
19 S =1
CII0 = if :
T o =0
1 B=0
.o = .
S0 TE-a
(41)
19 £ even
: HE¢ = if
0% £ odd
19 £ odd
HO@ = : if-
0% £ even

The convention HT = HT-HE = 1/4[(1 + Po)(l + Px)] ig often used and is

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

triplet-odd (TO), singlet-even (SE), eand single-odd (S0).) If we again
let Si represent adjustable strengths of poteritials we can rewrite HCT

in terms of projection operators2’3)

Hop = V() [Spglpy + Spollpg * Ssdlse * Ssdlso! (k2)

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

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

HSO terms Vanish. This would apply to 210Po with two protons outside

“the 208Pb core.

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

eq. (40) are generally either Gaussian -

. —r2/a2 o ‘
Vir) =~ e | (43)
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or Yukawae . -
V(r) = - ke T/® | (h1)

where K and_a are adjustable parameters."Calculétions using delta-
function forces have also been made for V(r) and are called appropriateiy

zero~-range forces.

 Two frequently used forms for the non-central part of H, are

referred fo as the tensof foréé éﬁd spinéorbit force. The form of the

tensor force is 2’3)'

H S

ne ~ Her®i2

where

L@ ANGEy L
= . 17172 "2 _"6 .“5_. N : _ (45)

51077 2 T2

r

aﬁdeCT has the form of eq. (42). The tensor force éan be shown to
. - | - _ . - . .
interact only between two nucleons which are in the triplet state (S = 1)2).
The non-central Hamiltonian when the spin-orbit force is included has

vthe fofm v
: : o >
Mo = HopSip - Y L) + 5, P

where Y is an adjustable.parametér. 'The scaler forms of_-HNC in eq. (45)

1
: . ‘ >
Hy, can only interact with triplet (S = 1) even or odd states and will

or ‘eq. (U6) insure that H, is rotationaliy}invafient._ Either form of

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

Hamiltonian Hl in terms of either of these two formalisms as

jas]
!

L= V(r)[sW + 5P + S + 5P P+ e (47)

or

[n 0
|

1= VM Sodlpy + Sedlpg * Sgiler * Ssonso] * e (48)

We have shown explicitly two phenomenlogical forms taken for H1 in
calculation of the two-body residual interaction matrix elements in eq.

(31). There are other forms used for H., but eq. (h?) and eq. (L8) are

1°
two of the most common for simple shell model calculatlons. Once the
two—body matrix elements (@ |H |® ) are determlned (which is not an
easy task because of the complex algebra and 1ntegratlons 1nvolved) the
eigenvalues and eigenfunctions for a given J configurstion 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 Coupliqngaiculatioh'for'ngPov
210 208

- Consider Po which has a Pb core and two protons outside

the éore. A weak coupling model has been used to prediétAthe-energy

210Po arising from the coupling of the 3~ core state

of the ll; state of
with tﬁe‘lowest 8" two-proton configurationll).- First-order energy
eétimafes of otherbstates in 210Po arising from the weak coupling of
differént_(gost) core excited stéteéAwiﬁh‘two—proton configurations
can be made with the formalisms presented below. The method recoﬁpleé‘
the diffe:ént angular momentavof'the core and single—parficle pfotons
to deducé matrix elements representing residual interactions from

- experimental data réther than analytical calculations. This method may
become-usefullfof other nuclei as moré detailed experimentgl nuclear
~data beéomeé’available. |

| r 2lQPQ has a 2O§P'b'core with two interacting protons (plland pz).
outsiae>the éore. It is assumed ﬁhét thé protons can iﬁteract weakly
with thevcore ground state’and core—excited stétes‘to produéé a series
of weakly coupled core-two pfotpn sfétes._ Schematically the situation

for 210Po might be represented as
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The Hamiltonians for the core and protons are represented as Hc, ngyand
H2’ respectively. The totel Hamiltonian H for the 21OPo can be written

as

') +H (Lg)

=H + +H )+ (1
H Hc (Hl H! ) (32 + H20 oD

lc

where Hic represents the proton-~core interaction and pr the prdton—

proton interaction. We can combine Hl and Hic'and define a Hamiltonian

ch which represents the proton and its interaction with the core in the
absence of the proton—proton interaction. This allows us to rewrite the

Hamiltonian of eq. (49) as

H=H +H_ +H, + pr' : (50)

' >
The energy EJ of a state in 210Po with an angular momentum J arising
from the coupling of a core state with a two-proton configuration can

be expressed as

By =CulH[y) =B + B+ (p[E) [v) + <l [v) (51)
. 208 ' :
where Ec is the energy of the Pb core stgte and
E =(ylH ) 2
op = CVIE Y | (52)

The energies EC and Epp can be approximated from the experimental energies

as discussed later. If we assume that ch = H2C;‘we may estimate the.

energy EJ of states in 210Po from the relation

By =B, +E  + 02 Cyla,, (v? | | (53)
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'If there were no particle-core interaction (i.e. Héc = 0), the
zerb;brdéf'energy-EJ

:Eﬁp.v'However; Héc is not zero and the effect of & non-zero H, will be to

- alter the zero-order energy estimate. ‘Rather than calculate the matrix

would be simply the sum of the two energies E, and

elements_ip eq; (535 wjth'é phencmenlogical H2c, residual interaction
matrix elements for 210Po cén be approximated from é_nucieus with the
same coreyggé_only one sinéle;proton outside the éore'in the following
way. | | | |

The angular momentum.df the-wavgfﬁnction lw ) for a state in
210Po méy'be ébnsidered as compoéed of three components due to the core

> : )
Jc and the two protons outside the core, El.and 3213 The wavefunction

may be wriﬁten explicitly as

BIRECRICIFONPE S DR S (54)
;Vhere
> > > -»> -> > -»> > 2 »>
J= I+ d) I =40 =0 v Uy v d) =gy,
(55)

Use of a Racah coefficient W(J1J2JJ JRAPR P ) for the recoupling of

three angular momenta allows the wavefunction of'eq{ (SM) to be rewritten

in terms of the product of two wavefunctionsQ)

|(3,3,)3

12 2c

1703 M) Z /(2J + 1)( 2e ¥ W(J T 03 T1p700 ) 191 (9500750 M)
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where

19, (0,3 )3, M) = |30 {09 )9, ) ‘ (57)

The matrix elements of H,, in eq. (53) can be rewritten in terms of these

wavefunctions. Using the explicit value of the wavefunction, we may

write matrix elements of Hec‘as

ol o) = D (2312 Toe + 1)

- J2c

—_— YL
,|w(JlJ2JJC, JlQJEC){ (3, (3,3 )3, JM|H | l(J2J )J o JM.>
(58)
To estimate the matrix elements of ch in eq. (58), consider
2O9Bi which has a 208Pb core and a single proton. We can write the
Hamiltonian for thé'zogBi nucleus using the previdus formalism as
: = + ' = = " H ‘
i Hc Hl * ch Hc * ch Hc * H2c : (59)
. 209, .1q e s
The energy EJ of excited states of Bi will be given by
B, =y 2093 )|H[w(2°9Bi) Y =B + <y, |v) (60)
JQC C 2c v

where the odd proton is coupled to various core states (including the
S . N
ground state) to produce a series of states with angular momentum_ch.

For example, the h proton coupling'to the 3  first-excited core state

9/2
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will.prodﬁce a~sefies of even parity states with anguiar momentum J2c

mlw

§_
2

=

2131y (61)

209

The wavefunction of “°7Bi can be written explicitly as

209_.. - ,i ,' y | |
Je(57B1) ) = |(J2JC)J2C o o (62)
If_the“experimental data on the levels of_209Bi and 208Pb permit
identification of the energies EJ and Ec, matrik élements of H2C may
‘ 2c
be approximated from eq. (60) and experimental data as
T )50 lHpe [ (09 03,5, 0 = EJ2c - B, (63)
- - 210 .. .
Hence we may now evaluate eq. (58) for ‘Po using experlmental data

209B1 to estlmate the proton—core re51dual inter-

from the levelé of
actions. Rewriting eq. (53) in terms of the above dlscu531on and
experimeﬁtal energies, we produce a relation to,estlmate the energy of
, . 210, . . - '

states in Po with an angular momentum J

| . | , o
E E HE_+2 :E: +1)(2 3y + 1[I, 507 5 J12J2 )| (EJZ_c -E )

(6n)

Thus if experimental energies are known for nuclei of interest, eq. (6k)
may be simply evaluated to provide first-order wesak couplihg estimates

: 210, - . ) z x
of the energy of “Po configurations of spin J = Jc + Jlg'-
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210

As an example, cohsider the 11—_state of Pq formed from the -
coupling of the n(h§/2)8+ two-proton configuration with the 3~ éore
state. Equation (55) determines that the only possible proton-core
couplings of (gf 37)7}, are 13/2" and 15/2°. The experimental 209p4
energies for these J;c configurations are9)

E L = 2601 keV and E = 2Thl keV (65)

+
13/2 15/2
where Racah coefficients are

29 .o 13y - 29 .oa 12y -
w(2 5 11 3; 8 2) 0.0299 and w(2 5 11 3; 8 2) 0.0542
(66)
The 8" level at 1556 keV in 210Po and the 3 1level at 2614 keV in 208Pb

provide the values for E o end E . Thus from eq. (64) we predict the

energy of the 11 state as

t=
]

_ = 2614 + 1556 + 2{17-14(-.029)%(2601 - 261L) + 17-16(.0542)2(27h1 - 261k)}
11 '

4368 keV™ . ' (67)

The experiméntal valuell) is 4324 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 informatién
 become available. In section IVH, we apply this technique to our

experimental results for 210?0.
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2:0v9Po‘

D. Weak Coupling Calculation for -
. . ‘

The weak coupling model has been used successfully in the

description of some sﬁatés in the bismuth isotopes,r We shall extend the
209

weak coupling model to predict the level structure of
209

Po. We assume

that Po can ‘be deécribed as an inert 2O8vacore with‘two?protons and

one neﬁtroh—hbie. Rééidudl>interactions betweeh[the neutron-hole and

the pfdﬁons and interactions between two—protdns'will be considered

208Bi to be composed of'a‘gost core .plus an

208

‘interacting proton and neutron—hblea The level structure of Bi and

- 209

explicitly. We assume

Po should include the effects of the particle-hole interactioanph

and we will use data on the levels of 208

209

Bi to approximete this inter-.

action in Po. We shall_regard 210Pé_as represented by a 208Pb core

plus twb.protons. The level structure of 2lOPo’ will include the effects'

of the proton-proton interaction HPP and we will use data on the levels '

210 209

of Po to approximate this inferéction-in “Po. Core excitations will

bevignored¢

209'

Po might be represented as:

" Schematically the situation for




Lk

The Hamiltonians for the core, particles {protons) and hole (neutron)
are defined as Hc’ Hp’ and'Hh respectively. We can write the total

209

Hamiltonian H for Po as

- 209, _ ’ ’
H("7Po) = H_ + le +_Hp2 tEYH +,leh + Hpgh (68)

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 31 and j2 and the

v S
angular momentum of the neutron-hole is assigned Jh‘ These three angular ‘

momenta can be vector coupled in different orders to produce the same
final angular momentum I for a given state. The wavefunction for 209p,

may be written
W(E%P%0) = (33,00, 33 M (69)

where

This order éf coupling the proton_angular momenta (31 and 32) first fo
some iﬁtermediate angular momentum-j, and then the coupling of 3 with the
hole (Sﬂ)vto give'f‘can:be rewritten in a‘différént céupling order.

First the proton and hole angular momenta (32 ahd Eh) caﬁ be coupled to
3 and thgn.j to the reﬁaining,proton anéular momentﬁm (31) td T ﬁith usé

of a Racsh coefficient as?).
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[(5,3,)95 3,3 ™M) :z: /(2J n 1)(2J' + 1) Wl Ijh, JJ')[J 2Jh)Jj; ™ )
' . ' J 1 .
(70)
where
T=F+ 31-= i 4 35' _» C(71)

We define the following Hamiltonians

1(?1%s;) =

=H +H +H +H
¢ Py Py, PP
H(""'Pp) = Hc‘+ Hh
H(?%) = 1 ‘ ‘ (12)

H(209Bi).? H o+ H

]

208 .
i + .
H( _3;) B, + Hh.+ Hy 4 By

Matrix elements of these Hamiltonians are approkimated by the experimental

mass MJ(AX) of the element X (mass number A)‘and are defined as:

(210 IH 210 210 )y = M;(QlOPo)

(Y lw

| <w<207pb |H<207Pb>|w<2°7 MJ(2°7

) [ 208Pb> ) = 1 (%)

<¢(208 IH 208P.b
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(p(2%81) |B(2%B1) |p(3%81) ) = o (®%1)

(3984 ) |1 (208 2085:y ) = M0 (208p)

(y Bi) Ju( (73)

210Po) represents the total mass of the nucleus in the

For example, MJ(
state of angular momentum‘j. The energy of.the first excited state would
be the difference between the mass of the first excited stéte and the
ground-étate mass.

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

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

of eq. (68).

M (2%0) = (9(2%o) [5(2%%0) |$(2%%0) ) (74)

To simplify thé problem, we assume first that there are no particle—hdlé
and particle-particle interactions so that eq. (68) can be reduced to |
severai terms which may be evaluated from the éxperimental masses of
20'-(Pb, 209Bi, and 208Pb. The matrix elements_ofbthe Hamiltonian of the

proton may be evaluated as

P (209 208 )

: J
<w1Hp|¢ Y = Lylu, + H - B ) =M Bi) - M0 ( (75)

where Hc is for the 208Pb core. We have used the_fact that for no ihter—

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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"RIRVE (76)

LRI '

) = |y

‘core

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

. . oo . + .
<ol vy = u %) - i (*%%) (77)

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

' 209

eq. (76), matrix elements of H(® “Po) (eq. (74)) can be evaluated in

terms: of masses as

T,2095 y — ¢ o .
MTTRO) = (la, + Hy +Hy V)

o jpi 20. - jpz 20 | | o207 . ot éb8 | '
= H(P%B1) ¢ m T 2(%%%B1) # M P(PTro) - 2 M” () (78)

(The form of eq. (78) estimates the mass of 2O9-Po>assuming that

H._ =H =o0.
ph PP )

Now assume that pr is not zero but that'th is zero. This

chénge# the wavefunction of eq..(76) to the form -

21085y » |y 2N .

W) = G307 100 o0y = core

core

We can now evaluate thévmaSS.pfvzogPo (assuming that_th = 0 but Hpé'#'O)

from the,experimental masses of 210P6_as
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1,209, '
M Po) ={y|lH +H +H +H + )
(*"7Po) = (ylH, p, ¥ o, ¥ o Hy [

J +
= MJ(210P0) + M h(207Pb) - (208Pb) . (80)

209

Equation (80) is a valid estimate of the predicted masses of Po

assuming that th is zero and pr is repfesented by QlOPo experimental

masses or energies and with the coupling (leQ)J.

“Finally we allow H_, to be non-zero to arrive at our estimate

N 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 Hp using the wavefunctions of eq. (70) realizing that

h

. | . - J', 208,
[3y5 (350,035 ) = |3, >pl|w (“"Bi) >p2h[w ) . (81)

Using the’Hamiltonian'H(zosBi) of eq. (72), we define a quantity AMgh for

208y )

the particle-hole interaction by evaluating MJ( as

(2985 = (w(208Bi)|Hc £H v+ th|w(2°83i) )

+ J o 3 o +
= (®%pp) « 1 P(®%%s) - M0 (2% + M B Ep) - 20 (2%8py)
LI ESRLR | | (82)

Rewriting eq. (82) the.th particle-hole matrix elements can be evaluated o

in terms of experimental masses defined as



“ho-

' 3 .
o | (83)
L . . . o . . . 209 .
To summarize we rewrite the final expression for the mass of Po in

terms of the above equations.

Po) = le(2°9

1,209 : ,
M P ) ={(Y|H +H +H + + H + H + H )
( : O)IW W| c o) P -Hh ph Tph pplw
| Py 2 1 ot
(84)
Uéihg eq. (80) we can rewrite eq. - (84) in terms of the particle-hole

interaction matrix elements

S, j + 1
: A ) plh p2h :
(85)
Using eq;v(70) for the definition of lw > and eq.A(83) for AMgh’ we can

fewrité'eq. (85) explicitly as
209, élo . dn 207, ot 208
M (2%%p0) = ¢ po) + M 2(%%pp) - M ¢ Pb)

+Z (27 + l)(2J' + 1 IWj J I:J 5 JJ‘)_|2_AMJ'

J_J
! PR
i | w2 J" A
+Z»(2J + 120" + 1) |[W(3,3,10, 3 'JJ,_-.)I: 1, ‘jh (86)
JH . . .

e

where .
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- ->
J

+3,aad =7 +3 . (87)

., 1is
Jth
1 (3.3,)3" + J J
P°h

(88)

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
assumption is valid that the proton-proton interaction of 21OPo and the

209

neutron hole-proton interaction of 20gBi are the same as for Po. We

apply this method in section VH to our experimental results.



at 1332 keV.

: .

IIT. 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,Singies_Measureméﬁts
‘lThe detectors used during the course ofzthis study were of
severalﬁdifferent sizes and characfefiétics; Afplanar (7,5—cm2 X 1.3 cm
activeIVolume)‘Gé(Li) detector with a reSélution of 1.k keV (FWHM) at
122 keV was used for study of gamma-rays in the.énergy range df 60-500

keV. A true coaxial Ge(Li) détector of 35-cm> (active volume) with a

.resolﬁtion of 1.7 keV (FWHM) at 122 keV and 2.4 keV (FWHM) at 1332 keV

was used for study of the'entire'énergy'region of 60-3000 keV. For
investigation of the low energy region, a'planarvSi(Li) detector with
dimensioﬁs of O.785-cm2 x 0.5 mm‘waé used. Thié detector exhiﬁited a
resolutioﬁ of 0.8 keV (FWHM) at 60 keV. All of these detectors were
fabricated at this laborafory._ For'some measufements, including'the
gamma—gammg éoincidehce measurements, a true coéxial hO—-cm3 (active
volume) Ge(Li)’detector obtained commericélly wés aiso used. This
detector has a resolution of 1.8 keV (FWHM) at'122 keV aﬁd.2.6 keV (FWHM)
Thé detectérs'weré'usedbwith standard.high-coﬁnt réte electrdnidslB’ll+
coupled to a successive (binary) approximation L4096-channel énalogue—to—
digital converter (ADC) designed at this laboratoryl5). A PDP-T computer

16,17;18)

system was used as an "on-line" ansalyzer 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 data collected were stored on magnetic tape foi later analysis by
computer. Input rates into the detectors were normally kept at L4000~
8000 counts/sec to maintain maximum resolution.

Energy calibration of the.Y—ray spectrometefs were mede,by using
a’series of‘Standard sources with reference to the energy data compiledlg)
in Appen@ix D. Relative_photoPeak efficiencies of;the Ge(Li) detectors
were determined with an estimated error of 4% over the energy range
100-2T700 kev ﬁsing the isotopes and methodseo) described in Appendix E.

Relative efficiency calibration curves for two detectors are also shown

in Appendix E.

B. Gamma-Gamma Coincidence Measurements

Three paremeters (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-T multiparameter data

16,17,18)

acquieitionvsystem described in refs. . The two detectors were
et a 90°'geometry with a graded shield of lead, cadmium, and copper
beﬁween them to minimize detector-to-detector scattering. Leadihg edge
timing using two 100 MHz fast discriminators and a standard start-stop
time to amplitude eonverter‘(TAC) was employed to extract timing infor-
mation. A logrithmic TAC compensation unit described by Jaklevic g&!gl,zl)
was used to correct the timing distribution for the veriation in pulse
rise-times with energy. The width (FWHM) of the prompt time distribution
observedvexperimentally was appreximately 40 nsec FWHM. Input rates into

the detectors were maintained at lOOOO—;TOOO counts/sec. The particular

coincidence electronics used is discussed in detail in Appendix C.
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B

C. TInternal Conversion Electron Measurements

The 5 mm-5i(Li) electron épecﬁrbmeter system'and methods used

for measuring the relative internal conversion electrons in the decay of

astatine_aré described in detail in Appendix F. :This sjstem gavé a

resolution of 2.2 keV (FWHM) for the K~conversion electron line of the

1063-keV tréansition in the decay of =0 'Bi and permitted observation of

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

relative‘efficiency-calibration of this spectrometer was measured to

+8% over the range-of 100-1200 keV. The energyvcaliﬁratién of conversion
electron spectra of astatine sources‘ﬁas made by ﬁsing the stronéest
K—converéipn;lines as internal éfandards based on our measured gamma-ray
energiés'and the electron bindiﬁg_enérgies of ?oioﬁiung). The

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

. count-rates into the detector were maintained at32000§7000 counts/sec by

a combination of source strengths and source-to-detector distances.



T

210

20, 10 LEVELS IN “ %P0

IV. THE ELECTRON~-CAPTURE DECAY OF

A. Introduction

The electron-capture decay of 20,4 (8.3h) to 210p, provides a
means of populating levels of 210Po. A tentative ground state spin and
210

. : +
parity assigmnment of 5 for

of the-?QgBi(u,3n)210At reaction23)

At has been made in a preliminary report
. Based on known experimental single-
particle states in the lead region,lthe odd-odd ﬂuéleus 210At is expected
to have a ground state configurations of (Tr(h3 " )V(éo p_l ))

9/2 "1/2 /277 + , +

. . b
and the ground state configuration of the even-even nucleus 2lOPo should

2 0 2
1/27%(8g/5 S1/2_))O+'

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

be (Tr(hg/2 s States in 21OPo with spiné L, 5, and 6

spin 0-3 and 7-8 can be populated through the gamma decay of higher-
lying levels. Direct decay of 210At to the 210Po ground state or any
_éxcited'state with a closed 208Pb core would require the transition

) 2 V(Pl/g)‘ This transition requires a change of four
units.in the orbital angﬁlar.momentum (AR = h).whiéh is highly hindered.
Henée tﬁé populatién Qf‘any pggg_two proton shell model states of spin
4, 5, éﬁd 6 requires a similar transition since the N = 126 shell must
be fiiled:as a result of the electron-capture decay to such states. One
;might expéct to observe relatively high values.of log ft to the pure two
' proton states of spins L, 5, and 6.

2&,25,26,27)

.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 out25’27) that this might be indicative
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of admixturé'frdm_neutronfexCitation of the 208

Pb core. A number of
experiﬁental sfudiesg)‘have now established the odd parity characteristics

of the'lo&—lying'leVéls,in 208

Pb (= 3 MeV) which arise from excitations
v-of'neutrons and protons out of this core. The miXihg of such core states
with thosé arising from'the two proton configurations (h9/2 ilB/Z)J- and
210 '

(£ i, ;) of Po should occur with the result that the electron-
“T/2 "13/2° -

capture decay could proceed tpithe neutroh and proton particle-hole .
(208Pb édré)’comﬁonenfs of such states ?ia relatively unhinaefed.
transifiohs7  -

Previous experimental datéeu’25’26’27) on the'elecﬁron—capture
decaj_was-limited'infseveral aspects and was ingffiéieﬁt to identify
:ievels invoiving'particle—hole configurations. The lack of coincidence
‘méaguremegts placedvsomeIUhcertainty bnvthe inclusiOnqu'éeveral léVeis'
ih the'décay:SCheme W£ich involved reasonably inteﬁse‘gamma—rays; of
even gredter importance no evidence for levels of spinsvother'than b, 5,
or 6 was obtained. | | |

.Fbr thesé reaédns a detailed reinvestigaﬁianqf the-electron;

210

‘capture_decay of At has been performed. In‘addition_to a number of

new,.very wesk transitionsg we have measured the.multipoiarities of 36
of’fhe»étronger franSitiéns. The resulfs of ﬁuitipafamgtér Y=Y coin-
éidéﬁéé'méasurements‘ﬁé;ébﬁeengﬁsed with théirécént data froﬁ direc£
23’293305‘t0_define tﬁénty—three levels in 21(-.)Po.' The -

level scheme is-éompared with shell model calcUlation525’3l’32’33)

reaction studies
using
various residual interactions. Evidence is presented for a 3 collective

level at 2400 keV, -and mbrgjdetailed information on the higher-lying
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odd-parity states has been obtained. The latter are discussed in terms
of the proton and neutron particle-hole components giving rise to
unhindered B-decay transitions. The transition probebilities in the
gamme 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

The first study of the decay of At by Hoff3&) reported

conversidh4electron spectra, gamma—rgy spectra, and alpha sﬁectra.
(EloAt has a low ihténsityvalpha brﬁnching decayvof-Q.l8£0.02%3h’35).)
Mihelich, Schardt, and Segre?™) published the first detailed s't_'udy‘of
conversion electrons andvgammafrays emitted in the ZIOAf decay. Approx-
imate}y“99% of the electron—capturevdecay was founa to populate two odd
parity levels at about 3 MeV. In 1958 Hoff and Hollander’) reported
on the 2loAt‘ décay'and there wefe some discrepanéiesvwith the earlier

| work of Mihelich et al .21‘). or importanc'e to this vstudy weas -an 83.5 ke\}
transition observed in the conversion electron speétfagh’25’36). This
transitibn;'as weli és m;ny other weaker fransitioné observed in the
converéion eiéctron speétra, was not included in the decay:scheme
reported.by-either gréup. In 1963, Schima,'Funk,'and Mihelich26)»revealed
the possibility of a higher-lying level (3680 keV)‘ which was populated

by a felatively unhindered electron-capture transitioﬁ. The first
detailed study uéing solid-state detecﬁors for conversion electrons aqd
gamma-rays was reported in l968 by Prussin and Hollandeﬁe7); Because of
their impfbved resolution they Weré_ablé to observe mény'additional weak
gamma—fay transitions over previous‘stﬁdieé ané a”more complex decay
séheme:wés proposéd. A sﬁﬁmary of fheSWOrkvfinishéa.béfore thié study
began is shqwn in the level schemezh).of fig. 5. frussin and Hollander
were able to place many ofithe previously observed weak transition into

their scheme by associating the unassigned conversion electron lines to

newly observed gamma—rayé.
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Log ft Per cent total decay
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SeVeral important Questions remained to hebenswered reéarding‘
the poSsibie 2lOPo eore stétee and nissing etates‘of spins 0-3 and T7-8
which should be populated in the gamma decay of hlgher—lylng levels.

Also the spln assignments to the levels needed clarlflcatlon Because

of more efficient higher resolution Si(Li) and Ge(Li) detectors for high -
energy convers1on electrons and éamma rays, a relnvestlgatlon was made

in an attempt to .answer these questlons as well as to search for other
levelsharlelng from the two proton conflguretlons (h9/2 7/2)‘and

(h9/2 ilé/é>' Also to establish the “°7At decay_sohemeg a reinvestigation
of the ? OAt decay was necessary since mixed sources of 210At and 209At
were nsed'(see section VC).

209...

Durlng the course of this work the results from Bl(a,t

210;

)210Po

209 ( He,d)

28, 29)

and Po reactlon studies on the levels of 210Po»were

reported These studies;gave‘further information on the levels

involving the proton configurations ﬂ(hg/zpﬁj)ﬁand-ie discussed in

: 208 210J |
detall in section E. Also the Pb(a,2n) Po reaction was reinves-
tigated by Bergstrom g§_§£.3o’37). Other higher spin states of 210p,,.

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

with reference to our proposed decay scheme inhsection E.



—60-_

C. Source Preparation

. The astatine samples used in this study were produced by the

209B 210

At reaction at bombarding energies of 36.5-39 MeV in the

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

i(a,3n)

this reaction.)

v‘The bismuth metal targets were prepared by vacuum evaporation
of analytical grade bismuth metal onto 10-mil aluminum backing foils.
Target thicknesses varied from 17-85 mg/cm2 and the targets were mounted
in standard aluminum water-cooled target holders ﬁith one-inch beam
colliminators. The backing plates served as the seal and "o-ring"
contact for. the water cobling of the targets during bombardment. To
minimize target overheating and possible volatilizétion of astatine,
beam currents were‘maintained at 5-12 uamps/hrf No loss of astatine was
_observediwith,ﬁhese beam currents. (However, one run at a beam intensity
of 15 uampé/hr produced a visible burn qut on the target;)

36,38,39) from the target, the

_ For separation of the'astétine
bismuthiwas scraped from the aluminum backing with a razor blade and
- placed iﬁto a quartz crucible for heating, volatizafion and collection
eof astatiné on a cooled aluminum collection foil. Platinum foils were
initially used but were abandoned when found to have a higher retention
(than necéssary)'fof the astatine. A photograph (thru a 6-inch lead
glass Window) and‘a‘schemafic diagram of the collecﬁion apparatus are
shown ih figs. 6 and T respectively. The chd—finggr was maintained at
dry-icevtemperatufe with Ffeoh—ll;circulated bj'a mechanicdl ﬁﬁmp.‘.(ln

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



XBB 719-4243

Fig, 6. The astatine collection apparatus as photographed through a six~
inch lead glass window.
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The cruciﬁle and foil were held in contact by méans of two. tension
springs;"The crucible was heated_witﬁ.a resistance furnaée which was
raised aﬁd iowered by means of & lab Jéck. Heating of fresh targets at
320°C forvapproximately five minutes generally allowed about 1-20 mcufieé
of activity to be collected. |
 Sources for gamma-ray analysis were preparéd by removing the
activityvfrom the collection foil with a solution 3N in HNO3 or distilled
water. TFor 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 thelacia solution or a
simpleiaqugous solution of activity onto aluminum-coated mylar (~ 1 mg/cmg)
or gold¥¢oated mylar (~ 0.25 mg/cm2) stretched on fing mounts designed
for the Si(Li) spectrometer. Electron sources were then covered with an
aluminﬁmvﬁoating by flash evaporation of aluminum ﬁo prevent pdssible
volatilizétion of the activity in the electron detector vacuum systen.

: o 2
. The estimated thickness of the aluminum layer was -~ 12 ug/cm .
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D. Experimental Results

1. Gamma-Ray Singles Spectra

Sources of 2loAt in less than 0.5 cc of solution‘were placed in
small plastic bottles or conés to minimize‘gammé-réy attenuation while
still maintaining containment of the astatine for céunting. Data were
generally éollected over a 24 hour period in order to obtain sufficient
statisfics. A gamma-ray singles spectrum of 21OAt‘in the energy range
of 100-2500 keV taken with the hO—cm3 (active vdlume) true coaxial
detector isbshown 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

= 272) is barely

of the hlghly converted 46.6 keV E2 gamma-ray (atotal T

observable above the compton backgfound. Except for the x-rays from
electron-capture and internal conversion, no other major gamma-rays were
observable below 100 keV.

éamma—ray energies and intensities were obtained from photopeak

0,51y pyoto-

area analysis of all spectra with the computer code SAMPO
peak shapes were approximated with gaussians joined to exponential tails
by the code. Energy errors included the fitting.errors gnd the error in
the calibration enefgies. Relative intensity érrqrs 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 multipolafities were known or
méasured, the total transition intensity is also shown. Tﬁe theoretical

i

conversion coefficients of Hager and Seltzer 2’h3) were used to derive

these results.
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' Table 3. Gamma-reys observed from decay of 2;0At.
' Absolute®  Absolute
Gemma-Ray Energy Gemma-Ray Intensity Trensition Intensities
(keV) - © " (percent of “*%At decays) (percent or XAt aecays)
46.6 (2) (3k.5 (a5))?
77.2% | (= .15)
83.145° C(zo0.60 (301
92.1% (=~ o0.01)P
112.2° | (st
116.2 (1) .65 (6) 5.6 (5)
201.8 (2) .15 (2) . -39 (W)
‘245.3 (i) 80.0 (ko) 99.0 (50)
250.5 (2) 21 (b) .39 (6)
298.8 (2) A1 (2) .i? (2)
316.8 (25 .17 (1) 28 (1)
334.3 (2)€ .05 (1) .07 (2)
402.0 (2) .78 (2) 97 (4)
498.9 (2) .15 (1) a7 (1)
506.8 (2) .69 (2)
518.3 (2) 15 (1)
527{6 (1) 1.15 (4)
584.0 (2) .34 (2)
602.5 (2) - .12 (2)
615.3 (2) .36 (2)

{continued)
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Table 3. (continued)

Absolute®
Gamma -Ray Energy Gemma -Ray Intensity -
(keV) (percent of “:CAt decays)

623.0 (2) b3 (2)
630.9 (2) .31 (2)
639.4 (2) .26 (2)
6143.8 (2) L6 (2)

701.0 (2) &7 (2)
721.6 (3) .10 (%)
T2Lh.7 (2) .21 (3)
798.6 (3) .06 (2)
817.2 (2) 1.72 (5)
852.7 (2) 1.39 (5)
v869;h (2) .13‘(2)
881.1 (2) .22 (2)
909.2 (3) .09 (3)
929.9 (2) .76 (3)

955.8 (1) 1.81 (6)

© (960.1)F (< o.om)f

96Lk.9 (2) .16 (b)
976.5 (2) .81 (k)
10L1.6 (2) .30 (&)
1045.9 (3) .16 (3)

" {continued)
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Table 3. (continued)

L : Absolute® -
-Gemma-Ray Energy Gamme -Ray Intensity
(kev) (percent of 2104 decays)

11087.2 (3) 22 (3)¢
1181.4 (1) 100.0 (25)
1201.2 (2) .16 (2)

1205.4 (2) .80 (3).
- 1289.0 (2) .52 (2)
©1324.1 (2) A7 (2)
ih36.7 (1) 29.2 (13)
-1483.3 (1) h6.8ﬁ(20)
1543.5 (3) 03 (1)
1552.7 (2) a7 ()
1599.5 (1) : 1315v(6)

| 1648.4 (2) .072 (8)

1684.6 (5) .026 (L)
-f1955.o (2) y._.hl, (2)
20017 (2) ;ii.(l)

- 2051:9 (3) 071 (3)

2226.0 (3) .,oh6”(3)

(continued)
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Table 3. (continued)

Absolute®
Gamms -Ray Energy Gamma -Ray Intensity
(keV) (percent of 210,¢ decays)
2237.9 (5) © o .018 (2)
2246.68 (5) .oés ()
2254.0 (2) : A 1.53 (5)
2266.8% (3) - 029 (5)
2272.7 (3) .35 (1)
2284.5 (3) 019 (2)
2290.0 (3) o .012 (3)
2306.2 (3) ' .037 (2)
2352.8 (2) .1 (1)
. 2386.8 (3) 008 (2)

&Absolute intensity values were derived by normalizing results to the intensity

of the 1181.k4 keV transition, which is known from the level scheme to be 100.0(25)%.

bTransition intensities (< 500 keV) were derived from measured gamma-ray
intensities by correcting for internal conversion by using the theoretical values

Lo 4
of Hager and Seltzer 3

c g . . : <
These transitions were obtained by assignment of conversion electrons

- 2
reported by Hoff and Hollander oF

dThis intensity was obtained by correcting for contribution from the single escape
peak of fh¢'1599;5 keV gamma-ray. »

210

eAssigned to At decay but unplaced in present level scheme.

fThis transition was.not observed. in the singles spectrum due to the intense
compton background but was observed in the coincidence spectra of the 639.h4 keV
transition. The intensity 1limit was extracted from the coincidence spectra.

{continued)
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Table 3  (continued)

210

8Assignment to At decay is uncertain.

hThe intensity was estimated from the relative electron intenéities reported
by Hoff and Hollander25).

iThe intensity was estimated from an intensity balance of the decay scheme.
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In addition fo previously reported tranéitions, we have been
able to observe foufteen new transitions of very low intensity. Our
present data are in goqd agreement with those feported previously.with
the exception of'two discrepancies worthy of note. Thé transition at

790.620.7 keV reported by Prussin and HollanderzT)

210

as belonging to the

209At

decay of At is now known to arise from the aecay of
(E #-790;2t0.l KeV (see section V)). Secondly, our gamme-ray data and
con&ersion.electron data (see section IVD3) give inconclusive evidence
for the 125.2 keV transition originally reported by Hoff and Hollanderzs).
Finally, we note the presence of a slight systematic error in the
energles 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. Gamme-~Gamma Coincidence Spectra

.Three parameter (El, E2, AT) gamma-ray coiﬁcidence data were
collected with the large volume detectors and were stored digitally and
serially dn_magnetic tape. El and E2 were the enefgies of two coincident
events from each of the two detectors and AT the time difference between
the twovevents. (The gamme-ray signal from one detector (E1) was used to
start the time-to-amplitude converter (TAC) and the signal from the
second détector (E2) was used to stop the TAC. The TAC output produced
the third parameter AT proportional to the time difference between the
two events El1 and E2. See Appendix C for a more defailed discussidnvof
the multiparameter experiment.) The experiment was performed over a‘

T

thirty-hour period in which 2.9+10" events were stored.
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The tapes of data were latervanélyzed on LBL-CDC 6600 computer
_system for coincidence relations using a modified'version of the code
MSORT'of;ginélly written by D. F. Lebeck of LBL. The code allows the
setting of windows {or ga#es) on two of the three'stored parameters
(E1, E2,‘AT) éo that in a scan of the.threé paramétér data tapes, the
third parameter can be sorted out and a coinéidéﬁce spectrum obtained.
This teéhnique has the advantage that all coincidence events (including
réndom gvénts) can'be stored and the gates'setﬂleisurely on the computer.
This remees.the-requirement of doihg méﬁy Sepafaté coincidence exper-
iments with one set of gates at a time, In order-ﬁé'achieve the same
results.

Tﬁe code MSORT approximates the correction for raﬁddm and compton
coincidéncé»eveﬁts iﬁ the following way. With‘reférenceé to fig. 10, the
random events are.removed by subtracting a numbéf bf»events in the random
time spéétrum (d) from the total number.of valid events in the time gate
(e) of the total recorded TAC spectrum. The netvresult should be the
correct_number of time events satisfying the properf(prompt) time coin-
cidence; Similarly, the enérgy spectrum nmust bé‘éorrected for coincidences
due to'cométon scattered events of higher energy.gamma'svwhich fall in the
selected energy gate. This.is done by subtractiﬁg é number of events
immediafely above the photopeak of the set energy gate (b) from the total
_nuMber,df events in the energy gate (a). The rééul#vshould be only the
coinciden£ §hotopéak enefgyleventé. in both sﬁbéréctions'for the random
and compton coincident events, the.width of the gates (nﬁmber vachannels)
was such tﬁat a =b and c.= d. This mefhod Qf'sorting multiparameter
8)f

s o . 1
coincidence tapes was also discussed by Bernthal

-
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Fig. 10. . Schematic diagram of coincidence gates (or windows) set for the
Y-Y coincidence computer sorting of the data tapes. The upper figure
represents gates set on the gamma-ray épectra 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 ecrf of the'dafa tapes was first made to establish the gross
spectra fof each of the three parameters (El, E2,.AT) stored on the
tapes. ”This was done by leaving twc of three gafes'open end scanning
the tapes for all events of the third parameter. The results were
~three spectra contalnlng 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" gamms spectra (E1 and E2) stored on the tapes
with the:only requirement that gemma pairs must have occured within the
time‘renge of fhe TAC‘in order to have been recorded and hence appear
in figs; il and 12. Figure 13 shows the gross total time distribution
(ko nsec-FWHM) for all coincidences recorded. Ideelly if only prompt
and random energy events were stored, fig. 13 ﬁould be avgauésian
(prompt) superimposed on a flat background of rendom coincidences. The
de#iaticn.from this 1is due primarily to the delayed states populated in
the 2lOAt decay. The plot is semilogfithmic so:that the slope of the
timingrféii, if the random background and prompt’gaussian components were
subtracted, is a measure of the half-life of ﬁhe siates populated.
Anothef/effect which cauees deviations from the gaussian shape is due to
the leading edge timing.' This effect aﬁd'the cc@pensation unit employed
to minimize the tailing effect has been discueSed in detail by Jeklevic
EE;Ei;Ql), : ,

_ In.order to sort the coincidence events, energy gates (E2) aﬁd
the coﬁpton backgrouhdisubtraction gates were set on the spectrum of

fig. 12. Slmultaneously, the TAC spectrum of flg 13 had gates set for

the prompt and random events as- shown in flg 13 'The-energy gates‘(E2)
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Fig..l3. "Gross" time distribution for the 2lOAt Y-Y coincidence data.
The U5 nsec gates were used to obtain the coincidence events shown in

figs. 1L4-34,
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 used in'fig,_lZ are shdwn'iﬁ Table 4. A scan of the tapes with these
gates yielded prompt coincidence spectré;(El) from fig. 11, .The results
of these pfompt sorts are shown in figs. 1L-31 andvére portions from the
spectrum of fig. 11 satisfying the two set gates (Eé and At). Several
véeléyed”coincidence sorts were tried and a éaﬁpling of those sorts is
displayed in figs. 32-34. These résults are diséuséed in connection with

210

the construction of the At decéy scheme in section E.
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Table 4.  Peak and compton background gates used. With reference to the gamma-ray
spectrum of fig. 12, these gates were set. The time distribution gates were set
as shown in fig. 13. The coincidence events from the spectrum of fig. 11, with
these gates, returned by MSORT are shown in figs. 1hk-3k.

Energy - Peak gate | background gate
keV chennels - o channels
nse‘v ’ 169 175 ' 190 196
~ 125 ' : 183 189 | » 190 1§6
201.8 279 286 | 287 293
245.3 330 32 39 361
250.5 343 348 349 35k
298.8 406 L12 : 413 k19
316.8 ka7 435 .  460 468
334.3 B51 459 | 460 1468
ko2.0 542 549 | 550 557
498.8 671 679 ‘ 719 727
506.8 680 688 o 9 727

518.3 696 Tk S 719 721
527.6 709 717 N 719 72T
584.0 ' 785 791 - 793 799
602.5 - B09 816 - 874 881
615.3 | 826 83k . 874 882
623.0 - 837 Buk ' 87h 881
639.9 ' 847 85k : 87h 881
639.4 857 86k 87k 881
. 643.8 865 872 ,. | 874 881

{continued)
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Table L (continue&)

Energy ;‘ - Peak gate o background gate
keV _ channels ' _ channels
701.0 9kl 948 | 950 957
721.6 968 973 R 981 986
72h.T 9Th 979 - S 981 986
B17.1 1096 110k - 1106 1114
852.7 1k2 1151 ' 1153 1162
869.3 f; 1165 171 - S 1172 1178
881.1 1182 1190 © . 1192 1300
909.2 ,; - 1218 1205 " :{’ 1226 1233
929.9. 1245 125 Y
955.8‘; 1280 1288 : o 1289 = 1297
964.9 1302 1305 - 1306 1309
976.5 " 1309 - 1315 }' _ 1316 1322

C10k1.6 1395 1k01 S 1boy  1Mas
1045.9 " 102 1k08 o : k09 1415

<1087.2° sz 14s8 o 1468 14Tk

> 1087.2 : | 1459 1465 o © 1k68° 1kTh
ne o 1579 1590 N o 1591 1602
1201.5 | 605 1612 . 1621 1628
1205.% o ‘ 1613. 1620 ; Lﬁ . 1613 1620
1289.0 . 1123 173 | ‘ : 1732 1780
13k 1769 1779 - N 1780 1790

(continued)
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Table 4 (continued)

Energy - Peak gate = - - background gate
keV channels | = channels
36,7 | 1919 1928 - 1933 19k2
1483.3 . ' 1978 1992 1993 2007
15435 | 2072 2082 . - 2106 2116
1552.7 ' 2083 2093 2106 2116
© 1599.5 | - 2130 21ks5 : 2148 2163
1648.% 2199 2206 | 2207 221k
1954.9 _ - 2601 2612 . 2613 2626
2238.9. ' 2956 2965 3003 3012
2246.6 | . . 2970 2979 | 3003 3012
22550 , 2902 3001 3003 3012
22127 v“’ 3016 3026 3050 3060

2352.8 318 33 | 3146 3159
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 We show in pages 8L4-10l4 the complete set of Y-y coincidence

2loAt. ‘Due to incomplete back-

spectra'(figs. 14-34) from the decay of
ground sﬁbtractions, the more intense high energy.transitions of 143€.7,
1483.3, and 1599.5 keV sometimes occur where ﬁhe‘y- ‘would not if the sub-
traction‘ﬁere complete. This is also due in pért to the low background
in the 1500 keV région g0 that 10—36 counts has‘ﬁhe appearancevof a

real photopéak. These peaks are appropriately marked in the figures.

The reader may continue at page 105 without a ldss of content.
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3. Internal Conversion Electron Spectra

IﬁternalvéonVersioﬁ electron specfra taken with the  5~mm Si(Li)
detééfbr arévshown invfigs. 35 and 36.: Figure 35 shows an eléctroh”épectrum
in théjénefgy regioh'of 16—350.keV. The chVeréion éiéctron spectrum in |
the eneréy régidn of 60-1600 keV are shown in fig. 36.. The peak areas
were deterﬁihed with the chputer codé SAMPOhO’A;): 'We have used these
date aloﬁg'ﬁiﬁh fhe gamma—fay intensities reportéd héré to determine K,
L, énd-M'conVérsion coefficients relative to the K—conversion coefficient
for. the 1181 keV (2+1f-o+) grdﬁnd;Statg transition (pure E2)'ahd‘the3e
arebgiven in Table S'alqng'with multipolarity assignments.deducéd_by
comﬁarigon with the theoretical vaiues of Hager and Séitzerug;hS); (Thié
méthbdféf,obtéining felafiVe conversién’coefficiénté is referred to as the
nofmalized peék-to—gamma peak (NPG) methOd'and is explained‘in detail in
Appéndix F.) The K-conversion éoeffigients are alsc shown in fig._37 v
with th§ tHéoreti§al curves coﬁétructed from the data of ref. hg). A

nﬁmbéf'bf the results are worthy of some comment in the light of

previously reported data5

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

27).

greater than the limit set by~Pfussin and Hollander Qur limit is
greatef because of the lack of compton'suppressed data., However, we
can not rule out the existence of this transition bécausebcur conversion

electron data is inconclusive. While the resolution of our electron data

is poor compared to. that inherent in thé'magnetic;spectfographic results
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Table 5. Experihental and theoretical internal conversion-coefficients:

210

At.

Assigned

62 (8)

" Tran?ition_EnerSY o Experimgntélc cohvigsioh' o ThGQretiQalé conversion cqefficient _ Multipolarity
. kev ' coeffiecient (10 )
E1(1077)  E2(207%)  mi(107d)
h6I.6‘ ey, + %2)./%3 = 1010(80) . 1980 1060 132800 E2
1}6.2 @ = 1220 (1ko) 504 - 2580 1100 M1
o, = 299 (35) 11.9 687 259
201.8 o = 1240 (110) 65.3 165 1290
' aL'= 220 (22) 11.9 221 - 227 M1
o, = 50 (10) 2.8 '58.2 53.5 L
s 2
245.3 o = 110 (13) 151 107 U7
' o =102 (18) . v 7:28 '98.6 kit 'E2
(o) + opp)/op, = 2320(240) 6600 2500 _1§oooo
- 250.5 o = 700 (1k0) 39 102 705 M
- 298.8 o = b0 (4b) 26 68.2 43k .
o o = 81 (9) 4.5 45.4% 76.1 '
316.8 o = 314 (65) 22.7 59.8 370 ML (+E2)
o = 391 36.4 64.8 ,

(continued) -



Table 5 (continued)

: Assignéd

>"_Tfra33ition.Eﬁefg&:>”'vExpérimenfal?'ébnversion_ _  n;Thedretic§la conversion coefficient . Multipolarity
keV ' _  coefficient (lOf3) . E I
' | ' o m(1073)  B2(1073) M1(1073)
402.0 o = 212 (15) 13.h 35.4 195 .
o =37 () 2,26 - 15.5 33.9 ML
a, = 9.6.(10) 0.0527 ©0.395 7.97 -
-1498.9 o =110 (10) >8.52 22.&7 109 M
506.8 o = 9.2 (1.2) 8.25 21.7 105 E1l
51813 & = 107 (11) 7.88 eoi7 '99.0 ML
" 527.6 o = 8.3 (8) 7.60 20.6_ .9k CEl
58L.0 ag = 7.0 (11) 6.20 16.3 12.3 E1
- 602.5 % = 80 (12) 5.83 15.3 " 66.6 ML
- 615.3 - = 59 (5) 5.59 1.7 63.0 M
623.0 . ‘& = 6.4 (11) 5.46 14.3 61.0 E1

" (continued)

-60T-



Table 5 (continpued)

Assigned

- =0TT-

Traﬁsitibn Epergy Exﬁerimentaic cpnvefsion » Theoreticalabconversion coefficient. Multipolarity
© keV ‘ coefficient_(lo'3) - . R
' E1(1073)  E2(1073) M1(1073) .
| 630.9 o = 57 (5) 5.32 1.0 59.1 w
o =12.5 (16) 0.903 k.10 10.8
639.4 @ =12.5 (17) 5.19 13.6 - 57.0 E2
643.8. o = 4.7 (8) 5.12 13.5 56.0 . m
701.0 = 39 (k) L. . 1l.b Lk,
_ % S 35 o 9 ML(+ E2)
o = 6.5 {11) 0.694 2,87 CT7.69
T2h.T o = bo (k) 4.08 10.7 R - . M1
817.2 o = 30 {2) 3.26 8.52 30.2 v
| o = 5.5 (5) 0.514 1.93 5.13
852.7' o = 24 (2) ‘ 3.00 7.87 27.0 o M
869. 4 ( <27 (4)° 2.91 7.59 25.7 (o + £2)°
881.1 2.84 T 24.8 . M1+ E2

O = 18.4 (25)

(continued)



Table 5 ’(continued)

Q. ‘ . c . P . a _ . . ' Assigned
Trans;tlop Energy »Experlmenta; _conV?251on . .:Theoret;gal :conver51on,coeff1c1ent . Miltipolarity
keV : coefficient (10 ~) ' R o o

B1(107%)

909.2 . - | '<,é3)b' _2.68  6.98 22.9 - .  (E2 7)P
=20 (2) : _ S22 . 6.69 : 21.6

929.9 ‘ _
' .=_u;1 (5) o | 0.403 1.4 _ 3.68

M1

=3.3(4) . ©0.383 1.32 3:h2

976.5 = 19 (2) : 236 eal 19.1 o 0m
= n3 (0 o169 - okl 1.7 - pure E2

11814
B = 0.80 (7) 0.6 - 0.821 -~ 1.98 _ E2

%

%k

| o
955.8. ﬂ  'dK =19 (2) o o245  6-36 ’ ' 20.1

. : : o

%

%k

o’

1201.2 - '.(a£ <_1é.5) o A T | 12 ()

1205.L4 - "(qK <:2;5) - .f N . 1.63 4,16 B »1151 (Bl + < 15%_M2)b
1289.0 | - L | | (En R MQ) |

1436.7 = 1.13 (10) - 1.21 3.3 7.12

% | . , El
o =0.18 (2) ~ 0.18k . 0.5k2 1.20

(continued)
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Table 5 (continued)
Tranéit#on.Energy Experimegtalc'gonvigsion Theoretical® cpnvergion.coeffiqient 'Mui:iégizgity
keV coefficient (10 °) : : : o ‘ :
' E1(1073)  E2(1073) ML(1073)
1483.3 o = 1.06 (10) 1.1h ;2'86 6.56 £l
o .= 0.17.(2). 0.17k 0.508 1.10
S b
1552.7 (E1 + <21% M2)
1599.5 o = €.93 (10) 1.01 2.50 5.41 - El
& Theoretical values were obtained by computer interpolation ) from the.tables of |L
~ b
2). :§

Hager 5nd"Séltzer

b

'multipolarity is tentative.

Only a limit could be set on the conversion electron intensity, as discussed in text, so that the assigped.

CThes_e (relative) conversion coefficients were measured relative to the 1181.4 keV (2f—* 0+) transition which.

was assumed to be & pure E2 transition. (See Appendix F for a detailed discussion of the method.)




-113-

Te) | B
10°}- .
e
[ ]
©
@ o' | -
(&)
K =
O
.Ev .
$ 07 g
[ =4
o]
(&)
.
X
:j(f3 — -
10 Nk [ ; [ {' L - Lo .1"1> i..l R
100 - 500 - 1000 1500 - 2000

. Transition energy (keV)

XBL7110-4539

Fig: 37. Comparison of experimental K—conversion:coefficients with the
theoretieai_values.df Heger'and Seltzeruz)."Lines are theoretical
'_valuesvg) and'points'afe experimental Valuee meaeured relative'to the
1181.4 kev E2 transition. | |



~11k-
.of Hoff and Hollandergs); our observation of a'Weak.Yaray transition at
201.80.2 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, thg measured falue of aL for the
201.8 keV transition is also consistent with thevmﬁltipolarity assign-

ment of M1 obtained from the K-conversion coefficient of this transition.

83.4-keV transition: Hoff and Hollanderes) reported the ekistenée

,of weak conversion lines from QloAt decay which could be aésigned to a
transition at this energy having E2 multipolarity. Because of low

intensity and poor resolution this transition was not observed in our

27y |

measurements or in the previous study by Prussin and Hollander

However, in the recent in-beam studies by Bergstrém, Fant, and
Wilkstr8m37), an 83.7-keV transition has been identified as the transition

210

. . .\ . _
between the 8 and 6 members of the (h )2 ground state band in ~ Po.

| __ 9/2 |
v + ,

These data place the location of the 8 1level at about 1557 keV. Recent
2Q9B 28)

i(a,t) studies by Tickle and Bardwick (TB)° ) and Lanford=>) 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
o . .

QAt and it is then reasonable to associate the-transition reported by

Hoff and Hollander with the decay of this level.



_lls_

E. eloAt Décay Scheme.

1. Introduction
To facilitate the presentation and detailed discussion of the

1éve1 scheme in the next sections, a brief description of the expected

210

1levelé’and configurétidns'is givén. For Po>we.will first assume that.

there is no residual interaction'between'théVtwo:protons outside the
208 | ' |

Pb core in order to make some zero-order energy estimates of the

expected level structufe.' A schematic repfesentation of the 210Po

grbund state and héighbofing experimehfale single-particle states is
given in fié. 38. A o ground state wquld bevexPectédvés is observed for
all‘éven;eﬁen nuciei:(beéauée of thé large‘pairing,enérgyvof ot states)

| ' )2 ?)

with the configuratioh (n(h9/2 » v(pl/z) '».'-Taking ﬁhé'three lowest

ot
209

configurations for the 83rd proton from Bi'experimental data, one can
eéfiﬁate-thé'energies of'a'numbér'of excited states of different spin for
21055, 1t there were no residual interaction between the 83rd and 84th
210_ . . 210L . .o o L
protons of 7 "Po, each Po configuration would have an energy Just

2095; levels from which it

equal to the sum of the energies bf‘ﬁhelgggv
~arises. " We havé‘listed in Table 2 of section,IIB the SinpOSSiBle
.degeneféfé gloPo‘cbnfigurations obfained for a thrée orﬁital shell model
estimate with their spiﬁs, parities_ahd (zero;-order_')venergie'S uncorrected
for the ?rbton—profoﬁvinteraétioﬁ;. Thesé resﬁlﬁs predicted degeneréte_
1eveis‘at'o, 897,,1609,,179h, 2506 ‘and 3218 keV. Because ofvthe residual
interaction, however,_somé of these_cpnfigufations will bevdépressea in
energy whiie chers wiil‘femain unshifted.:'

In additibn'tO'these‘two—?fdtbn statés‘as"dgscriﬁed above; éxéited

states will occur in 21QPO due to excitation of thelg' Pb core. The first
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" three leVels_of 208Pb are at 261L keV (37), 3l98 keV (5_) and 3475 (L7).
The 3~ levellis a collecti&e stste due.to many protons and neutrons and
the 5° and L~ levels are primarily due to_neutron excitations from
breaking.the N = 126 shell to produce two states of the configuration
v, 7 '
g9/2 Py/2

of the 51ngle—part1cle orbltals in thls region estlmates the h and 5

)h’ 5+ Con31deratlon (from the schematic diagram of fig. 38)
9

neutron levels as degenerate at an energyvof approx1mate1y 2803 keV

(E the energy to break a pair of (pl/2)2 neutrons) More complex
208

exc1tat10ns of Pb are known9) to ocecur 1n the energy range < L Mev.

‘These excitations'should produoe states_which appear in the 210PO level

structure but we will not consider them further in this
treatment; | |

He'Invsummary our crude.calculations predict a band'of.even—psrity
states of the conflguratlon m(h

9/2

and have spins O, 2 L, 6 8. Next a series of even parity states of

)2'Which‘starﬁ with the ground state

vthe»configuration w(h. ) which should:be approximately 900 keV

o/2 T1/2

above the least depressed ﬂ(h )2 level followed by the 3 collective

9/2°

core state. Flnally a series of odd—parlty states due to the

mhy/p 1155

approximately 3 MeV. At higher excitafion.two_proton states and

).conflguratlons and~neutron core states are predlcted at

additiongl core excitations might be expected.

2. The Level Scheme
"~ .For the construotiondof the new.level scheme shoWn'in fig._39,
Y=Y c01nc1dence measurements and, in the case of the weaker tran81tlons,

sum—dlfference relatlonships when supported by recent reactlon
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28 29 30

studles ). have beeh*used...Twentyetwo excited states are proposed

as populated in the eléctren—capture decay and succeeding gamﬁa decay.
These data permlt the 1dentif1catlon of eight new levels over the
27)'

previous study by Prussin and Hollander . The levels shown in flg. 39

with broken lines are relatively uncertain and should be taken as_only
tentatively identified in this work. Spln and parlty a551gnments are
based upon prev1ously reported data,_our new conver51on electron: measure-

28,29, 30)

ments, and the results of recent reaction studles ' Figure 4o

_shows the ?esults obtained in the reaction'studiee:plus the composite
_elQPo ievelvstructure deduced by'a comperisen of the levels,observed in -
the_elecfron—cepture decay and thoee popuieted in the feaction s£udies.
for convenience,'the ievels will'be aiscussed in related gfdﬁps
whieh.EOrreépdﬁd.to levels arieing'from dominant configurationerﬁased on

25,31, 32)

;pfedictiOns of shell model'calculations and our prev1ous dis-

cussion on the expected level structure.

a. Even Parity Levels in the Energy Range 0-1556 keV
These levels are believed to have the dominant configuration
2 |
m(n 9/2>
1. 1181 h 1426.7, and 1473.3 keV Levels _ 2" h 6

~ The previously measured E2 multlpolarltles for the 1181 h 2&5 3

and h6.6_keV'transifiontha25>26,27)

, the angular distributidn measuref
mentshh) end”the new reacﬁioneetudies (shown in fig. L0) have established
the.spiﬁfand‘parity.aeeigﬁmenievfer fhe'li81<45'lh26;7,'endelh73.h keV
levels eﬁ'2+,'h+, aﬁdf6+, respectively. Oﬁr'interﬁal eonversion |

coefficients (Table 5) support these previous assignments.
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055 velow L

MeV. The

spin and parity assignments given in' the éompoéite_lével diagram;have

been deduced by a comparison of the data from reaction studies and the

electron-capture decay of 2

level at 3727.2 (in composite level diagram)v

10

should read

At. (Note that the spin and parity of the
not (57).)

'(5)"
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2. 1556.8 keV Level - gt

The energy of this leﬁel was first inferredeby Yamazaki and

Ewan 45, h6) and has been established in the 209B1(a t), 20954 Bi (ke ,d) .
208 NN 3 . - '- . 28,
Pb(u 2n) reaction studles (flg. hO) of Tickle and BardW1ck (TB) )
Lanford 9) and Bergstrom et al.3O). The prellmlnary report by Bergstrom _

ég_gl,BO) gives the energy of the 8 > 6 transition as 83.5 keV. While
we have‘not_been able to resolve the L-shell conversiOn electron lines
from this franéition'due folthe intense Auger“electron lines ln the
conversion electron spectrum, the high resolution megneticvSPectrographic
results of Hoff and‘Hollanderzs) olearly in&icated the nresenee of such

a line of E2 multlpolarlty in the decay of ElOAtr‘ By assigning this
transition as the 8 > 6 s 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, |

| respectlvely. Our coincidence data on ‘the’ 630.9, 250. 5, and 1289.0 keV
Casoade'and:energy sum data are consistent with the population of this
level.. |

9/2)§l‘configura£ione are believed identified

as described above. The:h 6" ana 8" levels have measur&ble half—llves

37, hh L45,46 u7))

All levels of the m(h

in tne nanoseeondbrange (duevto the low energy E2 trans1tlons
The half—life of the 6+ 1e&é1 was remeesurea o&.e delayed coincidence
measurement of the lh36 T-245.3 keV gamma—ray cescade as 40*6 nsec in
agreement Wlth the value 38+5 nsec reported by Funk et al.uhs. Shown_ln
fig. 41 (with the appropr1ate random‘beckground subtractions performed)
vEre the time (TAC)vspeetre for £ﬁé-1h36.752u5.3 keV (delayed)'ana.

. lh83.3;2h5;3 keV (prompt) gammaeray‘cescades‘obtained from our three"
parameter coincidence data in secfion.IVDE; The'éhape of the 1483.3-2L5.3

keV cascade time spectrum was
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:Fig. 41. Time distribution curves for the 1436.7-245.3 and lh83;3—2h5.3_kev

gamma-ray cascades. Stop pulses (with a fixed delay) for the pulse-

‘height circuitry were suppliéd'by the 2L45.3 keV photopeak and start
pulses by the 1436.7 and 1483.3 keV photopeaks.
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used for ﬁhe.prempt component shapefsubtracted for thehlh36;3—2h5.3 keV
cascade time'specfrum to‘extfact the.half—life_Of the'6+ level as 406
neec. dThe.halfelife'of.the 8+vlevel could not be'meesured by this
techniquevbecause the po?ulation in the electren—eepture decay wasbtoo
week (~fp;6%'of the decays), Howe&er,'it'has been measured as 110%10
nsec.by lh;beam techniques37’h7),

b. Even Parity Levels in the Energy Range 2187-2438 keV

These levels are believed to have the dominant configuration

m(h 9/2 7/2)
1. 2382.4 and 2ho3 2 keV Levels - 5 h

These levels were establlshed by Pruss1n and Hollander 7) and we
vhave‘been able to Qbserve-several new weak tran81t;ons 1nvolv1ng these
levels. " The spin and’parity,ofbfhe 4 level at 2382.4 keV is established
'in;ouriwofkvthrough the'52f}6 keV_El‘transitionlfrom'the 57 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 k¥ levels st 1181.) and 1426.7 keV.
vThis aesignment is-Consietent with the‘results'of’the:reaetioﬁ studiee
ehown_in fig. 40. The spin end parity of the 5+vlevel at 2403.2 keV is
established by the 976}5 and 929.9 keV Ml transitions to the U¥ ana 67
levels at lh26 7 and lh73 3 keV and this a351gnment is also consistent

Wlth tne reactlon studies.-‘”'

2. 2326.0 keV Level - 6"

The data obtalned 1n ref.m27) establlshed a tentatlve level at
elther 2278 or 2325 keV whlch decayed via the 852 T keV tran31tlon to '
elther the hv or 6 levels at lh26.7 or lh73.3'keV. Our Y—Y c01nc1denee

data show that the 852 T keV tran51t10n ig in delayed c01n01dence with
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the 2h5.3 and 1181.L4 keV transitions. This result elong:with the
apparent ebseoce of & transition at 125.2 keV (Section IVDS) indicates the
existence of a.levei at 2326.0 keV.

A level at this energy has also been observed in the‘reectionv
studies (fig. 40), and a Spio and perity 6% is indicated from these
daﬁa. The_measured Ml multipolarity of ﬁhe 852.7 keV and the El muiti—
polarity of the 58&.O’keV transition from the 57 level at 2910.0 keV are-
oohsisfent with the 6f assignﬁent. The 584%.0 and 852.7 keV.traﬁsitions
are elso in prompt coincideoce.

We note here, evidence‘for.the existence.of:a transition of

T7.2 keV which connects the 5 level at_2h03.é keV to thevo+ level at
2326.0 keV. By re-examination of‘the original 210, magnetic conversion
eleotron spectrographic plaﬁe ﬁaken.by Hoff and Hollanderesj in the Auger

region, it was noted that the 60.2 keV (K - ) line seemed too intense

II II
by a factor of about 1.7 compared to the same Auger line in the spectrum
of 211At. ‘No other electron lines were observed which'could:be.
associated w1th this llne indicating that thls llne might correspond to

an L, conversion line of a weak 77 2 keV M1 transition. - (In section J

) +TT(h9/2 7/2)
1 f

we discuss how these lower energy m(h

Ro/2 7/2

transitions might favorably compete..)

3. 2187 7 and 2&38 3 keV Levels - gt ,7

The levels at 2187 7 and 2h38 3 keV have been observed in reactlon_-

stud1es28 29, 30

) and spin and parity a581gnments of 8' and 7,vhave been
made, respectively. These assignments are consistent with,our'meaSuréd,

| ML multipolarities for the 630.9, 881.1, 250.5 keV transitions involving



~125-

these levels. Since these levels are only populated Weakly through
radloac£1§e decay, our data remaln 1nsuff1c1ent to clearly deflne the
spins, ‘but are conS1stent with the 8 and 7 assignments‘fromvreactlon
studies.

We again note a.possible traﬁéiﬁioﬁ of:ll2.3.keV from fhe 7*
level 21438 3 keV to the 6" level at 2326.0 keV. Hoff and Hollé,nderzs)
reported an una331gned electron llne at 85.27 keV which mlght be the Ll

conversion line of such an Ml transltlon.

b, 2290 0 Tentatlve Level - (2) -
Thls level is tentatlvely deflned on the basis of the (a t)

+
stud1es28 9) which suggest ! level with a spln and parlty of l r 2

in this reglon (2285 5 keV) and by our 2290 0 keV transition to the
groundjstate of OPo and by decay of the h level at 2382 L keV The
25 )

latter transition (92.0 keV) was 1dentified by Hoff and Hollander 88

&, probable E2'transition. If our 1dent1ficat10n is correct and -
corresponds to the same level observed in the reaction stud1e528 29) a
spin of 2 (or 3) seems most likely for this level. . The (2 )~ 2%
transition to the 1181.4 keV level was too.weak to be observed in our

- spectra -so that this must remainra tentative level.

‘c. 044 Parity Level at 2386.8 keV

The 0dd parity of this level was establlshedlfrom the 639;§_keV
E2 transition,ffom the 5 level-at330é6.2 keV; ‘Figure h2ashoﬁsva ﬁoftion
of the gamma—ray spectrum 1n “the 6&0 keV reglon w1th the correspondlng
K-conver31on electrop_specﬁra., A qualltatlve 1nspectlon of flg Lo also

supports.the assignments of‘the_615[3‘and 630.9‘keV (as Ml) and the 623 0



_126-

~Y-ray spectra
o~ . 615.3 . 623.0
o
o
— 28680 -
@
j sudup -
c
o Internal conversion electron spectra
ML
, M1
0w 615.3K PRt
- : 630.9K
S 10090~
(o8 .
(&)
7061

Channel number (drbi'tr'ary units )

XBLT7I9-4370

Fig. 42. Spectrum of gamma-rays (top) and conversion-electrons (bottom)

from 610-650 keV transitions of

2lOAt decay.
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and 6&3 8”keV (as E1) tran51tlons, each palr belng of the same multi-
polarlty, but dlfferent from each other The_relatlve increase of the
639.h keV K-conversion electrons relative to the 623.0 and 643.8 keV El

transitions support the 639.h4 keV E2'assigpment._ The L-conversion line
' '207' 2 e o s
Pb is also present in Fig. L2. This
state was populated from the alpha decay of 2llPo and/or the electronv
207, |

of the 569{6 keV transitioh in

Bi. Both 1sotopes are produced from the decay. of

2Llng preeent in the 2lOAt'sources. The 569.6 keV tran31tlon (211

capture-decay of
Po
'alpha decay) was also observed in the gamma—ray spectra (e g. see fig. 8).
The 639 4 keV E2 transition from the 57 level at 3026.} keV
liﬁits the spin and parity of the'2386.8 keV level to the range of
(3*7)-; but the 2386. 8 keV tran81tlon to the O ground state further
| limits the ass1gnment to (3 h) . The 1205, 4 keV. gammaeray whlch is in
c01nc1dence with the 639.2 keV transition to the 2 level at 1181 L keV,
can only be llmlted to El (+ < 15% M2) on whlch the a351gnment 3 is'
lfavored. | | | | |
.The.lZOS.h keV K—conversion electrons were not,detectable above
backéround in our electron'spectrum of fig.-36 so that a limit had to be
,setvou the‘martmum_obeervable intensity ebove-beckground; Tue limit_wes.
set Byvusing the 1181.4 keV K-line as the standard line shape for
various’eiectron pear_areasiexpected aetdetectable for the lQOS.ﬁ keV
vtransition..‘donsideretiou ofbthe energyeregion'where the‘K—conversion
electron peak occurs allowed a conservative limit of lObO counts above
backgrouhd for.the makimum non-observable peak.to be set. The maximum

M2 admixture from such an intensity is 15% so that the 1205.4 keV
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transition was limited as E1 (+ < 15% ME).. This 1imit favors the 3
assignment for the 2386.8 keV_level (which is probably the collective

3" state as discussed in Section H).

d. 0dd Parity Levels in the Energy Range 2849-3183 keV

These leveis are believed to have the dominant configurations

. -1\
mlhg /o l13/.2)J- and Vg, p1/2)5-'
1. 2910.0 and 3026.2 keV Levels-5

The parity of these levels has been established as odd in

previous studies2?2552652T) 114 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 El1 transition te the h+ level at lh26.7 keV,then.establishes
this level as 5. |
'Shown in fig. 43 is ‘a portion of tﬁe conversioh,electrqn_épectrum
in the energy reéidn bf the 1552.7 keV K—conversidh lines. The_proposed
pesk shapes (dotted lines) for the 1552.7 keV transitidn in fig. 43 have
been calculafed for transitions of either 100% M2 or 100% El. Because
of the rélatively'low 5ackground (~ 520 counts), a limit of 300 counts
was.sef,for-the maximum unobsérvable electron iqtensity above background
’ Vhich limit the maximum'ME admixture as 20% for'the'1552.5 keV trénsitioh.
“The 5~ épin assignment for the 3026.2 keV‘level had been
suggested by Schima gﬁ_gl,ZG) fr6m>angular distribution measurementé on
o , . 27)

the 1599.5-245.3 keV gamma-ray cascade. Prussin and Hollander ) favored

a (b)7 assignment based on-the large difference in fhe'gamma—ray:‘
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Fig. 43.  Spectrum of conversion electrons in the energy range of
1440-1480 keV. The dotted lines for the 1552.5 K electron peak -

. ‘represent the theoreticai'intensities for pure M2 and E1 transitions.
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/ as compared to the ratio Ilh83/Ilh36 for the

I
1599" 71552
analogous decay of the 5  level at 2910.0 keV. That this argument was

branching ratio T

weak can now be realized since the forbidden El transitions from these"
two levels must take place thru small admixtures in the wavefunctions.
Any slight variations in the amplitudes that make up thé initiél and
final states can seriously effect the gamma~réy braﬁching ratios.: Two
possiblé mechanisms that could allow the gamma~ray transiﬁions to take
place could be for example small amplitudes of W(h9/2 hll/e) in final

J+

states or T( in the initial states. The allowed El

Bos2 t11/2)
transitions could then take place‘through\the components

El

—= 7(h EL (

( -
5t

P9/ f1372) _ o/2 P112) 4 o7 Thgsp 11y /p) f9/2

(As will be discussed in Section T, these two 5 levels are

believed to arise From two dominant configufationé_w(hg/2 113/2)5_ and

-1
v The remaining levels in this group are tentatively identified
through weak gamma-ray transitions observed in ourvwork 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 stapistics, substantial differences exist between

2 ' . . .
the conclusions drawn by (TB) 8) and Lanford29). In the decay scheme of

fig. 39 we have therefore indicated the most reasonable spin and parity

assignments based upbn available data and have given in fig. 40 a

* summary of all data available on the levels of the ﬂ(h9/2 ii3/2)

multiplet.
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2. 3075.1 keV Level=(h™)

The level shown at 3075.1 keV may be identified with_thet
observed in the reaction studies which have been assigned a spin and
barity of'h_.' (We_have oniy observed a single gamme—ray transition
defining’this level.)

3. 3124.7 keV Level—(6)”

This level is established from the faét'thst”the 602.5 and 721.6
- keV transitions are in coincidence; The le&el at’jléh T keV has been
seen by both TB 8) and Lanford 9) but was not 1dent1f1ed in the (a 2n)
StudlES'Of Bergstrom et al. 31). Our gamma-ray data establish the parity
as odd and limit the likely spin a381gnment to the range 4, 5, 6 With
' the assumption that this level 1s due prlmarlly to the two proton .

conflguratlon n(h ), we tentatlvely identify this level w1th'the

o/2 *13/2
‘ 28)

6f level defined by Lanford. Aithough.the.originai analysis ty TB"~ ). was
in'oonfiiet with this conclusion;.a.reenelysish8) of the data taking into
account fragmentation over'two 57 states at 2910 0 and 3026 2 keV
resulted in agreement with Lanfordeg)v_v
" The assumptlon that this level is due to the h9/2 13/2
figuratlon seems reasonable through the following arguments. First the
only llkely core exc1tat10n leadlng to levels in thls energy range is the
neutron conflguratlon v(g9/2 pl/2) Secondly as dlscussed.ln sectlon T
electron—capture-ln 2l OAt proceedlng to core—excitation in 21 OPo should
occur Wlth much hlgher probabllltles than those to levels of the slmple
two proton conflguratlon of the 83rd and 8hth protons of Po. ‘(Note

v here the low values of_log,ft for tran51tlons tO'the 5 levels-in this .

_fegion.)
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h. 3016.8 keV Tentative Level-(7 ,87)

We have tentativeiy included a'level at 3016.8 keV in agreement
with the results of the reacﬁion stﬁdies of TB28) and Laﬁford29). The
level is'defined by only a single gammaeray transitidn to. the 6+,level
at lh73‘3/keV'and thus itS.Spin is_pfobably liﬁited to the range §—8.

We favor a likely assignment of 7 , 8 to this level;

5. 3111.4 keV Tentative Level-(3)"

‘The remaining level in‘this region was‘eetabliehed from weak
coincidence data on the 316.8-72L,7-1205.4 keV gamma-~ray cascade
(section IVD2). The level at 3111.k4 keV was unreseived in the reaction
studies and its decay to the 3~ level at 2386.8 keV:by an ML transition
defines thebparity as odd and limits spin to the'fange 2.k, - The weak
popﬁiation'of this level in B~decay rules out its assignmeﬁt as the 4~
member of the neutron excitation v(g9/2 pi?z). The M1 decay to this
level from the (4)7 lewvel aﬁ 3482.2 keV then suggests a tentative spin
and parity assignment of (3)_. Finglly if this is the 3—‘state of the
ﬁ(h9/2 13/2) configuration, the p0531b111ty exists that thls state may
contain a small collective 3~ component from the 2386.8 keV state (section G).

B In summary, levels in this ‘energy region (2800-3400 keV) are
expected to arise predomlnantly from the two proton conflguratlon |
m(h 9/2.113/2?J and ev1dence from this study and previous studies

have also established the importance of contributions from excited states

: 0
of the 2 an core. In particular, the lowest energy -core ex01tatlon ls

208 Pb)

25, 27)

the neutron configuratlon v(g p.,.)  (in analogy With at
9 /2 1/2‘5
approximately 3200 keV. The’corresp0nding 4™ core configuratidn,should
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- occnr several hundred keV higher'in energy and is consistent with our

observation of two 5~ and one (47) states in this energy region. Of the

m(n 9/2 13/2
since the levels of the multlplet Wlth splns 8 9, 10, and 11 have been

) configurations, only the 2_vmember remains unassigned

identified from reaction studie51 We have included these in the compos1te

level scheme shown in fig. Lo. The location of the levels with spins
10 and 11 at energles of 3183 and 2849 keV seem well defined However,
the deflnlte a351gnment 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 Bardwick and Tickle28) and Lanford29) have argued for an

unresolved douolet’at about 2845 keV composed of the 117 and (possibly)‘
2" menbers of this multipleﬁ. ‘With;our tentative'assignment of the
(3)H'mémber at 3lll.h keV, it would appear that the 2-‘member:mightr
belong in the quartet of states in the energy range 3000 3030 keV. While.
reactlon studles require & greater strength at 2845 keV than can be

accounted for by the 11" level-alone, this may,reflect’a relatively

- weaker Strength for the lower spin members-of the multiplet due to

onflguratlon m1x1ng with the (¢ /2 13/2) states, The calculations
of Kim and Rasmussen ) locate the levels of the ﬂ(f7/2 113/2) proton
multlplet at about 800-1000 keV above the correspondlng ﬂ(h9/2 13/2)

multlplet.‘ Configuration mixing between-these two conflguratlons would

1 t
eave the 2 and 117 members of the ﬂ(h9/2 13/2

them an apparent greater 1ntens1ty in the (a t) or . ( He ,d) studles

) multiplet’pure and give

/0 13/2) oonfiguratlon{
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e. Levels in the Energy Range = 3428-3780 keV.

. . . [ .
‘ These levels are all populated rather strongly in the decay of
21(_)At (log‘ft =~ 5.1 - 7.1) which may indicate large core components due

to both proton and neutron excitations (in anology with 208Pb excited

)

states in this region). Two proton states due to m(f 7/2 13/2

"conflguratlons—shouid_also_occur 1n‘Lh;§_£§gl92_PEEEShOUld not be

populated directly in the eleetron—capture decay except thru core
configuration admixtures. One might speculate that the gtates populated
in the decayvmay be of spins 4, 5, and 6. Of the Qofe exéitations, the
likely preton particle-hole states in this region would be of spine in

and 5 and due to the m(h 9/2 1/2

) conflguratlons, in addltlon to neutron

ex01tat10ns.

1. Level at 3428.2 keV - (h)

‘The spinfof this level is limited to (4, 5)” by observation of
the 518.3 and 402.0 keV ML transitions to the 5 levels at 2910.0 and
3026.2 keV and by the gamma decay'to the 27 level at_ll8l.h keV. The

probable assignment of (4)  has been inferred by the Ml + E2 assignment

to the 316.8 keV transition from this level to the (3)” level at 3111.k

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 3428.2

keV level be k.

2. Level at 3727.2 keV - (5)"
The spln and parlty of thls level 1s deflned as-(S)’ by the -

measured M1 tran51tlons to the levels of spln L, 5, and 6.
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3. Level at 3525.2 keV-(5,6)"

This'spin and parity assigrment tg phis le%el‘can be iimited'to‘
(5,6)" ifvthe 1087.2 keV transition to-the,"{+ ievel is placed correctly.
We.were abié to set ab(érude) limit for the muitipolarity of the 108T7.2.
‘keV trensition as (El + < 50% M2) or (EB + < 34% Mz)'which is not
1n§ons1stent with a (5,6)7 ass1gnment |

L, Levels at 3699.4, 3711. 5, and 37]9 5 keV~(4~ ,5 6 )ﬁand (h ,5 6 )

These remalnlng levels can probably be- limlted to spins of
‘ (h;5,6)_and 0dd parlty'although we‘h&ve no data to rule out even parity

for the levels at 3699.4 and 3711.5 keV.
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F. Shell Model Cdmparison of Level Structﬁre

1. Introduction

‘Using known experimental singie—particle energies for the odd

209

proton in Bi and a deltavfﬁnctiOn singlet force to represent the
| O : . k9,50, 25
residual proton-proton interaction 7 ), Hoff and Hollander (ref. x) )
calculated the two-proton level structuré shown in fig. L4. (The
proton-proton coulomb interaction was also included in these_éalculations.)

In 1959 Newby and Konopinski (ref. y)Sl) 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

208 ) with no

Pt core. They used & gaussian singlef—even potential (HSE

spin-orbit term (see section IIB). They reported the level spéctra shown
in fig. Rh and configuration-mixed wavefunctions for the evén-parity

states of spin O; 2, 4, and 6.

208

)32)'made another detailed (inert < "Pb

Kim and Rasmussen (ref. Z

eloPobwith a central force and no spin-orbit

cbre) calculation for
coupling.  They inéluded a non-central or tensor fofcé in their calcu-
lations but the eigenvalues were found to be relatively insensitive to
the détails 6f configuration mixing and the strgngth,éf the tensor‘fgrce.
The reéults of their éalculation are shown in fig,‘hh.

Shown in fig. 4l with the two-proton shell model calculations
of Hoff and Hollander (ref. x)ls),‘Néwby and Konopinski (ref. y)2l);'and

Kim and Rasmussen (ref. 2)22)vare the experimental levels for 210,

populated in the electron—capture decay of 2lOAt. It is-interesting that - =

both in the theoretical and experimental spectrum, groupingé of'levélé'
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appear. This increases the oonfidence of making level assignments such
that oonsistent assignments'to almost all observed levels under 3.2 MeV .
can be made to configurations oolculateq from the‘simple tvo—proton .
model ﬁith ﬁwo notable.exceptions. The two exceptions are odd parity
levels of'Spins 3.and 5 at 2386 and 2910 keV #hich have béen identified
as predominéntly the collective and neutron \)(g9/_,2 pI}é) core states of
208 : .

Pb. These are discussed in detail in sections G and I;

2. Even Parity.Levels in the Energy Range 0-1556 keV

All oalculations“clearly predict a ground—sfate Band of levels
due to the coupllng of the 83rd and 84th protons in the ﬂ(h9/2) con-
figuration and they7are in reasonably good agreement»with the obsefvéd
energles of the low~lying excited states (O 2+, h+, 6+, and 8+)' The
effect of the residual 1nteractlon (w1th1n the band) to depress the low
spin members more than the high spin members is evident in all calcu-
lafioné. ‘The ~ 1500 keV depréséioﬁ of the 0+ Sfate rélativevto the 8+
state is due to the large pairing_energy associated for two identicai
nucleons in the same orbital.

3, Even Parlty Levels in the Energy Range 2187 2&38 keV

These even parity levels, with the exception of that of spin Q,

)_configdration which all calculations predict

hig
_ 9/2 “17/2
in this energy region. (The 0" state is due to the ﬂ(f7/2 configuration.)

are due to the w(h

The m(f 2 configurations are expectéd to be very weakly populated

7/2
(if at all) in the decay of 2105t and not observable in our study. The

exception of the odd-parity lével at 2386 keV is discussed in section G.
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4. 0d4 Parity Levels in the Energy Range 3016-3125 keV

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

Spectrum are of odd pafity and of the dominant two proton configuration

( - The theoretical calculations predict a group of odd

., i),
‘92 T13/2) resteal. | _ |
parity levels of spins 2-11 due to these configurations. The occurance
of two 5_ levels in the 3 MeV région is explained‘in deﬁail in Section
I “1 )
1/2
h9/2 113/2)5— states to produce two 5 levels.
5. Higher Energy Excited States (> 3.2 MeV)

and

I as.due to configuration mikingvof the neutron core V(g9/2'p

the two proton m(

At higher energies the two proton théoretical level spectra

‘ f1/2 *13/2
within the energy range that the electron capture decay can populate.
208Pb)

become .less clear but odd parity states of the type m( ) occur

However;‘sincé core states (similar t§ have been observed and
identified in thé lower energy spectrum, corévstates due to proton and/of
Ineutrons éicitations afe exﬁeéted'to'produce a_complex'series of étateS.
»aﬁove 3 MeV. Configuratidn mixing of core stafés_aﬁd'two—protbn'states

seemS'very likely. This point is discussed further in section I. -
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G. 0dd Parity Level at 2386.8 keV

We have identified the 2386.8 keV level in - Po as a 3~ state.
Qur previous shell model discussion of 210Po.levels (section F) did not

predict any odd parity states this low in energy which argues against

the state arising from'a éimple,two\proton configuration. Shown in fig.

45 ié a plot of the'experimentalAcoiiective levels for nuclei
in theziead region whichvmakes the cdllectivé-assignment seembreasonable.
Further fhe 3" levél is not populated directly in'the electron capture
- decay (log ft >‘9.3) but is populated by gamma~ray decay from higher-
lying sfates. Inépecfion of fig. ﬁS éhows that in the even~even lead
isotopes (N < 126 neutrbns).the 3f state occurs at a relatively constant

20Tpy shows that the coupling of the V(pz}e)

energy ofv26OO keV.
neutron-hole to the 3  collective state is weak and two such states

occur in’the 2600 keV energy region. For the odd-even T1 isotope35 the

coupling of the ﬂ(SI}E) proton hole to the 37 core state is again weak

and produces a serieSIOf states‘at appfoximatély 2600 KeV. Weak'éoupiing

is also apparent for the odd proton couplings with the 3" state of 20931.
. 210 210 208

For the case of Pb and Po with two particles more than the Pb

core, the 37 states seem to be depressédvsignificantly.

In 2lOPb, two 3 states, the lowest depreséed ~ 800 keV from

2600'keV, Have been experimentally ohbserved from 21on (p,p') and

210 5h)

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
208

the collective stfength in ©7"Pb with the upper 3 1level at 2828 keV

having the remaining 1/3 strength. The fragmentation of the 3" strength
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54,55) 1p

has been interpreted with a particleévibrational coupling model

terms of the configuration mixing of the v(gg/é j15/2)3_ state with the

210

collective 3— state. A similar situation exists for Po for the mixing

9/2 413/2)3_ (which has been

tentatively identified at 3111.4 keV) with the collective 3~ core state
| 55,56

of the two-proton configuration w(h

at 2386.8 keV. The results of Hamamoto's calculation for the

interaction matrix elements show this point.

o 210
% j15/2)3—'H°°upling!3 collective s

) = 666 keV (for

| o - | R 210
€0, (hg ), 113/2)3_'Hcouplingl3 collective | = 163 keV (for o)

However, the interaction between the 3  core state and the 3~

two-proton state is not as strong for QlOPo as the interaction for the

210

two-neutron statevof Pb. This is becausevfhe interaction Hamiltonian

H N is stronger57) for single particle-matrix elements between
coupling » o
single-particle states with 0 = § + 8 (e.g. 8g/0° 315/2, il3/2) and the 3
. > > -> . '
collective states than with J = 2 -~ s (e.g. h9/2).

:-'Thesevresults might qualitatively explain the 200 keV depression
(from 2600 keV) of the 3~ core state in 210p, while the depression
(~ 800 keV) for 1% is gréaterf The results of.Hamgmoto‘é
calculgtions55’56) for the éigenvalues of the 3~ states are shdwh in
Table 6. This alloﬁsvus to coﬁcludebthat'thé 37 level at 2386.8 keV in

2 . . o : _ o - L
lOPo 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
2lon and 210Pd_by Hamamot052’53).

calculation for

Isotope _ Spin-parity I S Level Energy
' » - . Experiment ‘ ' Theory
J - , keV : » - keV
3" - 1869 . 2110
210 ) | | o -
3 - 2828 - 3310
510, 3 ‘ . 2386.8 o .. 2520

Po - .
o (3) (3111.4) | 2880
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H. Weak Coupling Calculation to Predlct the Enegg;es
of the 3- and 5= Core States

210

’The energies of levels due.tobcore states of T Po are expected
to be shifted from those observed in 208Pb by the 83rd and 8kth protons.
Using experimental data on 20931 to represent the proton—cere inter;
action and the experimental data of 210?0 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 O and 2,

respectlvely) and the '\)(g9/2 pl/Q) neutron excitation of “*%Po. The

formalatlon of the calculation has been presented in detail in section
IIC.
The energy of the cere states were estimated from the'following

equation.

- | ,
~ -+ . v -
E “’EJC EJ12 + 2 ; (23, +.1)(2J2C f 1)]w(JlJ2JJc, 12 2c)l 2c E.)

J2c
(89)

‘The energies of the 3™ .and 5~ core states EJ were taken as the

c
experimentalg) energles observed in 208Pb. The term EJ was taken as

v 12
zero since our calculation assumes the weak coupling of the 3" and 5

+ + ' : . : »
core states to the 0 and.2 states in 210Po. ‘The values E used for

J
209 2c¢

the various Bi proton—core conflguratlons are shown in Table T.
The 3~ collective state (coupled to the oM ground state) is
predlcted from Eq. 89 to be at 2630 keV which is consistent w1th other

_observed.3 states in the lead region (see sectlon G) ~ However, the

experimental value is 2386.8 keV which is significantly depressed. The
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g o . 9 2090 am o em -
Table 7. Spin and energy assignmentsg)'used for 9Bl 3 and 5 core

: states'couplediweaklyvto the'lh9/2 proton
Spin'and Parity ‘ ' vEnéfgy : : _
"'J+, o ‘ E s o » Probable
o 2¢ ) -Jc' ‘ L ‘ Configuration ..
(keV)_ ’
3/2% 2L92
g/2* 2563
772" I 2582 :
st U e '[(208Pb - Q@ 1y
13/2% | | 2600 | e
st 2616 |
152t oo
Szt 2987
372" 3038
szt 3001 -
et w192t 0 ass 1% 5 @ 1ny )
17727 w172t (+172%) Co3sk o - T e
15727 o 3170

92t . 3212
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' . ISR C o . . 63,65
250 keV depression may be indicative of particle-vibrational coupling )
as discussed in section G (i.e. configuration mixing between the two-
proton configuration (

h9/2‘il3/2)3_ and the collgcﬁive‘3* sﬁate).

The.énergy of the neutron core state v(g9/2 piig)s_ is calculated
as 3058 keV which is within 150 keV of the 5 member of the Mg s i1375)
configuration calculated by Hoff_and Hollandér25),_Newby apd Konqpinski )s
and Kim'and-RasumSSen32);‘ Confiéuration mixing of thé two‘S__states atv
nearly the same enérgy is expected. The result is_that gxg_configuration
- admixed 5— states should occur in the 3 MeV régibn; Kperimentally two
5  states are observed at energies of 2910.0 and 3026.2 keV. We,havé
been able fo determine (from gnalysis of the‘B—decéy) the following |
experimental.wa&efunctibns' for each of these 5f states by aséuﬁing thaﬁ

the levels are composed of only these two components (see section I for

‘the calculation).

ws_ (2910) = o.53h|ﬂ(h9/2 i3/0) >§_ + o;8u6!v(g9/2-95}2) VS_ (90)

i

v _'(3oé6) 0.846|m(n

) )
P .

053 (e, 2170 (91)

9/2 i13/2 5

These ekperimental wavefunctions show:that configuration mixing does
take place with the lower 5 state‘at éQl0.0 keV'having.the dominant core
compohént. This is'éonsiétenﬁvwith our weak cbubling caléﬁlation. N
The energy of the 3 core state coupled to‘thev2+ state aﬁVllgl.h
keV was also édmputed with eq. (89). The gnérgy of this 5 state is |

predicted as 382é keV. This level ocecurs at an,energy where other 5



coulombxexc;tatlon of a

states [( ( 9/2 1/2 “(59/2 5/2)

‘ex1st .80 that a 31mple descrlptlon may no longer be p0551b1e. Perhaps

"_;1u7;

( 7/2 13/2)] ‘are believed to

M

10P0‘target.would reveal sugh states as well

'-aS'the colleCtiVeVB—‘staIe.



-148~

I. Electron-Capture Decay Rates. and Particle-Hole
i ' 210Po

Core Excitation in

1. Introduction

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

2105, pelow 3400 keV have been obtained with the expahded nomogram_df

22;58)

Moszkowski For higher-lying lévels log ft values have been

obtained_by'usiné the method discussed by.Konopinski and Rose59) for.
allowed transitioﬁé-(see Abpendix B.for the méﬁhod);. The.K—to—total
electron-capture ratios weré taken from the graphs*given in the Egyég_ggv
Iébtopeé22). .The Q-value for the eieétron—capture decay was faken as

Q

BC = 3877126 keV6O) and eledtrdn-capture branching ratios were obtained

from our Y-ray intensity data corrected for internal conversion.
- In their early papervNewby and Konopiﬁskisl) discussed the

importance of particle-hole core excitations in the level spectrum'ofv

QloPo. Experimental evidence for suéh effects was first pointed out by

Hoff,and Hollander25) thfough ahalysié of the eleétfén—capture decay

210At to the odd-parity levels in 21OPO above 3,MeV. Specifically,

they pointed out that the decay of_gloAt (assumed ground-state configuration

3 )2
9/2

rates of

(m(h B

) V(p1}2)) , to levels of the two proﬁon configurations"rr(hg/2

) or m(h ) should all be highly forbidden due to the

9/2 T1/2 9/2 T13/2

large change in orbital angular momentum required for conversion Qf an

m(h

h9/.2 proton into a pl/z'neutron. Experimentally,'highly—hindered
electron—capture transitions are evident for the allowéd_decay to all
even—parity'levéls 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 attfibuted‘to contributions
| g 208

in these states from neutfon excitation of the Pb core.
ReCently a fairly’complete'picture of core—excited states in
208Pb has been obtained in the energy range helow‘about 4.1 Mev through
4 53)

numerous reaction studies. Therbserved levels are shown to the left
in’ flg. 46 and their domlnant conf1gurat10ns6l) are given in Table 8.
The lowestllevels due to core exc;tatlon (3198 and 3h75 keV) are the

predominantly two components of the neutronvexcitation

(g9/2 p1/2) _ ' respectivelyw 'Although a number of the levelS‘in the
5 .

)

‘energy range 3700~ thO keV have unknown parentage, at least four levels
. arise predomlnantly from the neutron excltatlon,_v(g9/2_ 5/2) _ and the
proton exc1tatlon m(h 9/2' 1/2) _. Configuration'mixing between

components of these excitations is ev1dent from the Wavefunctlons for

these states_calculated by True gt_g;.6l).
In the case of 210Povthese_core excitations occur:in the

vidinit&ﬂof'the odd—parity levels.arising from the two—proton config-

) as is evident from the
9/2 13/2 7/2 13/2 I~

level spectra calculated by Hoff and Hollandergs) énd Kim and Rasmussen3

:urations_ m(h ) - and T(f
'(f1g. Lk, section F). Although the effect of the addltlonal 83rd and
84th protons on the zero-order energies of the partlcle—hole core

excitations,is'unknown, energy shifts should be'small and_strong con-

figuration mixing between these states and.thosevarising'from the two-

2).

proton configurations is expected. As a result»although electron-capture.

decay of 2lOAt to the two—proton components of levels in-zloPo should be

_nlghly-hlndered decay to odd par1ty levels which’ contaln components of
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(7) V (gg, f—sl/e)
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(6) V(9os2 T 'ss2)

(4576).
- Vigadaa) + T (hy,087,,) + +(5:2_\
MT&B):7- ————————————
@ 5%6*)

5

~

g V890,2P0s) + V(3gafas) (5

5 V(g pn-/lz) +77( hoseSise)

_ ( collective)

208 | 210
szpb : 84PO
: XBL7I110 - 454

208 210,

e 208y levels represent the two largeét

components in each state as calculaﬁed_by True, Ma, and Pinkst0n6l).

beandi Po. -




Table 8. Dominant cohfigurations of 298Pb odd‘parity lévels below hylvMeV as calculated by True, Ma,

and Pinkstoh6l)..

Pnergy®  spin o 'céﬁfigﬁratioﬁsb

(MeV) I |

487 s e e  (collective)

3.350 . 5 IR B : S ‘fofge‘v(gg/epl/e) + 0.20 7(h 9/2s;}2)
3%59? o 4 ;‘ | - '—0.9F“v(g9/2p;ﬁé) + 0 25 V(g9/2 5/2) + 0.23 Q(g9/2p;}2)
3600 50T Wlegf5,) + 052 iy 51)5) + 0:36 {1y, 8])5) + 0.29 Tlag 52))))

: 3;982 ? :' 6 | : IR _[ D 0.98 v(g9/2f5/2) o .
h.066  &{  - : - -0 87 (s 9/2 s1jp) - 0MT ﬂ(h9/2d;§2) o 2
MthT_"" .”:7_ | o - L -i99 V(g9/2f;}2)

®Fnergies were those calculated in rer. 01y,

bOnlyﬁthbse-¢onfigurationé with amplitudes (ai) greater than 0.2 are 1istéd;_v
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the neutron particle-hole excitation v(gg/e'pi}g) and/or the proton

~ particle-hole excitation Tr(hg/2 81}2) will be relatively unhindered. 1In
the first éaée, unhindered 1st forbidden decay 1is due to conversion of
an 1lh

"9/2
of a 351/

proténvinto a 2g9/2 neufron. For the proton excitation, decay
5 core protbp‘in QloAf to a 3pl/2'neutron'is similarly
unhindered; From the eiperimental and theoretical daté 5vailabie, wé
can conclude that unhindered B-decay to»odd;parity.levels in 210?0 is
due pfi@arily to components in these states arising from excitation of

the 208Pb core, and that the B-decay transition probgbilities to levels

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

in these'stgtes qf the neutron wa&efunction |v(g9/2 pi}2)> and the .
proton Wavéfunctibn lﬂ(hg/z 51}2)>. This ié of.pafticular importance
to the characterization of the more highly excited levels in 21OPo,
éince the complimentary information on amplitudés of two prqton com-

ponents is derived from the reaction data of (ci,t) and (3He,d) studies.

2. Electron-Capture Decay to Levels at 2910.0 and 3026:2 keV

Both of these levels are populated by relatively unhindered
electrdn—capture transitions, and they are identified with the two states

- arising from configuration mixing of the first two-proton 5  state in

208

21 - . - ,
° _) and the first 5 level in Pb

Po (predominantly W(h9/2 113/2) 5

(the two-proton wavefunction undoubtedly contains & small component of

the configuration m(f ), but this does not affect the

7/2 *13/2
| > - . 208
following argument). The wavefunction for the first 5 - state in Po

has been calculated by True, Ms and Pinkston ﬂTMP)él)-as



-153~

¥ _(3;98) = -0. 923|v g9/2 pl/2)> + 0. 2oo|w Ly

5 9/2 "1/2"
; 0 1h7!vk; | s+ oblhhlﬁ(h ﬁ"l )> a (92)
St f11/2 F1/2 T e/2 Ty -

o ' R
- 0.122|n(r 1/2 3/2)> +0. Ol99|v 59/2_f5/2)>

and the amplitudes of the two principléjéqmpopents are .in agreement.with
the experimental data of'McClatchie, Glashauséer, and Hendrie62)band
Bardwick and Tickle63). With the assumption that the ground state wave-

+ the electron-capture decay to
5 .
the two 5— levels will be dominated by amplitudes of the first and second

' . 210, . 3. =1
function of. At is |ﬂ(h9/2) U(pl/2)>

components.of the above wavefunction thét’contribute to these states.

As an estimate of the relative amblitudes of core_gnd two proton
COmﬁonents.in these states we follow‘the anélysié of first-forbidden
B-decay given by Damgaard and Winther6h),vand Damgaard, Broglia and

65) | ' : : - A ' " 208

Riedel Their analysis has shown that in the region around Pb,
the values of ft for B~ transifipns Qf'this type.between single—fartiéle_
or.sinéle—hple states can be estimateq to a good approximation by the
reiation -
o Dgﬁ _ | o
t = unfs(x oy + B =0T (93)

where D = 6250 sec and the B(A) are given (in units of gs) as

(A)'—'

Ej-f;_I [adola>% (o)
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' . . 208 o - . 208
In particular, the decay of Tl to the first two 5 levels in ~— Pb
was shown to be dominated by the components in these states of the core
. . : . -1 . : -1 : .
t . i
excitations \)(g9/2 pl/2) and Tr(h9/2 81/2) While the analysis has been
carried out only for B decay, it is reasonable to expect that the same
formulation is applicable for examination of relative ft values in the
electron—capture transitions involving the same particle configurations.
In the present case we have made the simplifying assumptions that
the wavefunction for the ground-state of 2lOAt can be written as
30y -1 | ) ' - .
> J
Iﬂ(h9/2) v(pl/g) r+.§nd that the wavefunctions for the two 5 levels in

21 :
OPo can be approximated by the two component vectors

ws_(2910»). = a'l.ln(_h_9/2 113/2>>5__'+'bllv(-g9/2_ pz}2>>5_ - (95)

b_(3026) = aylmlng fg/e” - * Py pﬁzbs_ (96)

If we choose the phases so that the a's are positive, then

2)1/2

= + =
b +(1 a]

1 > 85 = 'bl' and |b2|v=va

1 We can theh_rewrite our

second wavefunction of eq. (96) up to a phase § as

. v -1
= i > > :
WS_(3026) lbll ITT(hg/2 113/2) - + a16|V(39/2 Pl/2) . (97)
It is further aésumed 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 l—forbidden_transitiOn

EC _ o . -
“(hg/z)‘ .> v(pl/e) can be neglected, the ratio (ft)2910/<ft)3026 gives



\ 2. .2 2
(Fthporo %1 _ %1 %1 | (08)
(ft)3026 1= ai |b'l|2 la |2 '

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

2 .

a ‘ : :
1 6.1 _ 1 _ .

Sk =g5=asrc 0 | (99)
2

.Thus.wé'may consfruct-thelexperimental'two component wavefunction (up to

phaée d);forﬁthe two 5 levels. Using our arbitrary phase convention

b, = i(l'—~a2);/2)

1 1 ,-thevtwoéc0mp0nent vectors become

>  + 0.846]|v(

. : _ I : -1
w,_(gglo) ~‘Q.5§Mlﬂ(h o 89/2 P1/2)>

(100)
5 _

9/é ?13/2 5-

v _(3026) ~ 0.846|m(n

>+ 0153&|v(g b*l > (101)
£ ST e LR

i .
o/ F13/2” -

These results can be compared directly to the relative two-proton

ampltiudes obtained from the “°7Bi(a,t) and 20°Bi( He,d) reaction

28, 29). In both studies the 5  level at 2910 keV

studies of TB") and Lanford

was ex01t§d and ygll résolved'from members of the ﬂ(h9/2 113/2)
multiplet. Since the 11~ member.of this multiplet is expected to arise
only from'this.pwofprcton'cohfiguration,-thé‘ratids:Iv;(29lo)/I _(29&5),

T o s unn
corrected for the (2J + 1) dépendence of the reaction cross sections,

directly yield experimental values for the amplitude ai. By assumingrthat

~the remainder of the two. proton étrength is located in the lével‘at 3026
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keV, the ratios of the two proton components in these states are

estimated. from these data as

ey 1? | |

| |2 = 0.41 . (102)
a, '

anq

|al|2 . .

| P = 0.82%0.20 , (103)
a - ‘
2 (Lanford)29)

- The agreemént'between thése values and that derived from analysis of‘the
electron-capture trénsition rates (eq. (99)) is good, in spite of the
many simplifying assﬁmptidns required in the_caiculafions, and is
éuggestive of the correct iﬁterprétation of the chéractéf of these levels.
Unforiunafely the lack>§f experiméntal data and the compiexity of the
wévefunctions for other odd—parity states involvingﬁcore‘excitations
precludes extension of this.aﬁal&sis at pfesent. "The fact that only the
two lowest eneréy core exéitations are expected to contribute signif-
icantiy'to unhindered.B-decay does however permit fhe qualitative

discussions given in the fqllowing paragraphs.

3.‘_Eiectron—Capture Decay to Levels at 3075.1 and 3u428.2 keV

66)

. The experimental results df'Bondorf, von Brentano, and.Richard

‘have indicated that the wavefunction for the first 4~ level in 2°CPb

(at 3475 keV) can be written
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v _(3u75) (0.96+0.02|v(g, pl}2)>

0.26%0.0 )> + {0.070.16) |V f >

( 3)]?(59/2,p3/2)_:> (0.070 16)I'(g9/2 5/o) .>(1oh)
which is in good agreémént with_the calculafed wavefunction Qf TMP61);
The extent to whiéh this dohfiguration mixes With the 4~ level ariéing

from the m(h ) configuration should be reducéd relative to that

9/2 13/2
observed in the 5 1levels because of the larger difference in,zeroth'
ordéf énérgiés_of these states. ﬁnhinderédAeléctrbn;capturé decay is
theﬁ expected_qﬁly to the relatively pure co?e state énd,itvis reason-
able to associate this state‘withrthe (4)” levél at‘3h28,2_keV 

(log £t 6 9). Deca&lto.the'(M)- levei at,3675.l keV is highly.
hindered_(log ft = 8.9). Whiievno quantitative'estiﬁates can be made;
the reaction stﬁdies indicate that the gregter part of the strength of

the m(h ) _ configuration is located in the latter level since

B9/2 13/2
the other member of this palr was apparently not exc1ted to a measurable

extent.

L. Electron—Capture Decay to Levels at 3525.2, 3699 4, 3711.2, 3727 2,
and 3779.5 keV

~ The electron-capture'decay.to»thesé.1ev¢ls is also relatively
unhindefed which reflecf strong admixtures of particlefhole core com~-
qunenté_inftheFWavefunction of,thesé States._.Of thé ﬁqssible core |
: componenﬁs thaﬁfaré expectéd heregvthé!mqst probablevadmixtgre-that’can |
give'riée to these fasf transitions isvthé_proton éxcitation |

m(h

9/2 51/2) \ 5_,in addition to the neutron‘exc1§ation.d;scu$$ed

above. The decay of‘the_3sl/2 proton in 21 At'tO‘th¢.3Pl/é neutron in
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lOPo might be expected to occur with a somewhat greater absolute rate

than for the similar decay of a lh proton into a 2g neutron

v 9/2 9/2
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 procésses,

. 208, 208 .
observed in the decay of Tl to the core states of Pb, proceed with

similar (but somewhat lower) log ft.
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J. aGamma—Ray TransitiontRates_Between the Even Parity Levels

The data available from reaction studies and B-decay of 210,

now give a fairly detailed picture of the lower-lying levels in 210p,,

9/2

and except for the low spin-members of the.ﬂ(h

A1l levels of the m(h,, )2 ground state multiplet are well characterized

9/2 f7/2) multiplet, the

major transitions in the decay of these levels are now known. Comparison

of the shell model level sequenee calculated by Hoff and Hollandergs),

Newby and Konopinskisl) and Kim and Rasmussen32) with the experimental

spectrum (section F, fig. H25.lndieate5'general agreement with energies
and level snacing. With the- decay propertles of these levels known, the
experlmental data may serve as a strong guide to future calculations.

In part;cular-the M1 branchlng ratios_in decay of the odd spin members

of the ﬁ(h ) band to the-low—lying even parity levels mey serve

972 T1/2

as a sensitive test of the ﬂ(hg/2 7/2) admixtures in the W(hg/z)elband

since Ml tran51t10ns to the major components are forbidden (AL = 2).

For the purpose of testing the_accuracy Of’Q;OPo wavefunctions

31,32,33).
shown in_Table 9, we have calculated (using the formalatien presented in-
Appendix A) the total absdlute gamma-ray transition'probabilities T(l)
for decay of a numberkof levels of the m(h 9/2 7/2) multiplet. .Fon the
effectlve charge which is necessary for the calculatlon of T(EQ ’ ﬁe used
67)

the value of l.5e for the.proton as was discussed by’Astner et al.
The osc¢llator parameter v for the calculatlon of E2 matrix elements was

1/3.

flxed at 0.165 from the relatlon v = 0. 98/A The gyromagnetic ratio
gj used for the_T(Ml) calculations was obtalned from the tabulated

I S 68,6 .
measured magnetle momentvS_ 9) for the Jh9/2, /2 apd-lll3/2
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Tuble 9. This is tabulation of the elgenvalues and eigeafunctlons calewlated for 2'OP0 by Mi and True (M0),33 Kim and Rasmussen (IR),2 and Nevby and
Konopinsk! (NK}.3l The first column glves the reference, the secotd column the spin and parity and the third the calculated excitation energy. For each

the remuining columns give the two proton configurations on top’and the correspunding amplitudes below. For example, the umplitude of the :";/z“s/z )
ration for the 2% level at 1057 keV of MT is .0805.
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proton orbitals and from the Schmidt'(free space) values for the 2f5/2,

3p3/2 and 3pl/2 orbitals occurrlng in the wavefunctlons of Ma and True33).
Table lO shoWs the effectlve magnetlc moments used to obtaln gj The
Schmidt yalues‘(used in the calculations in Appendix G) for all.proton
orbitale are also shbﬁn.'

Listed in Table 9 are the Wavefunctions of:Ma andvTrue,(MT)33),

Kim and RasmusSeu (KR)32)'and Neuby‘and'Konopineki-CNK)Bl) used to cal-
culate'thejebsolute gamma—ray translfion probabiliﬁies shown in Table 11.
’ Thelexperimental level energies have been used to celculate the values of
"T()) rather than the theoretical level energies. With our rather limited
deta we cen hot state that one particular set of wavefunctions yielded
calculations in.better agreement ﬁith experimental dete than auy other.
Thie can.beiseeu”more directly'from theldaﬁa given in Table 12 where we
have listed experlmental and theoretical E2eMl gamme~ray:mixing ratios 52
forvseveral franeitione. A:limit of 62 was set when fhe transitions uere
measured as EEEE.Ml (62 = O)FI The limit correspohds to the maximum E2
admixture withinvour‘rether large error llmits. Clearly, more exﬁerimental
mixing ratlos arevneeded in order to make any deflnite test of the wave-
functious using fhe transition probabilities.

The caleulatioﬁe also pointlfo relatively intense low-energy
~intraband transitions in competition with the more energetic iuterbauo
decay to the levels of the domlnant 'rT(,h9/2)'2 configuration. 'Tﬁis leuds
some support to our placement of the 77.2, 92.1 and 1l2.2 keV transitions.in

the decay scheme. (mhe theoretlcal results also predlct the M1 character

of the T7.2 and 112.2 keV tran31t10ns ) A 51mllar intraband tran51t1on '
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Table 10. Magnetic moments used to obtain the é_yromagﬁetic ratios.

Shell Effective Moment Used . Schmidt Value
U . u

1ng /s L.08 | 2.6241

/2 kb1 R | 5.79275

115, 7.9 o ©8.79275

2t /5 0.862 , 0.8623

325/, 3.793 ' 3;79275

301 /0 -0.2643 . -o.zéuzs_




jnblb 1i. Culyﬁlnted.Tvanultlbn Probabilities for Ml and E2 transitione for.the u(h
ani True (41),3 Kim and. Reemuseen (KR).32

garma-ray ingensigle'.

and Newby and Xonopinaki tuk). 3t

The single-particle estinn;eszz

9/2>r1/2).und '(hél:)? conricnrntions.uning the wave fgnctloqa of ¥a
are also tabulated f{n-additicn to the cbserved

© Experi-

o Trensition pentel T(A) (sec)) 'm'g;nuc-l -
ergy . az:::::ﬁ . xncz:ziiy @ ﬂ: : K ) _ Stngle Particle
" (xev) R .‘(lv)‘ (1)1 eend® roung® 1{(:2)168 T(0 )10 (e2)188 T()) 1_85
g61.1 1,48 0.22(2) 305.6 51.0 8.3 - 60 - - 1.92 1050a)
250.5 1,48, 0.21(4) ) 169.2 0.053 181.6 0.0k43 - - whoofir)
‘9649 . " *-6; . 0.16{k) 4.58 36..9 69.9 33.3 153.9 28.8 2.51.107 (1)
n2.2 AN ~ 029" 1'x.>39 1.58:207 21.0 .1.86.-.10'5 26.8 » 2.53.20™ Lo )
929.9 5.+ 6 -0.76(3) 318.1 wr 102.0 3.0 224.6 o180 2.25:10°02)
m.2 5, +6, ~ 026" .9 2.63.10°° W3 2.0k07 .2 ) ﬁ.xh-xo d 129011
' 9165 5 ;_bl : 0.61(k) 8.5 66.9 81.6 66:2 12,0 8.0 2.6010%00)
630.9 8,+ 0, o0.31(2)  65u.8 a5 208.% 163 - - 1030000 )
T B, 6 (c.on® 0 1.59-2077 ° 0.0475 -— - 3.02:10%(£2)
169.2 6,48, {<.05)° 0 1.05 ) 1.2 - - $38(k2)
B2 G- 6 1) 506.9 109: 95.3 6.5 any .6 1.73:10°0a)
a9 L oeehy () 0 26.3 o 6.08 ° ara 1170(F2)
‘1201.2 N2, 0.16(2) o a3 ) 98.0 ° 161 " ugg0(E2)
. 52.1 . b, 02, {~.00 )" [} 0.02% ° 022 0 021
955.8 L aeny 1.61(6) 1027, 158 _26.5 50,3 M 5.4 87300(:0)
909.2 "é .6 ’ 0.09(3) o 6.1 0 _' 107 o 126 1200(E2)
2290.0 2, + 0 0.012(3) 0 17300 0 - Moo ) 6612 12620 (2)
1108.6 2,2 - ey 2n 1,08 1.4 1.23 2.57 3.7610%00)
863.3 2, %4 '_--- 0 75.7 0 " 78.0 0 99.7 957(E2)
P '

"Eotimated from the converitﬁn electron line intensities in the npoctrogrnphic plutel obtained by Hoff and Hollander.'

Enciunted froa prcliuln-ry data taken with & compton suppressed Ge(Ll) spectrometer {Ref. 70).

J‘ and. J¢ refer to the spins of the inftial and final states resyeetively. The subscripts 1 and 2 reter to the first and second levels (incresllns

energy) of a given spin.

f€9T—



Table 12. E2-Ml Mixing Ratios (8

é)a

- }
-Angular Transition : 62- o
- Momentum ‘Energy o Theory
Ji > da (keV) (experimental)b MT KR NK
' 7> 8, 250.5 <0.32 0.00028 0.0002k -
- 8,+ 8 630. <0.19 1 0.0328 0.078 -
_ +0.16
62 }_61_ 852. O;l9_o.lh 0.215 0.687 0.173
8 v +0.47 _
.:71 > 8 :881. o.58f0529_ 0.167 0.673
5, > 929. <0.32 0.012 0.0295 0.008
L, > 955, <0.29 0.155 1.898 10.746
5, b 976. <0.19 1.7L 0.81 0.62

&The mixing ratio 62 is defined as 62 =

bThe éxperimental 62 were cbtained from comparison of our K-conversion coefficiehts with the 

_ f< gl > |2 _ T(E2)

theoretical values of Hager and Seltzerhg).__

c

< hal > |2

T(M1)

- refer to the first and second levels (increasing energy) of a given spin.

--Ji a,ndJ‘f refer to the spins of the initial dnd_final states respectively. The subscripts 1l and 2
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may be responsible for the weak 125.2 keV transition répofted by Hoff and

Hollander?s).

In general ag}eement between the calculated and experimental
gamma-rey branching ratios in the decay of members-of'the W(hg/e f7/2)
band is .also rather inconsistent, This is seen more directly by the data
given in Table 13 where.&e have_lisﬁed'the‘experimental and theofetical
gamma-ray branching fatios. It should be_noted that_arsecond set ef 21.OPo
anefunctions calculated bylMT33).uéing diffefent force perameters gave
slighﬁly better agreementviﬁ the gammanraylbraneﬂing ratioé while net
sigéifiéahtly changing the_agreemént in the mixing ratios. MT335 are
currently.investigatiﬁg this point. Qualitetively, ﬁowever, fhe theo-
.retical'fesults do account‘for'thé-low intensities”ef transitieﬁs.hot
observed experimentally. For exampie, the transitions'62 *'81 (769.2 keV),
6, > k4, (899.3 ker)‘,.22 > by (863.3 keV) and 2, ;.21 (1188.6 keV) ‘are
‘predicted to have small inﬁeneities compared to fhé competing transitions
obeerved expefimentally;

"Ail'of.the.eboVe ealcﬁiations were repeated ih Apﬁehdix G using
all values of gj which‘Were obtained from the Schmidt yalues-as shown in
»Table iO, The T(Ml) vélues seemed rather sensitiveito-smail changes in gj.

7)o orbital changed several T(M1) by

more than two orders of magnitude. - This point is discussed further in

For example; a“20% change'for the T

Appendix G.
Finelly-in Table 14 we have listed the experimental and calcﬁlated'

absolute values of T(E2) for the ﬂ(h9/2)2 cenfiguretions. The results

are in agreement which suﬁports the value of 1.5e recommended by Astner

67

‘et al. ') for the effective charge of the proton in the lead region;.f‘
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-Table'lB.';Gamma—ray brﬁnchiﬁg ratios fér‘some trénSitions in 210p,,
Transitions Ré.tiosa Yl/Y2
Energy (Experiment)b ' Theory
(keV) : MT KR ' NK -
881.1/964.9 1.38f'g§ 8.59 1.ks _
861.1/250.5 a3 1ss o.82 -
881.1/112.2 (=(6.75)° 31.3 5.53 —
929.9/976.5 0.94% %2 3.63 0.71 0.98
929.9/77.2 (~28.7)¢ . 25.6 7.3 15.9
1955.8/909.2 20.172H% 25.4 0.72  0.657
955.8/1201.2 - ‘11.3i2‘g 2.71 . 0.78 0.51k

&The Y-ray branching ratios are defined as

v /v, = (T(n1) + T(E2)),/(T0M) + T(E2)),

from Table 11. .
The experimental ratios were obﬁaihed frqm our gamma~ray intensity data.

Intensity was estimated from the conversion eléctron line intensities in

. i 2
the spectrographic plates obtained by Hoff and Hollander 5).»




Teble 1k, Comparison of the observed tfansition~probabilitiés for the E2 transitions between the ﬂ(h9 2)2_
‘configurations with the calculated trensition probabilities for the wave functions of Ma and True.(MT)£3),

_Kim and Rasmussen_(KR)32) and Newby and Konopinski (NK)S}). The sinéle—particle;eStimatesez)-are-also given,
Transition . i I S o R K i _ ) ’
- Total . Experimental Theoretical.
Angular » . ‘| Experimental| 1 . Ly
. Momentum E“e?@ gg:‘;;izizgt Half Life | T(E2) sec™ - 7(E2) sec o |
oA - Iy . (kev)- | : : ‘sec sec t LMD KR NK Single Particle
2, »o0 | 18 — — — | 8310 6.9 10M | 7.4 20" - b.65 20t
b o+2, | 245.3] 0.3 |1.7(2) 207 3.3 105 | 3.510% | 3 108 3208 | 1.8 10°
6, » b, 46.6 212 |38(5) 107 | 6.709) 0% | 6.120% | s.710* | s.910% | u.y 10
. : 9| mra) 105 | k6105 | b1 108 5
8+ 6 83.5| 16.2 110(8) 10 3.7(3) 107 | 4.6 10 .1.10 ——— - 8.1 107 .

TL9i-
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K. Final Remarks
The best summary of this'study can be made with use of a figure.

In fig. 47 we have shown the two-proton theoretical ‘level structﬁré of

210?0 calculated by Ma and True33) and the experimental level structure

of 210Po and 208Pb. The two-proton model does not include core exci-

tations and the "extra" 37 and 5 states in the region of < 3.2 MeV
have béeﬁ identified in sections G, H and T as due to core states.
Above'3;2 MeV, the situation is not so clear. There are six states which
are fed directiy in the decay and these presumably have spins of 4, 5 or
6. The égm of the numbef ot 298y core states and the number of two-
protbn stafes of spins 4, 5, or 6 invthevenergy range of 3.2 - h.3'MeV
is seven. It is temptiﬁg fo spe?ulate that the ekperimental states
which are fed in the decay havefadmixed configuratibns.due to the two-
frof§n.sfates and core states with'the’electron—captﬁré decay proCeeding
via the cofe components as discussed in section IVIIf

Iﬁfhas been established from this stﬁdy that the ngxt generation

210

"shell model" calculation for Po should include configuratibn mixing

of ‘the two-proton configurafions and core states. In order to aid such

calculations several additional experiments could be perfcrmed. An

angular correlation measurement of the gamma-rays from the decay of 2lOAt

might determine the spin of the odd parity states at 3428 and 3727 keV.

' Higher resolution 209Bi(BHe,d) reactions might be useéd to look for

- fragmentation of the m( ) configurations over the ﬂ(f7/2 ;1372)

. .
| Y9/2 *13/2 |
and/or the core configurations. In particular mixing of the (L)~ states

at 3075.1 and 3428.2 keV could be invéstigated. A 210Po target might be
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used to investigate the collective states via inelastic scattering.
Configuration mixing of the 3" coliective sfate_with the W(hé/g 113/2 )3_
configuration also couldvbe investigated. This expefiment might explein
the 3~ depression in energy from thai observed in»298Pb as discussed in
éection G. The configurations due the coupling of the 3" core state to
the 2° first excited state might also be observeble.' (The 5  state was
predicted at an energy of 3822 keV in secﬁion IVH.).

| Our gamma-ray decay transition probabilities discussed in section
J showed that a sensitive test may exist for the wavefunctions calculated
with various potehtials. One might be eble to adjﬁet the parameters'of
the calculetion until agreement of energy levele'ggg_gamma—ray Bfanching
ratios ie achieved. The transition probability calculations predicted
that low energy intraband transitions can compete among the higher energy
interband transitions. However, we were not able ﬁo directly observe
these transitions but rather make assignments to previously reported
unassigned conversion electronszs). Thus a high-resolution reinvestigation
of low.energy electron spectrum might allow other ﬁfansitions to be
observed end with a better intensity measurement; |

It seems clear that this nucleus because of its structure caﬁx

serve as a useful guide for future theoretical calculations in lead

region to test phenomenological and realistic potentials representing

the residual interactions.



-171-

V. THE ELECTRON-CAPTURE DECAY OF 209At TO LEVELS IN 2O9Po

A. Introduction
This nucleus is of theoretical interest because it has two

protons more than a closed shell of Z = 82 and one heutron lesé than a

209

" . closed éhell of N = 126." The eléctron—capture décay of At(5.5n) to

209

Po populates levels of 209Po and hence provides a means of studying
the nuéléér level structure.

The'ground—state spin and parity of 2094+ has not been measured
but is predicted on the basis of the shell model and experimental datag)
in the lead region to have the configuration

3 2 0. 6
Am(hy,,87,5) v(p ) L)

. some support from the measuredTl) spln of 9/2 for the ground-state of

211 T2

. " The spih assignment of 9/2 gains

At. The ground-state spih of 209Po has'been measured ) ‘as 1/2 and

has the probable configuration (m(h 9/2 1/2) \)(pl/2 2/2) -, ) -
1/21 2

Thus states of sp1n 7/2, 9/2 and 11/2 should be dlrectly populated in the
decay and states of spin 1/2—5/2 and 13/2—15/2 by the gamme decay of
higher—ljing levels.

Electron-capture decay transitions from'the odd-even nucleus

209 209

At td the even-odd nucleus Po should favor'population of single
neutfon](particle or-hole) states if such transitions are not hindered.
Direct decay to'the ground—sfate would involve the'conversion of anv,
9/2 proton to a 3pl/2 neutron whlcﬁ requires a pﬁaﬁge of four unlts‘,
(AL = k) in the orbipal,angular momentum (i.e. ﬂ(h9/2 —ng> v(pl/é)) apdp

should be hindered. Thus population of excited states is expected.
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No previous studies of the decay have been made with high
resolution Ge(Li) detectors so that a detailed investigation has been

performed. In this section we report on the inVestigation of the

209At. The energies

transitions following the electron-capture decay of
and.intensifies éf 87 y-rays between leVéls ih 209Po have heen measured;
The mﬁiﬁipdlarities of 27 transitions have been determined by measuring
relative interhal conversion coefficieﬁts. Sixtyethree of the transitions-
have been placed into a decay scheme with the aid of Y-y coincidence
‘meaéuremenfs defining 20 levels. The levels of’209Po'have been compared
with a weak cdupling calculation using experimental data from the levels

of 208, 210, 2095; ana 297

Pb to represent the neutron hole-proton
ahd’protonfproton interactions using the formalism presented in section

ITD.
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B. Previous Studies

20 L - |
on (5 5h) was first identified by Barton, Ghiorso and Perlman73)
in 1951 who reported'decay by alpha emission‘ahd.eleétron—capture. (The

209,¢ per decay has been measured35)

209,,

per cent alpha branching of

4.1%0.5%.) 'The conversion‘eleetrons from the At decay were reported

in 1954 by Mihelich, Schardt, and Segre'gh) although no decay scheme was
' ' 209

proposed. vIn71956 Stoner36) reported inydeteii the At conversion

electron, gamma—ray and alpha spectra. He feported intense gamma-~rays

at 90.8, 195; 545 and 780 keV in coihcidence and-prepoéedvthe decay

209 209

scheme shown in fig. 48b. The Bl(a h ) At reaction was used by

‘Stoner to produce intense electron sources with eppreciable amounts of

_2lOAt present from the eompeting'(a 3n) reaction. An alternate method

of productlon 1nvolv1ng proton spallatlon of thorlum metal to produce

213Ra was]used’to isolate much smaller quantities-ef 209At after an

appropriate decay period. This produced low intensity Sourcee'free of

gloﬁt for measurement of the gamma—ray spectra.

209

‘In 1965 Yamazakl and MatthlaSYh) 1nvestlgated the levels of Po

208 ) 209

with the ‘ (u 3n Po reaction and. Ge(Ll) detectors. They established

the spin.sequence 9/2(782Q)'5/2(5h5Q) 1/2 for the lower levels of 209p,,

Yh)

also reported a 100 ns

: o ' ot
" isomeric level at an energy similar to the 8 level of 210Po. They

‘shown in fig. 48a. Yamazeki and Matthias

suggested the posSible two particle-one hole configurations

-1 . P :
(m(h ) v(p )) - - for the isomeric_level.
+
9/2 SR s s /2 ,
Durlng the course of our study, prellmlnary reports have been

made by Alpsten, Appleqv1bt, and AstnerTS) and Alpsten.andvAstner76).on
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thé eléctron—capture'decay;"Bergstrﬁm §§r§;377f'issued a préliminaryv
report on a reinvestigation of the

Pb(d,3n)209Po reaction.
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C. Source Preparation
Sources used in this study were obtained by the 209Bi(a,hn)209At.
reaction in the Berkeley 88-inch cycloﬁron at bombarding energies of

*

49-51 MeV, with bismuth metal target thicknesses of 30-59 mg/cmg. The
astatine was’separated from the bismuth tafget by volatilization and

sQurcés were prepared as previously described in section IVC.

These\sourcés contained, in addition to'209At,-vafying'amdunts of 2OBAt,

210 2l

At and “T1At from the competing (o,5n), (a,3n) and (a,2n) reactions,

respeétively,'depending upon the energy of the incident élpha particles.
- The (u,3n) and (a,2n) cross sections had béen:previously

78’79) in the energy region of.20—h2'MeV{ The (o,ln) and

determined
(045n) éroés sections had not been studied in the energy region of 41-65
MeV. To determine the (Q;Qn) and.(a,Sn) cross sections relative to the
(ay3n), a heasufement was made of the relative gamma-ray activities of
astatine isotopes.produCed in a series of four stacked foils with an

_ incident'béam energy of 72vMeV; Measurémént of the feléfive gamma-fay
intensities of three transitions of llBl.h,:ShS.O and 658 keV and consi-
defatiqn of the decay schemes allowed determination of the re;ative atom

209At/208At that were produced. These measurements yielded

ratios elOAt/
the relative production cross.seCtion ratibs’of three astatine isotopes
at mean bombarding energies of:68, 61.7,.5&.6 and 47.7 MeV. These .
results are shown in Table 15. |

In order to qualitati?ely coﬁpare these gamma—réy ratios fo

previous cross sections measurements at lower energies (<42 MeV), an

extrapolation of the (a,3n) reaction cross section was made and is shown



Table 15. Relative gamma—ray'ratios‘and-cross sections for various astatine isotopes produced’by-EO?Bi(hHewXﬁ),_
reactions based on measgred gamma-ray transition intensities.. The 1181.k, 545.0, and 686 keV y-ray transitions
in 220po, 209?0 and 208po were measured (relatﬂvely) to arrive at these values after correcting for alpha- .

branching and appropriate decay times,

==

'Alpha Energy & E Gammarr&y retios - S rBeletive cross section (barns)
way 210, /21°Af:, 209At/210 208, /210, .209At/'2_08At o(a,30)® , Oéa"hn)b o(a,5m)°
68 1.0 2.9 ©18.95. 05 0.07 - 0.226 1.‘32-’.-
o 1.0 3. 2.8 ok 0a2 0.455 2.98

Sh 10 5.45 1.7 ~0.k65 2.0 | 1.21 2.3k
Y S uz 0.785 535 . 5.2 2d3 0.0

aThe'error estlmated +2, 5 keV) reflects uncertainty in the target thicknesses. and correctlons for energy losses

within the targets and aluminum backing f01lsso).'

-LLT-

Thls cross ‘section value is based on earlier results78 79) at lower energy and the extrapolation procedure

" described in -the text.
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as a dotted line in fig. 49, ,Thisvexfrapolated shape of the (a,3n)
crdss séction was used gglx!to provide a normalization pointbfor the
measured relative cross séctién'ratios of Table 15 and these results

are included in fig. 49. All data points of fig..h9 in the region L5-70
MeV are results of our measurements based on this‘exprapolation pro-

~ cedure. Bécaﬁse of the'uncertainty'in the validity of.this extra-
polétion procedure, no errors in the absolute crdss.section are shown.
However, errors in the‘measured relative cross sections ratioé (due to
uncertainty in half-life, relative photon intensity determinations, and
countihg fiﬁes)vWere estimated as +8%. Errors shown in fig. §9 for the
heliuméion energy reflect the.uncertainty in the target thicknesses%and
chrectionSBO) for energy losses within the targeté4ahd aluminum ﬁécking
foils.

8

To identify 20 At, the energies and intensities of the major

radiations reported by Treytl, Hyde, and Yamazakial) were remesasured.

208

We note that the At could be minimized by'bombarding below the thres-

hold energy (~ L8 MeV) for production of detectable amounts relative to

209 21

‘the OAt in spectra were identified by

At. The "impurities" from:
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”tfansitions féllowing the decay of At due to an

increased background. Typically, at the end of bombardment, the'largeét
210 |
(

ratio'of.the relative gamma-rays of (209At) to At) was'approximately

hAS%-to 1. ‘In order to check the relative Yy-ray intensities_obtaihed_
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from mixed sources, some data were taken with appreciable amounts of
208At in the sample because of the higher Iy(209At)/iY(210At) ratios.
Toward the end of our study, ﬁe were fortuhate to obtain.a low
intensity mass separated astatine source from M. C; Michel and the‘
(virgin) Berkeley Isotope Separator in crder to fuither cheék on
intensity assignments with mixed astatine sources.. The sample was

essentially free of 210, (< 10_3% relative to 209At)

. The portion of
the 5 mm aluminuw 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.
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D. Experimental Results

1. Gamme-Ray Singles Spectra
’ 209

Thé data for At gamma-ray singles measurements were collected
as previously described in section IIIA, Mixed épurces df astatine
.(210At 209 208At)

s At and _were'used-(see section IIIC) and data were

'collected over'$ périod of 0.25—20'hours after énd'of bonbardment to

2lOAt background. 'Figures 50 arnd 51Héhow spectra takéh with

minimize the
the 35—cni3 (aétive.volume) coaxial'Ge(Li)IdétectorvOQer the‘enefgy
ranges of lOO—lGOO.keV’and:630—2760 keV reSpéétivel&} -Photbpeaks from
.208At are present in the speétrum of fig;'SO; A'gammé—ray-spectrum of
thé_lowér eﬁergy range of 16-240 keV obtained Vitﬂ ﬁhé:Si(Li) detecfor
iS'shown'in.séction VD3 in the bottom éf fig. 75.. This spectrum was
ébtainea'wifh a Teflon absorber coveriﬁg the éoufceﬂfo.diétiﬁguish
'beﬁween'gamma—rays and conversion eleétrons.. v
To investiéate weak gamma-ray tranéitions, a.mass,séparated 209At'
‘soﬁfpé'bf Iow inténsity:was obtained éndxthevresulfihg activiﬁy neasured
‘with thé Ge(Li) épectfometer. Thé speétrum obtained is‘shpwn'in.fig. 52.
The low intensify sourée coupled-with the‘largé_vblume of‘the'detéctor
prqduded many sum‘peaks. However,’severa; néw tfansitiohs were idén—v
-tifiéd from this spectrﬁm-and sé&éral 6ther tfaﬁsitionsvbareiy obsér—
vable»above the high compfon background'with mixed_éoﬁfcés were confirmed.
Fouf océured at the same energy as soﬁe inténse'ngAfxtransifions.
Table 16 listébadditional'transitions observed with the mass separated

source but which could not be definitely'assigned to 2O9At decay. . Clearly
a more’intense sOurce'is needed to,éxtract'more définite information from

such a spectrum.
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‘Table 16.
source.
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Wéak traﬁsitlons oﬁserved from & low 1nten51ty'mass'separated
. The assignment of these transitions to 2O9At decay is uAcertaln and

these are not placed in-‘the cwrent level scheme. -

209At-

) s -Absolute -

'Gamma-ray gamma-~-ray

Energy = intensity

-,keV % of 209At EC decays

515.1 (3) 05 (2)

523.0 (3) o (2)
1084.0 (4) - 0.037 (5) .
1212.9 (6) 0.022 (6)

v 120é,3 (%)  0,02é (6)
1210.2‘(h), - 0.047 (10).
1295.8 () 0.026 (6)
1299.0 (5) " 0.022 (6)
1361.7 (6) ~ 0.0092 (0)
1&19.h'(4jg : 0.0 (9)

~1k21.5 (5) - .0.023 (8)

- 1529.4 (5) - 0.016 (5)
1706.1 (1) 0.013 (2)

2102.0 (1) 0.008 (3)
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:
The energies and intensities of the Y-rays were obtained by

ho,hl)_ Energy

19)

analysis of the spectra withvthé_éqmputer code SAMPO
calibrations were obtained using the standard energies compiled in
Appendix D. The relative photopegk efficiéncj waé'determined with an
IAEA calibrated intensity éet-and‘lgome as described in Appendix E.
Uncertaintiesvin the relative photopeak efficiénéy measurements»are
estimaﬁed to be *5% in the energy range of 100-600 keV and #L% in the
range 500-2800 keV. _. In Tabie 17 we list the energies and absolute‘
gamma-~ray iﬁtensities per electrogécapture decay of the observed photo-

209

peaks éssigned.to the decay of At. The assignments were based on
half-life measufements for the more iﬁtense transitions and by cémparison
of sPéctré taken with different'rétioé of astatine isotopeé. The érrors
quoted‘inclﬁde the calibration ana fitting errors.

In Table 17, below 500 keV where transitioﬁ multipolarities were
assumed or measured, the total transition intenéity is also shown. The

'142,)43) '

theoretical'cbnversion coefficients of Hager and Seltzer were used
to‘derive theée results. The multipolarities of the 113.2 and 151.5 keV
transitions were assumed toibe puré E2 énd the 195.0 keV transition was
vdetérmiﬁed,in section VD2 to be Ml + 20% E2. The 90.8 keV gamma-ray not
.resolvabié.from the K x-rays with the detectors employed so that the
reported gamma-ray intenéity is based on our measured felative L-conversion
elecfron iﬁtensitieé and the theoretical E2 conversion coefficient (sée
section VD3). The multipoiarity of the 104.2 keV transition could notv

be determined from this study and we have liéted'the transition inten-

sities in Table 17 for both Ml and E2 multipolarities;'



_187_

Table 17. Gemma-rays observed in the decay of ~U7At.
S Absolute® Absolute®
Gamma-~ray gamma-ray’ transition
Energy - o ~ intengity » S intensity
(keV) (% or 2%t EC decays) (% of 209t EC decays)
L ' .k ' k.
90.8 (2) (1.69 (i2)) (19.8 (15))"
o y 17.9 (E2
10k.2 (2) 250 (25) (eg.ﬁ ngg)
113.2 (3) - 0.16 (4) (0.85)¢
151.5 (3) 0.055-(20) - {0.13)¢
191.1 (3)¢ 1041 (7) =
195.0 (1) 1250 (1.2) 65.0 (32)° -
233.7 (1) 1.1% (9) 2.33 (18)
239.2 (1) 14.25 (50). 15.05 (65)
321.1 (2). 0.71 (3) 0.72 (k)
32,8 (2)° 0.57 (3) 0,67 (5)
388.9 (2) 0.56 (3) £ 0.70 (5)
415.8 (6)¢ - 0.06 (2) -
433.8 (3)° 0.08 (2) -
Lu7.7 (2) ~0.28 (2) 0.32 (3)

, Absolute® , Absolute®
Gemma-ray - gamma-ray Gamma-ray gamma-ray
»Energy intensity ) ) Energyv intensity

(keV) (% of 209+ EC decays’) (keV) (%2 of 209+ xC decays)
545.0 (1) f97.u_(3o) 127209 (2)° 0.22 (2)
551.0 (3) | | 5.21 (24) 1311.7 (3) 0.056 (6)
552.14 (4) 1.36 (20) 1362.9 (3)%1 0.070 (6)
5546 (M) 0.61 (11) 1357.0 (2) . .0.18 (1)

(continued)
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Table 17 (continued)

_ Absolute® Absolute®
Gamma -ray gamma-ray Gamma~ray gexma-ray
Energy _ intensity Energy ’ int_ensity

(keV) (% of 2%t EC decays)  (keV) (% of 2%at EC decays)
596.4 (2) 0.72 (&) - 1409.0 (6)°¢ 0.019 (8)
630.3 (2) 0.75 (3) 1. (3)3E 0.057 (8)
666.2 (1) 2.01 (7) 1k27.0 (3)° 0.030 (6)
719.6 (3% 0.08 (1) ] 1hk6.15 (10) 0.56 (2)
750.9 (2)¢ 0.07. (1). O 1b56.4 (2) 0.12 (1)
781.9 (1) 87.0 (26) 1478.9 (3) 0.04h (k)
790.2 (1) 66.3 (20) 187 (3)° 0.10 (1)
799.1 (2)° 0.11 (2) ' 1490.8 (2) 0.28 (2)
809.8 (3)%:€ 0.036 (8) 1533.1 (2)¢ 1 0.16 (1)
815.6 (3) 6.2k (3) 1537.7 (1) 0.51 (3)
817.7 (35d’° 0.18 (L) 1575.6 (2) 0.89 (&)
826.8 (3)%€ 0.05 (1) 1581.6 (1) 1.87 (7)
gsk.4 (2) 0.62 (i) 16024 (2)° 0.18 (1)
864.0 (1) 2.11 (10) - | 1651.5 (5) 0.043 (L)
903.05 (10) 3.87 (12) | - 1687.3 (2)¢ 0.50 (2)
910.7 (5)%°8 0.078 (1) 1730.0 (4)° 0.013 (2)
922.0 (3)%:8 0.077 (10) 1745.8 (3) 0.086. (5)
939.5.(3)° 0.05 (1) | 1767.0 (1) 0.54 (3)
985.2 (2) 0.8 (1)P 1786.5 (2)% 0.13 (1)
999.6 (2)% 0.17 (1) 1803.8 (2)3 0.056 (1)

1008 0.038 (9) 1810.0 (2)¢ 0.039 (4)

A (38

(continued)



_189;

.w'fTable 17 (continued)

Gammé-ray
Energy

Absolute®
gamma-ray
intensity

a(keV);f (% of 209At,EC decays)

,Gamma—ray"
Energy -
(keV)

Absolutea
gamma-ray
intensity

(% o 209, ¢ decays)

1037.8 (4)3:8

1074.8 (2)
1092.8 (4)%

1103.46 (10) .

1136.5 (3)
1141.4 (3)
1;h7;h'(3)
1148.8 (3) -
170,75 (10).
1175.4 (2)
1183.0
1192.9’{3)'
1213.8
1217}2-(?)
%

1262.6 (1)

1243.9

0]

0

0.

0.

2.

.030 (6)
.21 (1)>
0k9 (7)'
.5 (2)

.075-(10)
.34 (2) .

“37 (10)

.85 (10)
1 (2)
.0 (1)
.16 (2)
16 (7)
46 (1)
13 (8)
16 (é)
00 (6)

1861.4 (5)9»J

1947

"2109.
22%5.
2292.
2319.

- 23k2,

2357.
2363.
2368.

2433
2528

2555.
~ 2588.

2645

_ 265k.

T

5
8

T
3

Ak

1

h
9

6

L

)
(3)

(5)%:€

(%)

(5)e

(6)

_(u)_

(4)4

“(20)

(6)
(1)2
(u)¢
(3¢
(1)

o.
0.
0.
0.
0.
0.

0.

0

0.

0

01k

008 (2) .
oLk (2)
Qb2 (U)

007 (1)

007 (2)

017.(5)

.007 (2)
.015 (2)
.012 (2)
.015 &2)
.0025 (io)
.002 (1)

01T (3)

010 (3)

0021 {9) .

lgAbsolute intensity per electron capture decay is based on the new level scheme.

. C . . . : b ’
bThe theoretical conversion coefficients of Hager and Seltzer 2) were used to

derive these transiticn intensities.

CAssigﬁment to

low intensity 20

At mass separated source.

09At decay is based on the observation of the transition in a

(continued)
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Table 17 (continued)

4 cys :
These transitions ere unplaced in the present level scheme.

®The multipolarity of this transition was assumed E2.

fThe multipolarity of this transition was assumed ML + 20% E2 based on our

measured oy, a;, and o, values (see section VD3).
€This transition was observed very weakly in mixed 210At and 209

209At decay is uncertain} This was also»observed in the

At sources so

that assignment to

209

low intensity At mass separated source.

205

h‘I‘he intensity was corrected for a ~ “Bi component.

1The intensity was corrected for a 226Ra component from room background.

209 205

JAssignment to At decay is uncertain (°°°Bi?).

k o o L .
These intensities were extracted from the relative conversion electron
intensities where the $0.8 keV transition was measured as 100% E2.

209

lAssignment‘to At decay 1s uncertain.
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2. Gamma—Gammé Coincidence Spectra

Thréé parameter gamma-gamma coincidence measurements_of'two»>
mixed sources were taken with twc coaxial Ge(Li) detectors operated
' 16,17,18)

"on line" with a PDP-7 multiparemeter data acquisition system

(see séction IIIB). ‘The second source was obtained approximately midway

209 210

through the 32—h0ur.experiment'to enhanCe thé ratio of At to At.

. The axes-of the two detectors were positionéd at 90° with.respect to the
sources ahd were separated by a graded léad—cadmium;ccpper shicid to
minimize scattering between the detectors. A fasfécoincidénce electronic
arrahgcment‘(sée Appendix C) similar to that described by Jakle#ic_g&_g&.gl)
was used.  The width of'the.distributiOn (shown in fig. 53) foc the
experihentbﬁas about L6 ns:(FWHM); (Ccincidencés rccordéd for the

» 209, -

pobulation of delayed states in 2loAt and At are primarily résponsible

for the (delayed coincidence) shape of the time spectrum of fig. 53.)

i

A tctal‘cf 3.9-10 thrée parametef'(Ei, E2, AT).eVénts were stored
serially on magnétic ﬁapc'for later sorfing and'analysis on the LBL
CDC-6600 COmcuter system ﬁcing the methods describéd in section IVD2.
(The sorting routine cmployed permitted subtraction of random events and
events éssociated with thc‘neigﬁboring ccmpton distributions ffom each
energy. gate.) The gross coincidence spectra collected for each.of the
coaxialcdececfors.are:shown_in figc..sh aﬁd 55; The~coincidencevsdrting
‘was perfcrmea‘by.séttihg gatcs (fcr phctcpéak'aﬁd compton bcckgfouhd
‘coincident events) on the energy spectrum cf fig.'55 and thc time
cpécfrum of fig. 53; Shown in Table 18 cre the»gétes set in the spectrum

cof fig. 55 for the sorting of the tapes. Approximately sixty-sorts were
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T T | 1 T

-
209At time delay spectrum
N
_ — ‘<— RN 46 nsec FWHM
= . )
g |05 B , -
O . ‘__:' \\
S 4{  Prompt gate ™. -
~ 150 nsec —sJ,
gi 55 : : \\k
n .c_." . \wl-'w\
+— ' s : ' “\1
S ot Random gate S
S l«— ~ 150 nsec —>
o k
o
-~ 4
103 ! | L L 1 0
0 40 80 120 160 200 240 280 320

Channel number (1.37 nsec/channel)

XBL7111-4670

Fig. 53." "Gross" time distribution for the.209At Y=Y coincidence data.
The 150 nsec gates were used to obtain the coincidencé.events shown

in figs. 56-Th.
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Table_lB. ‘Peak and compton background gates used. With refereﬁce to the gemma-ray spectrum of fig. 55, .
The time distribution gates were set as shown in fig. 53.
- from the spectrum of fig. 5k (with these gates) as returned by MSORT are shown in figs. 56-T4.

these gates were set.

The coincidence events

'Energy

‘Peak zate:

Baekgrouﬁd gate -

. Energy.

. Peak gate

‘Background gate

1689

keV . channels’ channels keV . channels ,cPannels
90.8 136 140 11 145 854 4 1146 1153 177 1164
k.2 153 160 176 183 864.0 11160 1166 1177" 1183
113.2 163 10176 183 903.1 1210 1220 . 1221 1231
191.1 © 26k 269 290 295 985.2 1321 1328 1349 1356
195.0 269 279 290 300 999}6 1340 1348 1349 1357
233.7 319 325 3b5 Y ~ 1022 1368 - : 1376 1380 1388
239.2 325 334 345 354 1074.8 1441 1449 1450 1458
3211 433 k2 L5 bsh | 1103.5 1477 1488 1489 1500
342.8° k2 b72 - 481 B 11L1.b 1536 : 1537 1549 1556
388.9 525 '533_ 53'# osh2 [~ 1148 1537 1546 1549 1558
MLT.T eo1 . 613 '615‘;' 621 1707 1566 ;575 ' 1640 1649
545.0 132 T 54 763 u75.4 1576 1582 1593 1599
" 5510 Th0 745 760 765 1192.9 '1595 1701 | 1643 " 1649
552.4 . ?hﬁ o Th8 760 763'_ 1213.8 1624 1631 1642 ‘16h9 
554 .6 7&9_' 755 756 762 - 1217.2 1631 16hi 16k1 1652
602 808 809 815 1262.6 1700 1m6 1727

596.4

(continued)

fS6I—



Table 18 (continued)
Energy b‘feak gate - Backgr§und_gate Energy - Pegk gate Background gate
keV - channels channels . keV. channels channels
~ 623 83k 840 854 860 1311.7 1753 1762 1763 1772
630.3 8147 853 85k 860 ~ 1337 1785 1795 1796 1805
666.2 895 903 90k 912 1357.0 1616 1825 1826 1835
T19.6 964 975 976 987 1446.1 1933 19kk 1959 1970
750.9 1006 1018 1019 1031 1456.4 19hé 1957 1959 1970
T T8l1.9 10L6. 1058 1079 1091 .;h90.8 199k eodh 2005 2072
790.2 1059 1071 2079 1091 1533.1 2049 2055 2066 2072
799.1 1073 1081 1119 1127 1537.7 2056 2064 2066 2074 vé
809.8 1087 1095 1119 1127 1575.6 2106 211k 212} 2132 T
81'5.6 1095 1100} 1108 1113 1581.6 211k | 2123 2124 _ _213'3
8177 1101 i106 1107 1112 | 1687.3 2252 2265 2266 22?(9
1243.9 1666 1675 1676 1685 |
1272.9 1703 1714 M6 1727
1767.0 235k 2369 2370 2385
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performed at a resolving time of about 150 ns. - Prompt coincidence

spectra (from the spectrum of fig. 5k4) are shown in figs. 56-Tk. Gamma- .

210

_ray photopeaks of “ At were not present to any "significant" degree in

209

the sorted spectra. The At coincidence results are discussed in

'qonnection 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

209)t. Due to

1ncomplete background subtractlons, some photopeaks due to the 2lOAt

coincidence spectra (figs. 56-T4) from the decay of

decay occur in the spectra. These pesks are denoted on flgs. 56-7h by
the 'symbol e. The reader may contlnue at page 218 W1thout a loss of

content.
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3. - Internal Conversion Electron Spectra

Soufces for electron measurements were prepared as described in
section VC. ©Spectra of conversion electrons weré 6btained with a
S-mm X 0.785 em® (active volume) Si(Li) detector operated at liquid
nitrogen femperature coupled to the same data acquiéition system and
pulse electronics used in the gamma-rey singles_méasurements. This
system gave a resolution of 1.2 keV (FWHM) fér 100 keV electrons and

207

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

Lo,L1

computer code SAMPO ). The K-electron lines of the sfronger
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 *12% over the range of
1200—1700_keV using the_methods‘described in Appehdix_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 éomplex spectra

2

obtained with mixed 209At.and lOAt 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 astatine 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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intensities to determine the K, L and M-conversion_coefficients relative
to that for the 545.0 keV (5/27 + 1/27) ground-state transition (assumed
to be pure E2) and these are'given in Table 19 aiong with the multi-

.polarlty a381gnments deduced by comparlson w1th ‘the theoretical values

of Hager and S uel‘czeru2 hB); The theoretical K—convers1on coefficients

82).

fOr the 1767.0 keV transition are those of Sliv and Band The K-

cbnversion'coefficienfs are also shown in fig. 77 with the theoretical

curyee:éonetructed from the values of ref. h2){v We comment, on two of

our results.

e90.8'keV.transitioh: As mentioned in Seétion VD1, no gamma-ray
phdton inteﬁeify was determined fer this transition. However, our
measured (dLl % oLLg)./qL3 feﬁio determined this'as an E2 transition. The
measurement of the total L—electfon 1nten51ty relatlve to the 545.0 keV
K—electron 1nten51ty determined the 90 8 keV tran51t10n 1nten51ty as
19.8% thru use of the theoretical E2 eonversion_ceeff1c1ent. This
'established our estimate of 1.6910.12% for the 90.8 keV gamma-ray
intensify;'. o

195 0 keV transition: The mlx1ng ratio M1 + 207 E2 for this

trans1tlon was determined from the ratio of our measured K and M con-
version coefficients.-,The experimental ratic was l93i2l and the theo—

retical ratio for Ml + 20% is o /oy = 193.5.



209

Table 19. Experimental and theoretical internal conversion coefficients: At.,
d . .
R Experimentel™ conversion . ) .
Trziziz;on ' coefficient ) Theoretical® conversion coefficient muﬁ:;;g;:gity )
keV @) S R(07)  E2(207) m(207)  me(107d)
90.8 (“L + o )/aL = 1.3k (10) 1.30L ‘ E2
1 2 3 ,
195.0 a, = 1170 (120) 70.9 178 1420 5910
a = 220 (20) 13 256 250 1800 Ml + 20% E2
o, = 61 (7) 3.06 - 6T.h4 © 58.9 456
233.7 o = 760 (50) b6 119 855 3230
a = 136 (10) 8.22 | 120 151 910 M1
(o, = 28 (10))* 1.93 31.5 35.5 229
239.2 - a, = 37 () 43.5 113 801 2990
‘ @ = 5.0 (10) 7.75 109 ik 83k El
1.1 | (e =26 (15)* 22 | 8 357 1150 (£1)®
342.8 Oy = 110 (10) ' 19 | 30,1 299 935 .  ML+E2
388.9 o, = 190 (20) SR 28,1 | 213 631 M
CbhyT.7 . = 130 (20) 10.7 . 21 146 410 M
523.0 (o = 320 (80))¢ 7.73 20,k 96.6 257 (M2)¢

(continued)

-édc~




Table 19 (continued)

Ex;per:f.mente.ld conversion

Assigned

Tréeli:i;iron coefficientA . - Theore‘tiééf v@nversibn cgeffi'c‘iexit. o multipbla.ri’ﬁy
keV (10'3)  F1(107%)  E2(207)  m(1073) me(1073) :

545.0 e =18.7° 18.7 pure E2
596 .4 o, = 31 (5) 5.94 15.6 68.4 175 Ml + E2
630.3° = 13.5 (40) 0.859 - 3.83 .10.2 _31.1' i M
€66.2 =13 (2) 4.9 12.6 . sL.2 128 T E2

a, = 3.0 (8) 0.768 3.29 8.79 26.3 ’

: : e ) e n
719.6 (o = 130 (ko)) b1k 10.9 k1.9 103 (M2) W
781.9 o = (7) 358 | 9.26 33.8 81,4 -

ch' =1.9 (2) 0.560 2,10 5.62 15.7 :
790.1 o = 3.3(3) 3.47 -9.08 32 79 £
' o = 0.50 (7) 0.549 2,0k 5.46 15.2 _
815.6 (o = 29 (8))® 3.27 8.55 30.3 72.3 (n)®
817.7 (g = 16 (8))% | 3.26 8.51 30.1 71.8 (M + E2)®

" (continued)



Teble 19 (continued)

4
_ Experimental™ conversion .
T%:g:i;;oé . coefficienﬁ_ | Theqrepicglc conversiog coefficient‘ _mﬁﬁzizgizgity
keV (1073) £i(2073) E2(2073) 1073y mM2(1073) '
85k, 4 ay = 26 (5) 3.00 7.8k 26.9 63.7 M1
903.1 ag = 3.3 (L) 2.71 7.07 23.3 _5&.8 El
1103.5 og = 9.0 (9) 1.90 | k.89 13.9 32.0 M + Ep
o = 1.6 (L) 0.294 0.954 2.36 6.03
1136.5 o = 37 {12) 1.8 4,63 12.9 29.3 M2
| S
11k1.4 e = 19 (6) 1.79 ~ 4,59 12.8 28.9 M1 3
1170.7 O = 4.6 (6) 1.71 4,39 12.0 27.4 £
a = 0.9% (32) 0.264 0.838 2.03 5.12 :
1175.4 = 4,9 (8) 1.70° 4,35 11.9 27.1 " E2
1213.8 (o = 6.8 (20))* 1.61 b.11 10.9 25.0 (M + E2)®
1217.2 (aK = 7.1 (20))% 1.60 4.09 10.9 24.8 (M + E2)®
1262.6 a. = 1.8 (¥) 1.50 3.82 9.89 22,5 El

{continued)



Table 19 (continued)
Transition Experimental conversion o » ) ‘ Assigned.
energy coefficient -Iheoretical conversion coefficient multipolarity
keV (10"3) . (1073) E2(10” 3) (10 3) M2(1073) |+ - o
1kk6,1 oy = 4.4 (10) 1.19 2.99 7.0 1.59 M1 + E2
1581.6 e = 0.87 (ko) 1.03 2.55 5.57 12.7 R
o ' v | b b
1767.0 ap = 9.6 (20) 0.854 2.01°. | - 3.96 9.3 M2
This value was extracted from a complex (doubletyvpeak and is only suggestive due to poor resolution.
g2,
).
L2
)Q

) from the tables of Hager and Seltzer

Theoretical values-were obtained by computer interpolation
dThe NPG method (see Appendix F), assuming the. 545.0 keV transition (5/27 - 1/27) was pure E2 was used

to extract these relative internal conversion coefficients.,

The assignment of this conversion coefficient is uncertain.

This theoretical conversion coefficient was’ obtained by extrapolation from the tables of S1iv and Band

G-
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E. - 209

At Décay Scheme

1. Introduction

"Before discussing in detail the level scheme in the next sections,

209

a brief‘qualitative description of thevexpeéted'leﬁei structure of Po

2Og?o‘gr-ound state con-

9')

is giveh. A schematic representation of the

figuration'is given in fig. 78 based on ekperimenﬂai gsingle-particle

states in the lead region. A series of étates which are single neutron
(particle or hole) in character are expected tb”be cbserved in this

even-odd nucleus. Zero-order energy estimates of these states may be

207

made from the even-odd nucleus Pb. . The additipnbof the 83rd and 8u4th

protons in 209, is expected to alter the energy of the single-neutron

states from those observed in 2-O7Pb.' In particular the 3p;}2, 2f;}2,

-1 .-1 1 . 1 L
3p3/2, 1;13/2’ 2g9/2 and 1111/2 neutron particle or hole states are

observed at energies of 0, 570, 898, 1633, 23%0,‘2803 and 3581 keV in

2OTPb. Similar states are expected in the level structure of 2OgPo.

The 83rd and 84th protons of 209%6 are.also expected to produce

a gseries 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

: -1 - ' +
in eloPo, For .example the pl}Q neutron-hcle can couple to the 2 two-

proton state (at 1181.4 keV in 21QPo)_to produce two states of spin 3/2

and 5/2 near 1181.h4 keV. The-configurationsAwould be
2 -1\
[m(h,5,) . v(p;7,) ]
S - -
AR VN TEA

.
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Fig. 78 Representatlon of the 209?0 ground-state and nelghborlng

experlmental ) single- partlcle 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 ﬁhe sum—difference'relationships of
‘our Y-ray energies have been'used to construct the level scheme shown in
fig.l79. waenty excited states of 2OgPo'areiproposed ag popuiated in
the decay‘of 209At. Spin and parity assignnents.are‘based on previously
reported:data and our internal'conversion electron.measunements. Levels
shown with broken iinesvare‘relative uncertain and should be taken as
only tenﬁaﬁively identified. Several weak transitions obgserved with the
mass separated source forvwhich no coincidence relations #ere established,
but:Which‘fit between'known 1eveis'fr0m energydsumedifference relations,
are‘shoWn as broken lineé indicaiing a‘tentative-piacement. The levels
are discussed below in related groups. |

a. 0dd Paritforound and First Excited States at 0.0 and ShS 0 keV

The ground state Spln has been measured as 1/2 by Vander Sluis
'and Grlffin7 } and it is reasonable to assoc1ate this state with = Pl/2

neutron 1n anology w1th 20 7Pb The conflguration of‘the;ground state of

209Po would then be [W( ) vi(ps -1 )] .
9/2 1i/2 1/2
The first excited state at 545,0 keV was a551gned a spln and

Thy

from angular distribution
20
) 9

parity of 5/2 by Yamazaki and Matthias

208

measurements of gamma-rays from the Pb(a 3 Po reaction. The

shell model predicts a low-lying f_,2 neutron hole state and the

9) 2O7Pb show such a V(£ ) state at 570 keV so

experimental”) levels of

5/2
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that thef;pinvand périty assignment of 5/2° for thiéflevél is reasoﬂable.
Our méasured.log ft >=8.3 is consiétent with this.aésignment as direct
decay to this state would be a secbnd_forbidden tranéition.

We aésﬁﬁe in the followingvdiséussion of the deca& scheme that
the ground state and first excited sfate are 1/2° and 5/27, respectively
with a 545.0 keV E2'tranéition connecting them. The 545.0 keV E2
transifion-was used to measuré relative conversioﬁ coefficiénts of other
traﬁsitibné (see Section VD3). Assignments of spin and périties to other '
iévels.wéré_inferred direetly by.dur.félatiVe conversion coefficients

with these assumptions.

5. 'Even Parity Lével at 2312.2 kKeV

‘ fhis level receives about 78% of the electron capture decay.
The weakv:i?é?.o end 1136.5 keV M2 transitions to the 5/2° 1ew}e1§ at

545.0 and'il'rs.h keV establish the parity .‘as e'ven. and limits the spin to

1/2'or 9/2, The spin 1/2 canvbe ruléd out by thé,iog ft value and by
transifions.from the 2312.2 keV level té other hiéh—spin levels which
then establish the spin as 9/2. We favor the assignment 9/2+ which can
vbe'asspciaﬂed.with the probable dominant configuration

(n(h9?2)_+.v(g9/2)) K The electron-capture decay would be of the first -
0 /27

g/2 - o
forbidden type (ﬂ(h9/2) -+ v(g9/2)) and the low log ft is similar to

65).

other values for first-forbidden beta decays in the lead region

c. 0d4d Parity Level at 854.k4 keV
‘This level was established from the Y-y coincidence data on the
854 .4 and 55h4.6 keV cascade. Our coincidence measurements also showed

that the 321.1 keV transition should not be placed between the lh09ul'and
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854.4 keV levels. The Ml multipolarity of the 854.4 keV transition
establishes the parity of the 85hfh keV level as:odd and limits the spin
to‘l/2 of 3/2. The ordering of the transitions used to establish tﬁe
level atIBSh.h keV is due to an anology with the v(p;}Q) state at 898 keV
in 2O7be Our log ft = 9.5 is consistent if this level had the dominant
neutron-hole configuration v(pg}e).' Also the 309.4 keV traﬁsition

connecting this level to the 5/2° level at 545.0 keV is missing as in

207

Pb. We favor the assignment (3/2) for this level as due to the

o 2 -1
dominant qqpflguratlon (W(h9/2)o+ v(p3/2))3/2_. 5 |

d. 04d Parity Levels at 1175.4%, 1326.9, 1409.1, 1417,8 and 1522,0 keV

The parity of the 1175.4 keV level is established as odd and the
spin is limited to (3/2, 5/2) by the 1175.4 keV E2 and 630.3 keV ML
transitions to the 5/2" states at 0.0 and ShS.O'keV. The wesk 1136.5 M2
transition.from the 9/’2+ level at 2312.2 keV then establishes the spin
as 5/2. |

Yamazaki and Matthias7h) established the 1326.9 keV level as 9/2".
The 781.9 keV E2 transttion to the 5/27 level is consistent with their
assignment. |

The level at lhOQ.l keV was established from Y-y coincidence
relations of the 903.05, 233.7, and 1175.k keV'transitions. The 903.05 keVv - .
El transition from the 9/2+ level af 2312.2 kereétablishes the parity -
as odd and limits the spin to (7/2, 9/2, 11/2). The 233.7 keV ML -
transition to the 5/2° level at 1175.L4 keV estabiishes the spin of the

level as 7/2.
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The 90.8 keV tranéition was determined as pure E2 from ouf
measurement of the ratlo (aL aL /ozL in section VD3 Thls agrees
w1th the E2 a551gnment made by Stoner3g and by Alpsten Appleqv1st and
Astner ).' The spin and parityvofvtherlevel at lth.B keV can only be
limited to'(S/2,v7/2, 9/2, 11/2, 13/2)" on the basis of the 90.8 kev E2
transition since no other multipolarities of transitions involving thié
level werevdgtermined; Hbﬁever, if the 90.8 keV traﬁéiﬁion was pure E2
with no ML component, the iimits for thé spin can be reduced to 5/2 or
13/2 . There are several aréuments for favoring the high spin ,
assignment of 13/2 . First, thé sfrong intensity reported in fhé-eost
(a,3n) reaction studies by Bergsfram et al.77) for the 90.8 keV fransition
indicates populatlon of this (hlgh—spln) level. Sécond the lack of
tran51tlons from this level to lowbspln states below is another argument
' for the hlghfspln a551gnment. We favor‘the assignment of (13/2) which
‘ requires the 90.8 keV transition to be pure E2.

The 1522 0 keV level is of odd parity because of the T90. 2 keV
E1 transltion 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 thisilevel in 208Pb(a,3n)
reaction studies77) and the lack of transitiéns to the 5/2° levels are

weak arguments for choosing the higher spip (11/2) which we favor.

e. 0dd Parity Levels at 1715.8 and 1991.2 keV

These levels were'established from coincidence data. . The parity
of the 1715.8 keV level is'éstablished as odd by the 1170.75 keV'E2
transition. Tne spin can be limited to 7/2 or 9/2 by the 388.9 kevV M1

transition to the 9/2” level at 1326.9 keV.
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H The parity of the level at 1991.2 keV isvesfablished as odd by
the 321.1 kéV E1l transitipn. The 1446,15 keV M1 + E2 tfansitioh to the
5/2° level at 545.0 keV aﬁd the 321.1 keV El transition ffom the 9/‘2+
level at é312.2 keV 1imit the spin assignments to 7/2 or 9/2. Weak
evidenée that the 815,.6 keV transition to the 5/2  level at 545.0 keV is
of Ml:multiPOlarity favors the assignment (7/2) . |

f. Even Parity Level at 1761.1 keV

The parity is‘established as even by the‘239;é keV El transition
to the odd parity level at 1522.0 keV. The 239.2 keV transition was also
observed in tﬁe in-beam work of Bergstrém gz.gi,YY) so that & high-spin
assignmenf'is like}y. Our conversion data only 1limit the spin to (9/2,
11/2, 13/2). A shéll model calculation83) pfedicts a low-lying even
parity 13/2+ state at 1910 keV due to the dominant_configuration

(m(h )g.v( )) . 2%Tpy a1s6 has a low-lying 13/2% state at

i
9/2 13/2 13/2-4- .
1633 keV due to the 113/2

+
(13/2)" for this level,

neutron-hole so that we favor the assignment

g. Even Parity Levels at 2759.8, 2864.6, 2902.5, 2908.5 and 2978.5 keV

The level gt 2759.8 keV was established from our coincidencé '
data. The ﬁeasured Ml multipolarity for the u4L7.7 keV transition
determipes the parity as even and limits the spin to (7/2, 9/2, 11/2).

The parity of the levels at 286k.6 and 2902.5 keV is established
as even by the 1103.L46 keV ML + E2 and 114l.k kéV Ml trénsitions to the even
parity level at 1761.1 keV, The s?in of the level at 2864.6 keV cen bé
~limited to (11/2, 13/2, 15/2) by the 1103.46 keV ML + E2 |
y*

transition to the (13/2) 1level at 1761.1 keV. The low log ft of 6.4 for
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decay to this level and the wesk 2319.6 keV transiﬁionAto the 5/2° level
at SﬁS;OVReV‘make the aésignment (11/2)_+ more likely. The 1141.4 keV M1
transition to the (13/2)% level at 176l.lvkeV limitrthe assignment of the
2902.5.kév level to (11/2, 13/2, 15/2)%. The weak 2357.7 keV transition
to 545, 0 keV 5/2° level coupled Wlth the relatlvely low log ft of T.1
‘argue for the a551gnment (11/2)
The 1581.6 keV El transition to the 9/2” level at 1326 9 keV

limit the spin and parity of the 2908 5 keV level. to (172, 9/2, 11/2)
Wthh is con31stent with other tran31tlons fromxthls level and the

log ftb§alue of 6.6. | —_ N

| ‘The parity of the level at 2978.4 keV”is”esiablished_as even by
the 1262.6 keV El transition to the odd parity level at 1715.8 keV. The
spin can be limited to (s/2, /2, 9/2, 11/2).  Thé $frength of the
1217.2 keV transitlon to the (13/2) level at 1&171§-kev coupled'with
weak ev1dence of the 1217.2 keV multlpolarlty as Ml + E2 argue strongly
for -a (9/2,.11/2) assignment. The log ft of 6?h.and other'tran31tlons

from this level are consistent with these assignments.

h. Levels at 2654.2, 2836.0, 3072.8, and 3251.9 keV
v.The level at 26Sh.2 kéV was placed fromgour;energy sum~difference
data for the three transitions of é65h.h 2109;5;vand 1h78.9 keV.
Allowing M2 and E3 transitions, tentative spin’ and parlty a551gnments of
(5/2 , 7/2 ) are suggested for this level.
The level at 2836.0 keV was established from. the 1074.8 keV ;
239.2 keV y-y coincidence relation. ' The sbin and mu;tipolarity femain

- + ) + +
undetermined but the probable assignments of (7/2, 9/2°, 11/27, 13/2 ) can
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be made based on the gemma~ray branching fo the 7/27 and _(13/2)+ levels
at 1326.9 and 1761.1 keV. |

' The level at 3072.8 keV was established ffom energy sum-difference
relatior;s’. " Transitions to the 5/27 level at 5L~v5.o, kév and the (13/2)"
lefél at-l76l.l keV coupled with #he log ft of T.3 argue weakly for
'tentatiVé.assignments of (7/27, 9/2i, ll/2+) for this lefel.

A tentative level was placed at 3251.9 keV from energy sum-
difference‘relations. The 939;5 and 415.8 keV tréhsitions were observed
with the mass separated source but not in mixed éstatine sources
indicating the weakness of the transitiéns involved. Our log ft = 7.1
limit wds set assuming'fhat no feeding of,this‘levgl oceurred from
higher-lying states. We can not make‘a aefinite sﬁin or parity assign-

R T S SO
ment for this level although (7/27, 9/2°, 11/27, 13/27) are likely

estimates.
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F. Electron-Capture Decay Ratés”(log‘ft values)

The 209

209P

At electronécapﬁure braﬁching ratios”fo the various o]
levels weré estimated inrouf.work from the total transition intensity |
depopulating each level using our Y—ray-inténsity aaﬁa corrected for

internal convefsion. For_decay énergies > 700 kéVg:thé expanded version
58,22 | - |

of thé'nomogram of Moszkowski was used and for decay energies of

< 700 keV £he method diScussed by Kono@inski andqusé59) for allowed
transitiéhs was employéd. This methéd is discussed in detail in-
Appendix B; .The Q—falue was taken for the electrdn—éapturé décay as60)
QEC = 3&85 1_15 keV and fhe half—life was taken gsfS.S_hours. The
transitiqnzintensities wereAcorrected for fractiohal decay by K-capture

using the graphs in the ref. 22).
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Po Level Structure in Comparison with Levels of 2QTPb and 210?0

207

G. 209

Thé low-lying states of

and of.2lOPo by the 83rd and 84th protons. It is of interest to compare

209

Pb are determinéd_by the odd neutron

the experimental and theoretical level structure of Po with the

7Pb and 210Po. The compérison can be used to
’qualitatiVély describe the low-lying levels of 209

experimentaig) lévels of 20
“Po in terms of neutron
(hole or particle) states and neutron states weakly coupled to the two-
proton statéé. A shell model calcuiation for 209Pobby Baldridge, Freed
and Gibbonss3) using a semirealistic core polariZatianh) approach can
serve as a guide.in meking the compariéons. TheybhaVe calculated the
209

level spectrum of Po up to 1910 keV using a non—iocal Tabakin inter-

action plus pairing forces (PO,‘PQ, and Ph) which simulate the core
polarization.

; . . 209 o

To make the comparisons we discuss the Po level structure in
two sections using the experimental results and the theoretical calculation
to group the states according to their dominant configuration}

1. Neﬁtron-Hole and Neutron-Particle States

We.have plotted in fig. 80 the experimentallyg) observed states

207 209

Po as

of Pb due to the odd neutron and four of these'étates in

calculated by Baldridge, Freed and Gibbon583). ‘Also shown are five

209

Po which we believe to correspond to states

207

arising predominately from the odd neutron as in Pb.

experimental states of

The correspondence for the first four levels is quite goo@Iand

1 09

. -1 .- -1 -1 _ 2 o
the 3pl/2, 2f5/2, 3p3/2, and 1113/2 neutron-hole states in Po are‘thus

, . -1 :
believed identified. The theoretical wavefunctlonss3) for the 3pl/2,
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Fig. 80. Comparison of the experimental level.structure of 209?0
(arising from the odd neutron) (b).with the expérimental9)'level

scheme of 207Pb (a) and with & shell model calculation83) (c).
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5/2, and 11 neutron states had amplitudes 8, > 0.94 for these

13/2

neutron components. The 3p;}2 state was not as pure (withva»p3/2

amplitude of only 0.863) because of cdnfiguration 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-
2y 9(p )] at 1181 kev as

discussed in section VG2. Our experimental log ft values involving'these'

tributor is the configuration [r(n +
: 2

four levels are relatively high (= 8.3) and are consistent with these
. _ +

neutron-hole states assignments. The 9/2 1level was not calculated

theoretically but we can argue for its identification as the dominant’

2g9/2 neutron-particle state from our éxperimental obsérvations. The
209

ground state of At presumably has the configuration

[W(h9?2) v(f5?2) ] end in the electron-capture decay a lh9/2
9/2” o 9/2" '

proton would undergo the transition to a neutron. Transitions from the

odd~even (neutron) nucleus 09At to the even-oddf(neutron)'nucleus 2095,

should favor population of single neutron states (or states with such
large components) where the transition is not hindered. Transitions to

the four neutron states previously discussed would be of the type

) EC

m{1lh — v(3pl/2), or v(2f5/2), or v(3pl/2), or v(;il3/2). These

9/2
transiti§ns are hindered because of the reiatively large A% or AJ changes
involved and our values éf log ff‘suppoit this. Thevlog ft for the 9/2+
level is low (log ft = 6.15) indicaﬁing an.unhindered tiansition. It is
reasonable to identify thls level with spin and parlty of 9/2 as the-;

) EC

AN :
domlnant 2g9/2 neutron state where the transition 1T(lh9/2 v(2g9/%)v

would be of the first-forbidden type and relatively unhindereda A
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similar_iog ft value has-been.obsérved”in the decay of aloAt to QlOPo

and explainéa in seétion IV as due to the same transition. The 9/2+
levei'ih:QO?Po compared ﬁith thebexpérimental 9/2+ level in 2OTPb is
depfessed.abdut 500 keV in enefgy. This.could bé due in part to con-
figuratidn'mixing'with,other-9/2+.étaﬁés in'the:approximate same energy
region.as discﬁss¢d-further_in sectiohvv I. |

‘In summary , we favor identifying the levéis atZOfO, 545.0, 85L4.4,
1761.1 and 2312.2 keV ss the 3pl/é, 2f5/2, 3p3}2,: 1%/2 and egg}e
neutron . states, respectively.
2. Comparison with the Zero-Order Weak Coupliﬁé Model

We will use the exﬁerimental'levels of 2075y and 2o to obtain -

_zerb—order estimates of the leVel>enérgies for a series of odd parity

states bf'gogPo in the energy region < 2'MeV. A model for'states in

209Po can be constructed by con31der1ng the coupllngs of neutron (hole
or particle) states to ‘the (h9/2)2 two—proton conflguratlons. For this.

0Tpy as

model, we take the first three levels at 0, 570,vand'898 keV in
the . s1ngle neutron-hole states 3pl/2, 2f5/2, and 3p3/2, respectlvely, and .
we con51der the zero-order coupllng of these states the 2 h+, 6 d 8
(two—proton) excited states of OPo at_ll8l,vlh27, lh73, and- 1557 keV,
respectively. The resulting band structure is shoﬁn in column (b) of
fig. Si. The.residuél interactioné betﬁeen‘the neﬁtron—hole;and the
.ﬁwo—protéhs; if iﬁéluded;vauld remove'thetdegéneraCY of.the coupled‘
states., Tﬁis zefoférdef modelvbrédiéts’nofhing about the order of the
states bnge fhe degeﬁeracy is removéd buf_the density of levels at 2 MeV :

is predicted to be very high,
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a) 210Po experimental level structure.

(
(b) Zero-order weak coupling calculation.
(c) Week-coupling calculation.

(

e) Shell model calculation83).
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v.Thevexpefimenfel le§els efFQlOPo'are“sheﬁe,in column (a) of
fig. 81.:1Shewn in column (e) are the_ieQele from_the ﬁheoreticai cal-
culation of Baldridge,‘Freed.and:GiEbonesh),vand in column (&) our
ekpefimental levels.ofAQOQPo.in thiS.energy regioﬁ. .Thie_eimﬁie model
is‘iﬁ very good quelitative agreement with.thevleVel efructure-of the
available experimeneel date end:the more complex tﬂeofetieel calculation
‘ﬁhieh inCluded'configﬁratien mixing. It seems probable that the
experimentaielevele of 5/2_,‘9/2_, /27, (l3/2)—,_(11/2)_ at 1175.k4,
i326.9,‘1£09.1, 1417.8, and 1522.0 keV have the dominant confiéﬁrafion'
. V(pz}é) 'coupied to the‘2+’ h*; and éf configuraﬁions of the 83rd and
: 8§th protohs, each in the lhé/. orbital. The level at 1715.8 keV |
assigned (?/2,‘9/2) may belong to the states ar131ng from the f5/2
neutron-hole coupled to the 2 two—protonistate. Flnally the (7/2)"
}evei at 1991.2 keV mey be‘one of fhe‘fgigineutreﬁ~hole states\coupled
to the h+ 6%, or 8+ two—proton'configurations; hewever, the possibility.
‘that thls state nay have a large amplltude of the ihgle—hole config— .
uratlon v(2f7/2) due to conflguratlon m1x1ng can not be excluded In any
event this level, and others occuring higher in energy, sheuld be very
" highly mixed due te fhe many different cenfigurations possible from such

an odd A‘nucleus.
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H. Comparison with the Week Coupling Model
The description of thebll_ énd_lB— states of_2lOP0‘ét approx-
'imately-h.3_MeV by Blomqvist gg_gl,33) iﬁ terms of weak particle—coré
coupliﬁg has met with limited'éuccess. Briefly, thé two levels were

treated as the weak coupling of the 8 +two-proton configuration with the

37 and 5~ 208Pb core states. In section IID & formelism was extended to

estimate level energies of 209Po by including the coupling of'the odd

neutron with angular momentum J to the two-proton angular momenta

»1 and 3 ) coupled to an angular momentum (J )J We assumed that the

31do

proton-proton interaction could be approximated from experimental data

on the levels éf'elOPo and the néutron hole—proton_interactibn from

available experimental data on the levels of 2O8Bi in the fdllowing way .

209

We defined the mass (or energy) of a state in Po with angular

momentum I as MI(209P0). (The mass of M AX) of excited states of

‘éngular momentum'f of a nucleus AX includes the ground state mass plus
the energy of the excited state.) Recoupling of two-proton angular

momenta Jl and 32 in terms of Racah coeff1c1ents lead to the follow1ng

209

expression to estimate the mass of Po.

| (319,07 0 3 R

> (o7 1@+ ey, 10,5 30
| | 1

+
J n
N a2 el
+, Z (27 + ;)(QJ + ;L_)IV‘I‘(JQJIIVI Jp3 99 )| AMjgj ( 105)

J" .
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vwhere’
> > > > S + > ' :
I=J+3 , =] +J, , and J'=j; +] (106)

We have deflned the term representlng the neutron hole—proton inter-.

208.,. 209B1, 208

action din terms-of experlmental masses of “Bi Pb and 2O7Pb

as

'

I OIS E L . 3 o -
=TT (308 40 (308 L hy(2%s) - y(0Tey)  (107)

_For the evaluatidn of eq; (105), we used the tabIes of ground-
3

state masses of Wapstra and Gove , and the'experimental level energies

207 208 209

Bi and Bi fecommended by Nuclear

207

and spin ass1gnments for -

Data9){- These values have been given in flg 4 and Table T for Pb

209B; whlle Table 20 shows the values used forveosBi. The results

and
of the.ea;culetion'are.shown'in.celumn_(e) of fig. 81 and in Table 21.
The agreemeht ef this‘weak'coupling’celcﬁlatien Witﬁ the eiperimentel'
,results is_Quantitativelvaery good up to 1552 keV. “The correct order of
the v(pl/2) couplings to the 4" ana 6% two—proton configurations is
predicted. (Our previous zero—order calculatlon could not predlct the'
ordering as the states were degenerate.) An apparent discrepapcy of the
first 3/2* state in eoiﬁmns'(c) andf(d) seeﬁs to exist. ~ However, ‘the
_weak coupllng calculatlon dld not allow for any - conflguratlon mixing w1th

‘the nearby (~ 150 keV) (ﬂ(h ) v(p 1/2)) - state.» Conflguratlon

9/2%,
mixing of the two 3/2° states would lower the energy of the first 3/27

state into better egreement with the experimental value: - The effect of
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Table 20. Spin, parity, and energy assignmentsg)‘used for 208Bi states.

Spin and Parity Energy : Configuratioﬁ
g7 keV
(5)" 0.0 N
(&)+ . | | 635 ﬁ(lh9/2) v(3pl/2)
6)* 5103
()t . 602.3
(s)t 629
. m(ing ) v(2f;}2)
(3) 63k .4
()t 6501
(2)* 925.6
(5)" | 887
mr 960 Cy
.\ n(1h,,,) v(3p,;,)
(3) 1070 2 3/2

)" , | 1096
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Table 21. Energy levels of 209p, calculafed withvtheiweak coupling model.
Spin and Périty . Energya ~ Spin and'Péfity Energya
g7 _‘ keV ' L . keV
(o7 1/27) 172~ 0 (5% 5/27) 3/2” 2068
(0% 5/27) 5/2” 633 ot s/27) 5727 2126
(0" 3/27) 3/2” 1052 ' (4% 5/27) 7/2” 2150
. | S sty 92T 2028
(2" 1/27) 5727 16 WFspeTyaeT 2092
(2" 1/27) 3/2” 1200 -t s/27) 13/2” 1999
(8 1/27) 9727 | 1385 | .
(4% 1/27) 1727 1458 (6% 5/27) 1727 2173
(6" 1/27) 132~ 135 (67 5/27) 9/2” 2281
(6" 1/27) 1172~ 1518 (6% 5/27) 11/2”. 2153
(8" 1/27) 17727 1k96 (67 5/27)13/27 0 aua
(8" 1/27) 15/2~ . 161k (6% 5/27) 15727 - 2117
(2% 5/27) 1/2” 179k S |
(2% 5/27) 3/27 1692 (8" 5/27) 11727 bl
(2" s/27) s2m 96 (8% 5/27) 13727 2303
(2" 5/27) 7727 1866 - - (8" 5/27) 15/2" - 2150
(2% 5/27) 9/27 | 1Tuk (8% 5/27) 17727 2181
S _ | (8% 5/27) 19/2” 2100
(27 3/27) 1727 2088 | (8" 5/27) 21727 2181
(v 327y 327 2204
(2" 3/27) 5727 2341
(2" 3/27) 1727 2203

%The ground state mass. of 209Po was subtracted from all values ealculated
with Eq. (105) in order to give the ground state energy as 0.0 keV.
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donfiguration mixing on the'3/2_‘states, as well as others, can be
observed frdm the theoretica183) level structure of column (e) which
included‘mixing..‘Perhaps the good agreement.of the remaining levels in
column (c¢) with (d) is indicative of the purity of the'sfates and is
proof that‘the'weak coupling médel is a very good approximation for
éxpiaining thevlow—lying nuclear structure of this nucleus. |

It should be noted that this weak cpupling calculation depends
strongly and rathervsensitively on‘the level energies énd spin assign-
ments to other nuclei, néﬁely, 20$§i;' Perhaps a-fﬁrther consistency of
data‘iﬁ the lead region can be ﬁested with this weak coupling approach
as more detailed data bécbmes‘available for other nuclei, and hopefully

the lower-lying states predicted for nuclei for which detailed spectrde

scopic information does not exist.
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I. Flnal Remarks

Wlth the present data not much‘can be said with certalnty of the
-remainlng 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 approx1mately 2, 8—3 0 MeV which are fed dlrectly in the decay .

209

Applying the zero-order weak coupllng model to Po in this energy

region,.a_high density of'levels_at 3 MeV was predicted._ In particular,
even parity states of spins 3/2—23/2,.two each except for 3/2 and 23/2,

are'expected due to the confiéurations (m(h 9/2 il3/2)v<pl}2)) . (A com-=

- | J
parison of the 2105, configurations m(h 9/2 13/2) discussed in section

Iv prov1ded the energy estlmate as 3 MeV ) Populatlon by electron—

capture of any jpure state in 9Po of the above conflguratlon requlres

the tran51t10n mlh. ) EC

9/2

‘because of the large change in orbltal angular momentum (AL = h)

—— v(pl/2) and should be relatlvely hlndered

However,'conflguratlon mlxlng of the two 9/2 states with the config—

uration (m(h 9/2) V(g9/2) ) . “would sllowban.unhindered decay

9/2% 9/2 _
through this admlxed component. The transition would be vig a first-
forbidden decay of the type 'rr(lhg/z)'-'gg-“> v(2g9/2)-which.is also

rbelieved to be mainly responsible for decay to tne 9/2+ level at
2312.2fkeV.

\Unhindered electronecatture;deca& could’also populate states in
the 3 Mev.energy region with'small‘eomponents of the type'

9/2 1}2) (pl/2) due to proton ex01tat10ns of the 208Pb core. (States

210

m(h

“Po at 3.8 MeV of the conflguratlon ﬂ(hg/2 l/e)v(pl/2 were

belleved respon51ble for the low values of log £t in the decay of 21OA.t V
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. - + + +
in section IV.) "The T7/2 , 9/2 , 11/2 states of 209Po due to the con-
. o 30 -1 -1 ot or v iam
figurations 'n(h9/2 sl/Q)v(pl/z) a?e_pred;cted with a zero-order wesk
coupling model at an‘energy of ~ 3.8 MeV which is greater than the decay

209

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
levels Qf 209Po were obéefved as diréctly fed with any'appreciable
strepgth in the decay. However, cohfiguratibn mixing with lower-lying
7/2+, 9/2+,’ll/2+ sfatés wouid provide a second component to be pOpulated
in tﬁe”decay via & first-forbidden transition of the type -

s u(3py )

ﬂ(3sl/2)

In summar the'3jl | 2f—l 3 -1 li—l' and 2. : states in
ummary P1/2> “t5/22 P3/p0 ti13/2 89 “Bg/p

209Po arising from thé'odd-neutron have been identified. The effect of

83rd and 84th protons on these states, when compared to 207Pb, was o

depress. the energy of the 2g9/2'neutron—particle_state by 500 keV. This

: o : S : +
is probably due to configuration mixing with other 9/2 states which

occur in the same energy region. The energies of the 3p£}2, 2f§}23 and

lilﬁ/z‘neutron-hole states were not.altered appreciably from those

207

observed in Pb and these results were summarized in fig. 80. 04d

parity states due to the weak coupling of the two-proton configurations
m{h

(g2
weak coupling model was found to describe the

)2 with the V(pE}Z) neutron-hole also have been identified. A
| 209P6_level structure for
energies of less than 2 MeV with the‘exceptionvof one serious discrepancy
in the.gnergy qf the v(pg}e) neutron-hole sta£§.  Tﬁis discrepdncy

between experiment and theory was removed in a detailed shell model

calculation83)'with configuration mixing which was not included in our



-251-

wesk couplinQICalculetion. The experlmental weak coupllng model and

_shell model level structure in the energy reglon of less than 2. 3 MeV

are summarized in fig. 81 where the agreement was found to be very good.

The absenée in our study of a series of odd parity states of the

‘configuration 'rr(h9/2 f7/2)v(pi}2) (which a zeroeorder'weak coupling

model predicts at 2.4 MeV) does not alter our conclusions about the

209

validity. of weak coupling to describe the Po level structure. Direct

decay of 09At to these "pure" states‘would be hindered in the same way

as direct decay of 2lOAt to configurations in gloPo of the type
o s ' o
W(h9/2 f7/2)v(pl/2) where velues of log ft were observed to be = 8 (see

section IV). ©No odd parity states'exist_in the immediate energy region

for configuration mixing which could allow an unhindered‘decay. Thus

these ststes in 209?6 ghould be populated Onlj by gemme decay'of higher
lying levels.' The'fact'thatv78% of the decay "bypasseS" these states by
populatlng the ower—lzlng 9/2 level at 2 3 MeV could explaln the

208 )209

absence of these levels in our decay scheme. The Bi(o,t

reaction, if possible, should populate such states and would help confirm

or refute the weak coupling model at energies greater than 2.3 MeV, even

though the density of levels expected is very high

The study of O9Po through the electron—capture decey of 209

has revealed only a limited number of states. All of the states due'to

-1
the 2f_"
5/2°

have not been observed These and many other states not populated in the

- and 3p3/2 neutron- holes coupled to -the conflguratlons ﬂ(h9/2)

beta decay could be populated and studled by different reactions. In

partlcular, further 208Pb(a,3n) studles and possibly a high resolution
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208Bi(a,t) or 2O8Bi(3He,d) reaction study would be very informstive. It

210

is now knownss)vthat the © Po(p,d)zogPo hes been investigated and the

deta are being'analyzed. The results of this reaction study should be

most interesting as the weak coupling model can be further tested.

. _ .
States of the configuration [(m(nh.,.) ., v(p.5,)] . should be populated
: 9/2° # VP10 - % ‘

very weskly, (only through small admixtures) compared to the neutron-

hole states.
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APPENDIX A
GAMMA~RAY TRANSITION PROBABILITIES

The transition probgbility for gamma—ray'transitions within a
92339)4).

nucleusfhas.been formulated by several authors We shall butline
the mefhods for calculation oval and E2 transition rates.for the one and
two proton'models after a generai’fprmélism. El, M2, and E3 transition
rgteé will not be considered. The transition probébility T(E(t)LM; I > Jf)
(in units of [secj—l) 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 Ji to some final state Jf is. given by

2L+1 .
)' B(E(t)IM; J, + J.)

T(E(t)LM; SRR

) 8w+ 1) 1 (EX(MeV)
) =

L{(2L 1)1 ﬁ-_ 197.3
(1)

where B(E(T)LM; Js + J_.), the reduced transition probability, is defined

f
by

B(E(t)LM, Jl - Jf) = E I (Jfolal\I&(E(t)) I.JiMi ) |2 | | (2)

MM

' The Wigner-Eckart theorem3) can be applied to eq. (2) to remove
the M dependence. Using the (double-bar) reduced matrix element as
defined in ref. 3), eq. (2) can bé rewritten as the square of a reduced

matrix element.
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- , SIS AR | |
B(E(t)L; J, + J,) = :E: [ ] | <J ﬂo (E(t )"J y |2
SRR g, LM MM :

it

" . >'2 .
Ejr—:fi-] (7. o™ (E E(t)Ig, )] (3)
‘The multipole operator_aﬁ(E(t)) in eq. (3) has different forms
for electric and magnetic transitions. It is assumed that it can be
written as a sum of single particle opéfators involving the coordinates

:of each nucleon p, i.e{,
Oy(E(t)) = 37 0y(E(6),0) W)
o ' p : :
'summed over -all p particles involved in the transition. The magnetic
multipole operators 6§(M;) have the genera;_form;) o
2g,(p)

) = 355 2 [%.S(P)S-p * mf‘fp] Vg (@)

P

2 N (ARSI e LIt ) B
2mpc ‘ s'P L+1 /J "p L+1.

. o ,. ) | <s_>
where Yﬁ(@p) are_spherical hermonics and T is the radial coordinate of
the particle p which is assumed to have the orbital angular momentum zp
and spin Sp coupled to a total angular momentum Ep. The. factors 8y and

gs aré‘the g factors for the free-prdfon (or neutron). Thé second form
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of eq. (5) was obtaiﬁed from the relation Ip = 3. - gp' The M1 operators

b . .
are rather complicated functions with different forms for the various

M components. As an example the magnetic dipole operator has the form

for the M = 0 componente)

6501) = V37w Qf;c‘_ S e (0) s, + g, 2, (6)
~ -

However; to. calculate the_gamh&Aray transition probabilities, reduced
matrix eiements of these operators are needed and ihe explicit forms

for all éomponents will not‘be considered further. The reduced matrix
elements for the Ml and E2 operatérs will bé defined.later. (See eq. (10),

eq. (11), eq. (23), Bq. (25), and eq. (26).)

The electricvmultipéle operator has the form ‘

aﬁ(EL):=':E: e r; Y&(Qé) . | _ - (7)
P

The operator for E2 transitions has the form for the M components.

. i e | . v
0 (E2) = Y- er_ Mp(a) | (8)
P '
Having given the forms for the multipole operators, the transition
probabilities of eq. (1) (in units of [séc]_l) can be rewritten in terms
of the evaluated constants, the transitipn energy EY’ and reduced

tranéition probabilities és;)
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T(EL) = 1.59 - 1077 .‘E$ . B(E1)
T(g2) = 1.22 - 10° - E3 . B(E2)
2(53) = 5.67 - 10% - 5 - B(E3) |
D(EN) = 1.69 - 107" - E$ - B(EN) |
|
(9)
|
T(M1) = 1.76‘~;1ol3,-'33 - B(M).
T(M2) = 1.35 - 10 -vEg'- B(M2)
©oT(M3) = 6.28‘- 109 - Ei\- B(M3)
T(M4) = 1.87 ~Aqu6'? Ez . B(Mb)

The units of the'quantities in eq.

el f eh
[fm]", and B(ML) in (EE;E

(9)'§re.Ey,ih (MeV)?fB(EL) in e

)2 Con]2(E1)

I. SINGLE-PARTICLE MODEL

This model applies to an odd A nucleus in which the odd nuqleon.

~is -assumed to undérgo the transition from a state of initial angular .

momentum 3£ to a final state.3} as

this model the angular momentum of

the nucleus emits a gamma-ray. In

y x>
the nucleus J is assumed to be the same

as the angular momentum of the nucleon undergoing_the transition. If the

‘initial and final states of the'nucleus involved in the transition are

- pure single-particle states, thevéxpreésions for the reduced transition
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probabilities can be simplified to terms involving a Clebsch-Gordon

coefficient and a matrix element of radisl wavefunctiqns. For the

special case of 3f =‘3. + L, the magnetic reduced transition probability

i
of eq. (3) takes the forml’3)

| | 2/ 2
: - = (= 2 2feL+1)
Byp. (M3 Iy > Jp =L+ 3y) = (21:1'0) (gs ‘L+1‘82> o T

' 2
J. L J
i f -1 2 2{L=1

[; _1_] K7 %2 )2 reng?EH) (10)
70 32 S

with the selection rule E
f
J. L Jf : _ o
1 |in eq. (10) has the phase convention of ref.

0 = T s
2 the more general restriction |Jf - Jil < L for magnetic

= E; + f - 1. The Clebsch-Cordon coefficient
3)

PO

transitions is4aliowed, a more complex expression (but of thé same form
.as eq. (10)'i~esu1ts with the additional select’ion.rule:i)) that

E& - E} + f.—.l must be even. The detailed»expressién of the reduced
transition probabiiity for this case is giQen in ref. l) and ref. 3) (in

full haif-page glory!). The reduced transition probabiltiy for single-

particle electric multipole transitions is

L 2
T : 2 J. L J_.-
: AN - T L 2 2L
B, (EL; 3. > J)) == (2L + 1) [ ] ] _|<Jf|r |9, N [£m]
c = .
2 :
(1)
L ' - . > +‘ -+ ' 3
with the selection rule that %, + L - £, must be even ).

The transition probabilities of eq. (9) may be calculated in

terms of eq. (10) and eq. (11) once the radial matrix elements
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.(JfTrLlJi’) have Beéﬁ.de£éfmined.:’Thé rédial W&ngﬁncti;ns needed to
.compute the.métrix élemeﬂfs:may bé'obtained from various potentials. It
should bé-ndted”thét the calculations df.fhe:Mi tfahsitionrfates is
tfiviai’;s fhe.matrii elements sre unityl':A partial list of computed
maﬁrix elements near closed éhells ié'given in ref. l)’fof-a Woods-Saxon
ﬁotential{- These éllow evaluation of matrix elements for mosf E2
transitions. Hence M1 ané'E2.trahsiti§ﬁs probabilities for odd A nuclei
may be éalbulated relafively.simply within the framewofk of the Sihgie—
‘ particlé:model.

In order to'standardiz¢ the'comparison éf'transition rates for
different nuclei, the Weiéskopf'single—pafticle‘estimates are dften
'emplqyed, ‘Tﬁese_estimat§s inVoive some furthér'épﬁrokimatiéns2’h)vof
eq. (lO)‘and eq. (li) which remove the model dépgndence for the cal-
culation of radial matrix elements. There are four additional'basic
‘assumpt‘i_o'r_ls:made ‘ov‘_erv' the previ.ous formalism. ‘The"r;a.;dial wave »fuﬁcfion _
forﬁbdfh the initia;uénd fiﬁal_stétes is aésumed cdnstant ﬁhréughouﬁ the
nucleus.(fbr r < R) and to vaniéh outside (fof:r‘> ﬁ).’ Thié léads to

the two approximations

3R

L _ -
(Tolrlo, ) =5 5 (12)
where the nuclear radius is taken as
R=1.2aY3 [ra] . R (13)

Third, the transition is assumed to go from an initial state Ji =L + 1/2
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. N . _ |
to a final ( ) state with Jf = 1/2. This fixes the Clebsch-Gordon

1815

coefficients as unity. Finally for ML transitions the following

approximation is made

.28, |
2 (e, - ooy) = 0 )

These four approximations give the Weisskopf estimatesh) for the‘reducedh
transition probabilities. ‘Replacing the appropriate quantities’ in eq.

(10) and eq. (11) we obtain. -

;%-(1.2)2(L'1) A2(L"l)/3 (EE%E) [fm]z(L—l) (15)

B, (ML) =

-Bw(m)

2L \3 e
(1.2) .( 3 3) W23 2 2t

L L +
The units of eq. (15) are referred to as Weisskopf units.

IT. TWO-PROTON MODEL
This model calculates for even-even nucléi>fhe‘gamma4ray

transition probabilities between States which are compésed of mixéd
configurétions of two identiéal nucleons. Consider a ppre state formea
from two_pfotons of angular‘ﬁomentd .31'5 a gnd 3é =D coupled together

- to the angular momenta Fi.e. a+D =7T). The two-particle wavefunction
p = |a(ab)JM) for such a state must be properly antisymmetrized whibh is
denoted{bj the curved ketxl ).» Explicitly the pure twq-particlé wave-

function can be written ass)'

aansam) = 1 [loa(1)6(2)i) ~(0)**"7|n(L)a(2)im) ] . (16)
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where the normalization factor is

N, = ! (17)
ab . Eﬁif:—gggy ) E o

We have used in eq. (16) the notation a(l) to represent the particle of
i. Any additional

quahtumjnumbers needed to'spécify'the statgs»arézreﬁresented by a.. Since

-angulér'momentum_Jl located at the radisl position r

states of the same J" caniconfiguratioh mix,»the'actual wavefunction of
. a state will be a linear'cbmbinatiqn of two-particle states of the same

b(cxi) representing

(ab)Jn, 'The wavefunction;for an initial state (with,Ca
thg'amplitudes of various two-particle componentS) éan be written in

 terms of:two—particle_antisymmetrized components as

vlaJiM;) = }E: dab(ai)}aab;'JiMi) : - (18)
' (ab)

where the éummation‘islonly over allowed two—particlevcénfigurations not
prohibited'ﬁy ihe‘Péuli brinciple.A
| | .’Consider'thé gamma traﬁsitioﬁvbétﬁeen aﬁ.initia;‘sﬁate laJiMi).and
a final'ététe' u'Jfo); Oﬁly angular momentum (coo?dinétes or) quantum
numBers can change in the emission of a gammaéréy. ‘wa nucleons in the
initial state with the spatial coordinéﬁes a(1) and b(2) will have the
‘same spatial cdordinaféé"iﬁ the final étate BUt may ha&evdifférénf values
of angular'momeﬁta | c(l)‘and a(2). This alloﬁs single-particle

transifions of the type a(l) » (1) and/or b(2) » da(2). The reduced
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matrix element of eq. (3) can be computed using the form of eq. (18) for

the wavefunction of the initial and final states.

. -> = ...;_ . 1 1 AL 2
B(E()L; 3y » J,) = 27, + 1 | 20 Cplay) Coglap) (aga M0 (B(E)Naya, )|

(abed)
5T | D opley) o (o) Nachd'v[m% c(1)a(2); T 8%, a(1)e(2); 3)
* " (abecd)
atb-J, AL ' »
-(-) ,l (al c(1)a(2); I M07la, b(1)a(2); 3,0
c+d—Jf AL . '
-(-) Coy a(1)e(2); I 1670, a(1)p(2); 7,
a+b-Ji+c+d—Jf | ALy 2
+(;) S (cxf" da{l)e(2); Jfllo lloci b(1)a(2); Iy ) ]] (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 recdupled have the following relationships:

d+c-dJ

|u a(Le(2); Ity ) = () F ol e(2)a(1); 3,0

(20)
b+a—Ji
(-) o, a(2)b(1); J.M,

o, p(1)a(2); T.M, )

Replacing these forms in the vectors of the fourth term shows that the
first term and‘fdurth term are identical (becéuse the double intergrations'

involved in the matrix elements are over dummy parameters
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> v o _ ' .

(i.e. dr, dr, = dr_, dr, = dx, dx, ...) and the phase factor vanishes).
_ 1 "2 2 71 1 72 _ -

-Hence the first and fourth terms maybe combined into a gingle term equal

to twice the first. The'seme method may be used to combine the second -

and third terms. The result is that eq.-  (19) can be rewritten as the

firetvtwo terms with an additional factor of two.

B(E<t)L5'Ji‘+ Ig) = 2Jl ¥ 1 :E: C‘ a;) d(af)2Nab ca

(cd)

[(a%e(l)d(2); quﬁLHuia(l)b(;); Ji)

a+b'J1 ALy 2
-(=) <afc( )d(2), Jf"O:Baib(l)a(2>; 3,1

(21)

To evaluate the redueed tWofparticle matrix elements of eq. (21), we use
the fact that'aL is a sum of (two) operators each involvihg only the

spatial coordinates of r. (or (1)) and r, (or (2)). This allows eq. (21)

1 2

to-be.rewfitten in terms of two single—particle reduced matrix elements.
We use the assumptlon thai the spatial coordinates of a(l) and c(1) are
the same but different than those of b(2) and d(2) (i.e. the alloved
tranéitioné are a(i):+ c(l)_and/or b(2' + a(2)) ;‘ Consider only the
first-term'of‘eq. (él) l The two—partlcle reduced matrix” element may be

3, 5)

rewrltten in terms of two 31ngle—partlcle reduced matrlx elements
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Cage(n)a(2)s 3,08%(2) + B4(2)haa(1)n(2); 5, )

n é-c+Jf—J. ‘ | o AL
. /(le e 1)(2Ji + 1) W(baJ L; Jic) (q%c(l)ﬂo (l)"aia(l) )

* 8 vTeqf } 1)(2Ji + 1) W(abd Ly J.4) <s%@(2)H8L(2)ﬂsib(2).> (22)

The second term of eq. (21) may be evaluated by simply replacing a(l) with
b(1) and b(2) with a(z) in eq. (22). We note that the form of eq; (22)
fequires that only ggg_particle contribute to thé transition. As an
example, consider the transition a(l) > b(1) wﬁich is represénted by the
first term of eq. (22). The delta function 8, requires that b(2) = d(2),
but if a(l) » b(1l) # a(l) the 2nd term vanishes. This is why only one
particle can be involved in the gamma—fay transition. All éuantities
necessary to evaluate eq. (21) have been defined in this model except

for the single—particle reduced métrix elements of the multipole operaﬁors'
in eq. (22). The single-particle matrix elements have been defined in a
paper by True and Ford6) for M1l and E2 transitions. Reduced matrix
elements of the M1l operators are generally éiVided into two groups which
are either diagonal or nondiasgonal in the single—parficle angular |
momentum. Explicitly, thé diagonal Ml Single4particle reduced matrix

5:6)

elements are given by

( (ncg;l/e)cuabld'(m-l)u (n,2.1/2)a) = 3= vala * (2a ¥ 1) g, e Cac

(23')
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where g, is the g factor for.the state (Qal/Q)Ja. The value of g, can
be obtained from the relation for the magnetic moment ﬁ_ahd the total

-5
angular momentum ja

(24)

For caléglations g, is-obﬁaiqedvfrom eq. (2hj.wi£h,ﬁhe1experimental
yalué'éf the magnetic moment (in pnits of nucleon magnétons) which has
been measured for many singléfparticles states. Howé#ef? the Schmidt
valﬁes aré ﬁsed if the‘appropriate mbmeﬁt haé not béen:measured.‘

The off-diagonal Ml single-particle reduced matrix elements have
the‘formS’éj

: o , _ C : ,c_i ~1/2 "; . ’ 22.12 + lj :
. a1 o o e - 4 /3 c'e ¢h

522 (Sn n‘(l —68.0) : (25)

ca Ta'c

with the additional selection rule lja'— jcl'<§l.‘bThe single—particlé
reduced matrix elements for the E2 operator are given in terms of a
Clebscthordon coefficient and radial'matrix'in avform_similar to eq.

_(11)5’§) ' . R . . :
o - ..Ag o N - : c 2 aq
<(nczc1/2)cHoM(E2)H(nazal/z)a ) =e \[(2c + 1) g;- [ 1 1 ]
) . < ] : . = 0 =
o . o 2 )

Celr?la) 2 2 v (0 1 (26)
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_ N - . .
with the additional selection rule lja - Jé] < 2. All values necessary
to evaluate the transition probability of eq. (1) or eq. (9) for Ml and
E2 transitions have been defined within this two proton model. The

modification of this treatment necessary for the odd-odd nuclei is

straight forward.
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APPENDIX B

THEORETICAL LOG FT CALCULATIONS - ELECTRON—CAPTURE

I. INTRODUCTION
-+ o v L 1
For B , B, or EC decay the nomogram method of Moszkowski ) or
Verrall gg_gi,e) is generally used for rapid calculations of log ft

)part. for

values once the . experimental partial half-lives (t1/2
L . , "~ expt.
the levels populated in the decay have been determined. These nomograms

are also reproduéed.in an expanded version in the Table of.Isotop§s3).

However, when the qecay energy Qd is less than about 300 keV (for Z ~ 85),
the nomogram method fails to give the correct values of log ft due to the
neglect of the electron binding énergy BE(X) (of‘ihe daughter nucleus) in .
the éxpressions used in the original caICulaﬁions for f. vIt has been
‘noteds) that log ft values obtained from the nomograms for first-forbidden
nonunique transitions (Aj =0, 1 yés) often shpw deviations_of_30% from
those caiculated thebretically for B+ décay (which were then éorrected_
with the K/B+ ratio to obtein the Value of £ for electron—céptufe).
Presented bélow are é series of formulas which takevinto account thé
electroh binding energy cérrectidns. These.formulas were used for cal-
culationuof the log ft values in this work. . This hethod gives the same
results (for Z = 85) as the nomogram method for Qy > 400 keV and log ft

velues 0.1-0.8 units lower for BE(K) < Q; < 40O keV.
II. METHOD
Reproduced here are twé equations from volume 2 of Siegbahnh)

(chapter 2) which allow the user to get from his‘text to the actual case
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of doing a calculation. The formulaﬁion'was written by Konopinski and
Rose ) and the interested reader should consult the original article for

details. From~thevtextu) we_hdve the following equations:

)parf." 3

- and

ot =g ILn+2 - £t = gn 2 2 gL (1) (p. 1341 eq. (21))
AT . 1/2 expt : 2 :
pt. g :
| 22\ , . | |
A = (g—g—hﬂg ) g () sy R (2) (p. 1359 eq. (77A))

.The total allowed decay rate byvgll al1owed modeév(é.g. K, L, M,
capturé) is defined as Xi, .g2visvthe'coupliné constant, and gK(R) is
the large radial waﬁéf&nétion_for the eieétfoﬁ évalﬁatéd at the nuclear
radiﬁé,  Thé K?elegtron capture rate is givéh by AK and cq_is the energy

available for ﬁhe neutrino.

“eq =Wy +me® - mE(X) e

0

where the-dgcay energy Qd is defined as

o
i

g - cat BE(X) ?'WO -{-»mc2 - ) | (W)

- The units.é'=vh_ m = 1 are-used which implies

}:qi,=-‘Q.a -.‘.BE(.X.) o - (s

whefe the'units Qf.energyfare.in terms Of;électrdn.rest_mass.(MeV).
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We now assume that 'the approximation S = § for allowed

0

transitions (AI =.0, 1 no) holds for lst-forbidden electron-capture

£). Substituting our approximation S = §, we can

d s (i1.e. 8 =
ecays (i.e 0,1 = ¢

0,1
combine eqgs. (1) :and (2)

T ogEm) of =t () Tallr) o (6)

All three values in eq. (6) may be obtained with reference to fig. 1 and

the following methods:

(a) gK(R) » This is a dimensionless quantity thained from fig. la’

for the Z (parent) of interest.

() @ . This can be evaluated from eq. (5) where the decay energy
Qg » ‘
electron-capture decay QEC and the energy of the level

is obtained ffdm thé’(Q—valué) energyVavailable for

ERev to which the decay proceeds in the ddughter (units

of electron m&ss):

(7)

(e) t (K) This is the partial half-life if all decay went by K-

i/2 . , . .
‘ capture. This quantity is obtainable from the experimen-
)part. thru use of

expt. ,
fig. 1b and the ratio of total electron-capture EC (total)

tally determined partial half-life (tl/2
to K-electron capture EC(K)'aS follows:

\ _ . .part. EC(total) - ey
t1/p(K) = (4 ) EC(K). @
expt.

where the total to K-capture rate is defined as
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Tt

0.0!

XBL 719-1475

Fig. 1. ({a) Large radial wavefunction gK(R) for the ls-electrons evsluated
at the radius R l).

(b) Subshell ratios for electron.capture3).
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EC(total) _ EC(K) + EC(Ll + Lll + Llll) + EC(M'+ N o+ «.0) (9)

CEC(K) EC(K)

Using the approximation EC(L.,,) = 0 (which is valid for allowed and

111
approximately valid for first-forbidden nonunique transitions3’5)), eq. (9)

reduces to

EC tétal)‘K, EC(Ll) ‘ EC(Lll) ) EC(M + N # +++)
ec() T \E® ) \*TEE) ) T mED |

1
(10)
For allowed and first-forbidden nonunique transitionsB)
EC(L,) qQ, - BE(L,)
ez [ 1 (1)
EC(K) ~ "1 q, - BE(K) /.
here k_(Z) i i by fi ig Th 1 £e EC(Lll) and EC(M+ N+ +-+)
where k. \ 18 glven by 1lg. 1Db. e values for EC(Ll)_ nd EC(L)

may be read directly from fig. 1b also. Finally rewriting eq. (6) in
terms of egs. (5), (8), (10), and (11) we arrive at the final expression

used in our iog ft calculations

| L :
~ part. Qq - BE(L )T EC(Lll):] [‘ Ec(M+ N+ ...) |
= (tl/Q)eth; [l +x(2) [Qd E® | [P TEE) 1T =D
L &2(r)(q, - BE(X))® (e

In summary, eq. (12) allows the calculation of log ft values for

allowed or first-forbidden decays thru use of fig; 1 and eq. (7) once the




‘—é7Qf 

decay energy is known. (The binding eneérgies of the electrons and the

+ . | .
K/B8 ratios are tabulated in ref. 3),)
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- APPENDIX: C

DATA ACQUISITION SYSTEM -

- ABSTRACT
,‘Tﬁe éleéfréniq'éystems uSed:fér.B'ahd‘Y—?ay sbectfos;opy:are
_‘descriﬁéd-in tﬁé-foym éf é_userfg manual . 'Thé‘asseﬁbly and testing of
_singlgs_ana éoih¢idence'iééic circuits ufiliéing é{PDP—T:éSmputér 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
spéctroséopy experiments in conjunction with a PDP-7 computer data
acquisition system shown in fig..l. This is intended to_help ease -the
minds of future gfaduaté students faster after théir first introductioﬁ
to the system and also serve as a guide in setting up the systemé
initially. The text is in the fofm’6f a user's mahual, and if details
‘are désired, one is reférred to the available technical referencesl’2’3’h’5)
on which it is based. Singles and coincidence electronics éhd nethods are

discussed. The PDP-7 system has been well doéumentedh’5’6 and no attempt

is made here to expand on it.

II. GAMMA-RAY "SINGLES"
The electronics used with the PDP-T. computer system to collect

experimental data is discussed with reference to fig. 2.

A. Linear Amplifier,(LRL model #11 X 5501-P1)

- The amplifierl) will accept by swiﬁch contrbl either positive or
negative preamp pulses and it contains a pole-zero pfeamp compensation
adjust'scfew. One sets the pole-zero éompensation by bringing the output
pulse.overshoots or ﬁndershoots to the baseiine_with a scope set on &
high gain. The final adjustment ié best made with a long-time constant
on the oscilloscope. The unit has two-outputs (1) slow: - which has been
optimuﬁaly filteréd, gaﬁssian—éhaped, énd pole-zero compensated for

pulse height analysis (2) fast: which has only differential shaping so
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Fig. 1. The PDP-T data acquistion system6).
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that’allldpfimum timing information is still contained in the signal.

The input is internally terminasted so that no terminator should be used.

B. Pile-up Rejector and Slow-Rise Time Inspect (IRL model #11 X 5551-P1)

'1The slow output signgl from the amplifier,'ﬁsed for ﬁulse height
.analysfs? passesvthru'thé linear gaté to the analyzer only when the pile-
up rejequr}produces a valid output_pulée which opens:the linear gate
(fig. 2). fhe pile-up rejectorl)>has two functibné; (1) rejection of
pulses whicﬁ occur too close invtimé (pile-up rejector); (2) rejection
of "élowfrise" pﬁlses, which result from‘slow,'paftial charge collection
in the.détéctor whichvbccurs When'a'gamma;rayvis aﬁsorbed'just outside
the activé volume region. The‘pile—up rejectéf‘input ié obtained from
the faét oﬁtput’of the linear amplifier.
The‘pile—upicircuit fejects a pulse preceeded by another within
a variéble (5—30 usec, "inspect-time" knob) presét time (e.g. 25 usec),
or onejwhich is féildwed by‘anothér-within approxiﬁately O.S'usec. It
has two adjusfments;.aﬁ'inpﬁt disériminator.ahd a "inspect-time" sétting.
Set the'discfiminator Just above the noise-level by triggéring the scope
on the discriminator output and'obSefQing the slow putput of the linear
amplifier. Set the "inépect—time" by setting the butput (of the pin-
jack) to approximately 25 usec fimé duration.j.
| The slow rise—time inspect may be switched in with a toggle
switch ahd has three adjustments; aﬁ input discriminator (set it»rqughly
to the same dial-setting as.the input—discriminatdr on the pile-up
inspecf unit),;abﬁaximum rise-time adjgstment? and dead-time setting.

The maximum rise-time is adjusted in one of two ways: (1) with the
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linear gate input gated by the valid output of the pile-up rejector,
observe the output signal of the'linearvgate and decrease the maximum
rise-time screw until the highest pulses (near saturstion) disappear
and then back the screw off one or two turns; (2) with the linear géte
open but the delay in, observe the output while gating the scopé on the
dead-time pin—jack'in thé maximum rise-time section of the pile-up
rejecfor (note: this ﬁulse is neéative). These. pulses are the‘rejected
pulses due to exceséive.rise—time. Decrease the maxiﬁum rise-time
requirement screw untillthe highest pulses jusﬁ start appearihg with
increasing intensity and thed back off one or two tﬁrns. The dead-time
adjustment for the slow rise-time inspect should normally be set at
aﬁproximately 30 usec.

When é pulse passes all tests imposed by the pilé—up rejector
unit, it emits a valid outpﬁt.logic pulse which opens the.linear gate,
allowing the energy signal (slow output of the amplifier) to pass.
‘Fiﬂally'if fhe,external éoincidence tdggle swiﬁch on the piléfup'
rejector is engaged,;an external signal, occuring.at thé same time és the
valid output,‘isﬁalso required to produce a valid output to open the

linear gate. The input signals to this unit should be ferminated (125 Q).

C. Linear Gate (LRL model #11 X 5510-P1)

In the trigger mode the linear gatel) takes two inputs. The.
gate trigger signal (e;g; from the pile-up rejector) drives the gate .
trigger.which then allows‘input pulses (e.g. from.the slow outputvffom
the amplifier) to;pass.' There is also a special Easeline resﬁorer

circuit in the linear gate to insure that'mdduiation of\puISe;heights due
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to baseline errors are minimized. The fiﬁalﬂoutput of this unit has a
variable width:"chopper":so.that the width of thé.éutput pulse to the
analyzer can be varied in ordér to.avoid énveﬁceésive éulse duration.
Tﬁé ﬁidth should be adjﬁéted tolébfain épproximétely symhetrical pulses.
Also, ¢a£e must_be taken'tdvmatch the &oiﬁagé pedestal in this unit.
Sét'the'pedestal by removihg the (sloW) iﬁpuf signal and allowing_only
_the valid output‘pulsesboffphe pilefup rejectorvto enter the trigger.
Trigger fhe.séope off_fhe.dis¢riminator oufput.(pile;up rejector) while
looking at_the linear gate output on a high gain sétting. 'Adjust the
pédesﬁaliséréw,until‘the DC levelsvare matched. The unit slso has the
‘option‘of.mixing multiple inpﬁts and.a fixed delay’(l;s usec) switch
that can be“éngégéd.- Thus this uﬁit can aiso be used as a signal mixer
and/or.é linéar delay box, whether or not used in the trigger,mode; The
delay is*nofmaliy in when thevunit_ié used with thé'pilésup‘rejector.

Again all inputs to this'uhit should'bé.terminafed.n

 D. ADC (LRL model #11 x 4680)
The'analoéuéfto;digital conﬁertef'(ADC) uééd'in all experiments
was of the highﬁspeed sﬁcéessive binary approXimation type and is
described in detail in ref. 2) and vas interfaced,fO'the PDP-T hfs).
.E;"Cbnclusioﬁ
'ﬁoéerlly,_studyvdf fig. 2 éﬁd the ééctibps‘onithé_élecfroﬁip
components Qili allow the "éinglééﬁ experiment to be set upveaéily.
Figure 3-ié'avmoré détailed'échéﬁétic dféﬁihg of the éleét?dﬂic components

described above and is taken from ref. .
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III. COINCIDENCE (MULTIPARAMETER) DATA SYSTEM

A. Iboingidenue Logic Circuit

If one knbws how to set the energy part uf the coincidence
circuit in fig. L (see gamme-ray "singles" section for the amplifier,
pilefup:rejector, and linear gate), only the methods of settiug the
 timing part of the circuit remain. With reference to fig. L, the
following procedures based on expérience are outliued: o

(A)i'Set the gains of two ofuthe four linear amplifiers’tb cover
the rahge of pulse_heights‘of interest. Thesé will be used to extract
.the timing information, with the leadlng edge method, by taking their
fast outputs. (In prlnclple, pulse saturatlon should not matter since
leading edgebtim;ng is used after the xlO'ampllfler.) Only two linear
amplifieré are necessary but four maké.it unnecessary to readju;t the
timing circuit (except for the energyewalk compensator) when the energy
range is Chanéed. |

(B) -With no inputs to the x10 amplifiers, set the x10 amplifier
DC level (output) llghtlx negatlve (or zero) so that the fast_dls—'
criminator level can be adjusted just aboﬁe‘the noise level. These x10
ampiifiers take negative signals and a pulse inverter (e.g.,EG‘& G model
#1T100) ﬁust be used to connect the fast output of linear,ampiifier'to
‘ thevxlo.émplifier. ‘An impeaénce'matcher (125 Q + 50 Q)’is also used and

no termination is needed on 50 § inputs to the x10 amplifief.

All fast circuits are 50 Y and“slow ones 125 Q. All unused‘fast‘outputs
on the dlscrlmlnators and TAC, as well as the negative 31gnal output of

the TAC, must be terminated.
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(C) With the output of the x10 ém?lifié; ponnected to the fast
discriminator‘DC input (negative signal); the gated switch "on", and the
attenuated switch = 1, set the fast disc%iminafor level (10 turn pot)
just above the noise level so that the siow rising_pulses:(low energy)
are deteéted with a minimum of "walk'. Sét the discriminator level by
triggering the scope on the slow output Sf the‘fast discriminator while
iooking.ét the slow output of the linear amplifief. The-discriminator
level is very sensitive to the DC level setting on the x10 amplifier so
if the fast discriminator :cannot be set low enouéh {(i.e., down to the
noise levél before "zeroing-out" the pot), set the DC level more
.nega£iyé.' The idea is to have somée leeway for adjusting the discriminator
pot for ény slight noise or DC level variations during tﬁe course of an
experimeht. Put the delay board (e.g. 80 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 discriminétor is "just"
enough‘to arive the EG and G TAC which requires input signals = 200
-mvolts. o

(D) Run the fast discriminators outputs téithe START-STOP inputs
of the TAC. The TAC START-STOP inputs are interhally terminated. Check
the system constructed so far by looking for the output signal of the
START—STOP posts of the TAC wiﬁh a source present (e.g. 22Na with 180°
detector geometry). |

(E) Connect the valid STOP output of the TAC (negative signal)

to a BNC’del—a—gate {negative input). Take the positive del-a-gate output
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and run to ooth pile—up rejectofs'(external coineidence input) and set
 the externai coincidence switch "on"_on both pile-up rejectors. Vary
the del-a-gate settings so'as.to meke tne-signel time;COincident with
the valid.outpntvsignalsbofﬁthe nile—np,rejectore. This external
coincidence nill reduce'the;ﬁalid outputs of the niieaup‘fejectors to
those pulses tnet are coincident in.ooth (:) and_(:) ggg_have produced
avvelid"TAC eignal. (‘(:>‘and (:) refer to deteotofs START = (:) and
STOP ='(:> ) Note‘however that it is still poeeibie‘for one pile-up
rejector to not\produce-a valid output (due to pﬁlsevpile;up on one.siae)
so that a further coincidence testrof'valid outputs of the pile-up
: nejectorsbstiii must Be'maae. To do this final'test connect the output
slgnal from the plle—up rejectors to. the slow c01nc1dence unlt. (This
vcan be done by connectlng the valid output to the rear "trlgger 'inputb
on the llnear gate (l) and then connectlng the front "trlgg=r input
(now produc1ng an output) to the slow c01nc1dence 1nput. Terminate
onlx once‘and at the slow coincidence input.)

| F(F) .From.the.linearvgates (l),-rnn.tne oﬁtputs to the rear
inputs of the linear'gates (2) and do not terminate, From the front of
the same linear gate 1nput posts, take the 31gnals (gamma-ray energy
pulses) and run them to the START ‘and STOP posts of the TAC walk com- .
pensator (termlnated) (By spllttlng the 51gnal in thls manner, the two
c01nc1dent (gamma) signals-are ayallable'for energy enaly51s gng_for the
1ogrithmiooTAC_welk conpengatof inpnte.). We;shall:requife'a fnrther

coincidence on the linear gates (2).
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(G) Connect the oﬁtput of the TAC to & linear (delay) gaﬁe (3)
input (no trigger mode) in Qrdér to delay the TAC signal (if needed)
which ﬁrobably occuré befdré the energy signalé at the output of the
gates (l). Connect the outpﬁt of this gate to the energy-walk com-
pensator'hTAC" signal input. In the end, the TAC signal = T and the two
‘énergy‘signals = E(1) and E(2) must be coincident in time.

(H) Connect the TAC walk éompensator output\to the linear gate
(4) input. This signal, when gated, has the final coincidence logic,
gnd also selects the "clean" poftion of thé time signal‘(by,varyihg the
delays and width of the "chopper")‘which contains'the'TAC and compensation
signals'miked together. The oﬁtput of this'gate = T should occur at the
same tiﬁe as thé enérgy signals ;t thé oufputé of gétes (2), and be Qf
‘approximately the same width (see fig. a).

(I) Connect the slow coincidehce output of section (E) to a dual
deiéy gate.unit. (This céincidence oﬁfput occurs only for eveﬁts for
* which neither y-ray was pile-up rejected.) Split the slow coincident
voutput-and use as the inputs to both delay gates so that two variable
delay signgls are now aﬁailable. Adjust.both delay signals to make the
signals time coincidentvwith E(1) and E(2) (at the input of the linear
gaﬁes (2)); A coincidence on (T, E(1), E(2)) can be required by taking
one ofAthese delay gate signels to ﬁhé tfigéer inpuf'of the linear gates
(2) ana (3). The second delay gaté signal shqula occﬁr at the same time
as the firstbgnd is used a§ a,valid coincidence signal which starts{the

computer processing the four coincident parameters (E(1), E(2), T, T4) and

is fourth parametef (dummy = TL4) input to the analyzer.
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(J) The four oufput pulses (E(1), E(2), T, T4) of fig. 4 sent

to the‘PDP—7 should occur at the same time and look crudely like those

shown in fig. a.

= E(1), E(2)

;;;7;,ﬂenergy signalé

Portion of compensated '
TAC signal selected by IN
linear gate (3) . :
=T

Qummy = Th
(logic pulse)

“ varisble width due to choppers
~ on delsy gates | - '

Cofixea M1 B

Fig. a
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. ﬁ. Conclusions

The final signals (T, E(1), E(2), T4) must all start at the same
time on theAscope.v'These are the four coincident inputs to the FDP-T
computer and the multiplexer unit for the:multiparameter data (coincidence)
expérimént.

Some patient Jjuggling of the delays is usually necessary in order
to make the required coincidences. This is done most effectively by
adjusting the stretchers on the TAC, TAvaalkvcompensator, and the dual
delay gates (tiﬁing and widths) to match the rélati&ely fixed time of
‘the energy signals. |

- The details on the use and the need for_thé TAC walk compensation
unit were diécussed»by Jaklevic gﬁ_g;,3).
A list of the model numbers for the egquipment used for the

coincidence circuit of fig. 4 not described in the "singles" section

follows:
Double x10 D.C. Amplifiers (LRL model #18 x 1281-P2)

100 MHz fast Discriminator (LRL model #18 x 1201-PL4)
TAC (EG & G model Th 200 A/N)

TAC Energy Walk compensator (LRL model #11 % 6891-P1)

BNC Del-a-gate (BNC model #CT-1A
Dual Delay Gate , (LRL model #11 x 6361-P1)
Slow Coincidence Box (LRL model #11 X 5591-P1)

The coincidence system (resolving time) can be optimized by

placing & 22Na source between two 180° detectors to utilize the 511-511
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keV gamma;fay prompt‘coincidence.j The'timing spectrum is then optimiéed
by_adjﬁsting the TAC walk cpmpensation‘unit.until the spectrum is méde
as_symmétfiéal as possible and tﬂe ﬁidth_(FWHM)'and>the,tailing (due to
differenﬁ pulse riseftimes) is the smal;est'§ossible2f§r'the detectors

being_used;

IV. ANALOGUE MULTIPLEXER UNIT AND PDP~7 COMPUTER
' The PDP-T periéheral hardwa?e6)’used is shown in fig. 5. The

multipleker (LRL model #11 X'Ath—Pl) accepts the four coincident input
.signals (T;'E(l),'E(2), T4) and stretches them individually in fimé so
that one 3096 ADC can.anﬁiyze all four Signals. Anslysis is started by
receipt of a valid cbinciaence inyut (Th). The total time to process all
four pulsés is‘approximatély 2Q0'u$ec and is éonétént for each event aue
to the sﬁdéessifé binary apﬁroxihatiqn ADC uﬁite): Thése four §roceséed
p#réméfersb(E(l); E(e);.T, T4) then go to the buffer stéragé area of the
iS'bit,PDP—?. When the storege buffer (512 words) is'full,bfhe data is
writtenﬁby an Ampex tape unit (model #C208), 3 words per coincident event,
(512 wofds equal one record) on an IBM magnetic tape. The IBM tapes ére :
éhOO' inilength and.can hold approximately by 20,5 million characters.
each. They require 2-6 hourslto fill aependihg onvthe input rate of |
-coincidenﬁ-events. Thendaté is.thﬁs written, 176 coincident events at a
‘time, qu later sorting aﬁd_analysis on the CDC 6600. The time left over
betweeh_pfoceésiﬁg.coincident'évents‘is:used tdvgeneréfe & 614k channel
disp}a&léf-the daté being cpilegfed.. The folléwing is a representation

of the area and parameters displayed by the PDP-T during the experiment.
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coincidence data6).



- -299-

Detector Detector ~~ T Th . Buffer Window Window  Window
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Syumber of Cha L B
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NOTES:

DetectofSJ(:) énd (:) refer to the f@ll'h096’éhénnel spectra comgréssed
to a disﬁiay of 1024 channels for the START and STOP aetectors,
respectivély. |

T is the ﬁimé distributioh of fhe (gamﬁa—gamm@)»coincidences.

vTh is the dﬁmmy parameter.

'Buffef:. it.iooks like snow--don't paniél

Windows are events coincident in Detector (:) with 3'gaﬁes (2 display
marke£s fbr eaéh.gate) set on the spectrum of Deteétor (:) (e.g. fick
three peaks in the first (1024) display group (Ab).and fhen coincident
events between selected windpws ére'disp1éyed aévthrée (102&) grbubs
(z1, 22, 73). | |

. One can refer to the PDP—7_uSersvmanualéu’sifor_more detailed
operation of the computer and multiparameter programe. MULTIS is the
program used for sorting of data tapes and MULTID R is ‘the prqgram for

the acquisition of multiparametér data oﬁ-the PDP-T.:
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APPENDIX D

GAMMA~RAY CALTBRATION STANDARDS

ABSTRACT
A collection of Yefay energieé,and intensities is given thatvere
suitaﬁle-for.use.in the calibration of high resolution Yy-ray spectrometers.
The energy range 1ncluded in this tabulation is 25 keV-< EYV< 3452 keV.
Adopted values are given for gamma~ray energies based on welghted averages
of the uncertainties reported in the.literature. Relative y-ray

133, 182 56

Ba, "7 Te and ~ Co. No attempt wes

intensities are also given for

- made to establish weighted averages for the intensity values.

*
This appendlx appeared as a Lawrence Radlatlon Laboratory Report

UCRL—20h76 (April 1971),



-302-

I. INTRODUCTION

With the development of high resolution Ge(Li) detectors
coupled with highly stablized linear electronics and,computer photopeak
anaiysis of data, it has become possible to measure gamma-ray energies
to a precision of better than 0.1 keV. However,‘to de this, it is
necessary to have available a large number of standards with energies
known to befter than tens of eV.‘ Mariohl) compiléd a list_af such
Standards in 1968, but since that ﬁime theré have been imprdvéménts in
‘the measurements of standards, and their number has increased sub-
stantially. Because the newer information is scattered in the literature,
it is the purpose of this report to collect and tabuléte those measure-
ments and references for standards that are routinély‘being used in our
nuclear spectroscopy research.  In the recent literature, the most.
extensive work has been that of Gunnink gg_é;,e’lB); |

Gamma—réy energies are liéted by source in Table 1. The original
data are shown along with the reference. The "adopted values' that are
given represent weighted averages (weighted inversely as the squére of
the author';‘stated uncertainties). The errors given afe the larger of
the o §alues as defined below. Ei and o, are the author's stated energy

and error, respectively.

EEi/C’f
_ 3

1 2 1 2
= e — g = (E - E) E = _
E :1/0§ n-1 E : m i m \ 1/02

2
o]
‘ T ’1=l : 3 1

Marion'sl) values, which are also tabulated, often represent weighted
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averages of several measurements. In these cases the original measure-
ments reported by ref. l) were used in obtaining the new weighted set of
adopted’valués.

Table 2 lists gamma-ray energy and intensity measurements for

133Ba,,182Ta’ and 56

Co. No attemptiwas«made to establish a weighted set

of inténsity values. The energy values of Gunnink'gi_gi,Q) are used for

56Co while weighted sets are given for 133g, ana 182Ta.

VThe l$2Ta low energy (84-265 keV) Y-ray.intensity measurementsla)_
were made using a celibrated 10-cm> Ge(Li) detectbr. Details of these

measurements are to be publishéd later. (See Appendix E.)
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Table 1. Gamma-ray energies used as calibration standerds listed by source.

y~Ray Energy

Isotope g;%Z' eV Refs. * Adopted
b1, 432.9 + 0.8y 26.348 + 0.010 1
26.345 + 0.010 12 - 26,3465 t 0.007
59.543 + 0.015 1
59,536 + 0.010 13 59.538 + 0.008
’l7°Tm 1204 84.2572 + 0.0026 1
84.257 + 0.003 i2 84,257 + 0.002
1094 _ k534 88.034 + 0.010 13
88,035 1'0.006 9
88.036 + 0,008 11 88.035 + 0.00k
57Co 271.6 + 0.54 122.046 + 0.020 13
;22.061 + 0.010 9
122.04 + 0.02 1k 122.055 + 0.013
136.465 + 0.020 13
136.471 + 0.010 9
136.47 % 0.02 et 136.470 + 0,008

{continued)
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Table 1. . {continued)

Y-Ray Energy

Isotope ﬁ?;g’ |  kev Refs. - Adopted
2034, . 6.8 £ 0.24 279.191 + 0.008 1
279.179 + 0.010 13 279.186 * 0.009
M3, 115.2 + 0.8d 391.688 + 0.010 9
391,71 £ 0,02 23 391,602 0.018
19_8Au 2 ' 411.795 + o.olog' Rt
511,792 + 0.008° 13 k11,795  0.009
BTes 7 3005 £ 0.3y . 661.635 £ 0.076 1
| 661,615 + 0.030 2 661,618 + 0.028
Sy _" ~ 312.6 £ 0.3d 834,81 + 0,03 1 ,
' ' 834,84 + 0.05° 2 834.81 £ 0.03
8y ot :o0.8a . . 898.0k + 0.0 1
898.023 + 0.065 13
'898.010 + 0,030 10 © 898.021 + 0.023
1836.13 + 0.0k0 1
1836127 # 0,050 2 v
11836.030 + 0,030°°° . 10 1836.120 + ,031

(continued)
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Teble 1. (continued)

Y~Ray Energy
.Isotope II-,Ii.:tL‘Z- keV Refs. Adopted
60 o
Co 5.28 + 0.0Ly 1173.23 £ 0.04 1
1173,231 % 0.030° 13 1173.231 £ 0.02L
'1332.49 % 0.0 1
1332.505 + 0,025 2 1332.501 + 0.021
22 .
Na 2.602 + 0.005y 511.006 + 0.002 1
511.00k1 + 0.0016 15 511.0041 .+ 0.0016
1274.55 + 0.0k~ 1
1274,550 + 0.0k0° 13 iz7h.55 + 0.0L4
2} : . ’
Ne 15h 1368,526 + 0.0k 1 1368.526 + 0.0k
1731.91 + 0.12° 1
1732.130 # 0,060% 2 1732.130 * 0.060
2753.92 + 0.12 1 |
2754,142 + 0.060 2 2754 .098 + 0.183

{continued)
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Table ‘1. (continued)

» Y-Ray Energy
Helf- . v

Isotope Life keV ‘ Refs. - Adopted
Boy - - 1.26 - 1% 1#60.75»5 0.06 1
'1460.9 + 0.3 16
1460.95 % 0.07 23 1460.836 + 0,11
| 1460.75 + .06° 18
20Tpy - | 30y . 569.653 + 0.020 10
| 569.62 + 0.06 . 1 569,650 + 0.030
1063.63 + 0.030 10 -
1063.4 £ 0.000° 1 7(1063.611 + 0.172)
1769.71 + 0.13° 1
1770.22 + 0.040° 10
1770,06 + 0.07 7 1770.06 % 0.07
Y e 295,938 + 0.009 1
- 295.938 £ 0.010 2 . 295.938 + 0.007
308.529 * 0.010 1 |
308,440 £ 0.010 2 308.435 ¢ 0.008
316,186 * 0,010 : 1
£ 0.010 2 316,488 + 0.007

v316.b90 :

(continued)
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Table 1. (continued)

Y~Ray Energy '

‘Isotope i?iz— keV Refs. | Adopted
192¢, (continued) 468.053 + 0.01k 1 v
468.060 + 0.010 2 ~ 1468.058 + 0.008
588.557 + 0.017 1 588.557 + 0.017
604.385 + 0.017 1
60L.378  0.020 2 604,382 + 0.013
612.435 + 0.017 1
612,430 + 0.020 2 612.433 & 0.013
110my . 2534 BL6.TT + 0.04 5
446.790 = 0.020 10 k46,786 + 0.020
~ 620.22 + 0,03 5
620.310 * 0.020 - 10 620.282 + 0.068
657.71 + 0.03 5
657.720 + 0.020 ST R
657.75 + 0.0k o 657.722 + 0.022

(~ontinued)
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Tabie 1. (continued)
: y-Réy Energy
kev Refs. ~  Adopted
"Ag (continued) v 677.55 + 0.03 5
R 677.580.% 0.020 10
677.58 + 0.05 W é77.572'% 0.017
686.80 + 0.03 5
© 686.950 + 0.030 10
686.95 + 0.05 14 686.886 + .088
T06.68 + 0.04 5
706.650 £ 0.020 10
706.63 + 0.06 14 706.65h + 0.025
744,19 + 0.0k 5
744,260 + 0,030 10
T4k .23 + 0.07 14 Thy . 234 + 0,036
763.88 + 0.0k 5
763.920 + 0.030 10
763,93 = 0,07 - 763.908  0.027

(continued)
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Table 1. .(continued)

Y~Ray Eneréy

Isotope palr- . kev Refs. Adopted
llomAg {continued) , 818.00 * 0.0k iP5
817.995 * 0.030 10
817.95 * 0.08 1k 817.993 + 0.031
884.67 + 0.0k . °5
88L.650 £ 0.030 . 10
- 884.68 + 0.0L 6
88L.69 + 0,05 1k 88L.667 + 0.019
937.48 + 0.04 .5
937.450 + 0.030 10
937.48 + 0.0L 6
937.54 + 0.07 14 937.472 & 0.0k2
1384.22 + 0.04 . 5 -
1384.240 £ 0.040 10 _
11384.26 ¢ 0,05 6 '138L.237 + 0.025
1475.73 £ 0.04 5
1475.710 * 0,0L0 10
1475.76 + 0.07 - 6 1475.726 + 0.027

(continued)
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Table 1. (continued)

Half-

Y—Bay -Energy

Isotope . " Life keV . Refs. Adoptgd _
110ms 0 (continued) 1504.9 + 0.08 5
1504.945 + 0.0k0 10
1505.01 % 0.07 6 -1504.951 + 0.055
1562.22 + 0.06 5
1562.255 + 0.050 .10
1562.35 + 0.08 6 1562.261 * 0.069
108m, g 127 + Ty 34,0 £ 0.10 5
' 433.9% + 0,06 U 433,956 '+ 0.051
614,37 £ 0.10 >
722.95 + 0.08 5
722,87 £ 0.06 1 722.899 * 0.059
228, 1.910y% 39.85 + 0.01 1(*%p1)
238.624 + 0,009  1(* %)
510.723 + 1(2%%m)

0,020

(continued)
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Table 1. {continued)

Y~Ray Energy
Half-

Isotope Lite keV Refg. Adopted
2By (continuea) _ 583,139 * 0.023 | 1(2%g)
727.1 + 6.1 .1(2;231)
727.08 ¢ 0.07 | 727.09 + 0.06
785.37 + 0.08 7(%*2p1)
763.13 * 0,08 7(208?1)
860.37 + 0.08 | | 7(2%8m)
893.43 ¢ 0.69 7(%1%B1)
.1078.62 t 0.10 | %(2123;)
1592.696 ¢ 0.050% 2(2°8T15

620,56+ 0.10  7(**%B1)
261,47 + 0,10 1(2°8T1)
. 2614708t 0.050 . 2 T 261k.66% 0.20

(continued) .
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Table 1. {continued)

Since these values are for double-escape pair peaks, care, as warned by
Gunnink et al ), should be employed 1f using them.

bThe calibratlon is from the double-escape peak. See ref.'lo)

®This ie not included in thé adopted value given.
doog | . 228~ ' ‘
Th energies listed are from daughters in. Th decay chain.”




Table 2. Gamma-ray energies end intensities used as calibration standards listed by source

e T IR & e

Half-

Y-Ray Energy

- Adopted

Y-Ray Intensity

‘Isotope Life o keV - Refs. ' Relative Refs.
133, Ty 53.18 + 0.0k 1 3.78 + 0.09 19
' 53,17 + 0.01 8 53,171 ¢ 0.010 3.81 ¢+ .10 8
79.60 + 0.05 1 , |
79.63 + 0.03 - 8 L.50 + 4o 8
80,997 ¢ 0.006 1 | ,
80,99 + 0.01 8 55,3 ¢+ 3.0° 8
80,998 + 0.008
160.66 + 0.06 1 | . 1.21 + 0.05 19
160.63 + 0.02 8 160,633 ¢ 0.027 1,12 + 0.05 8
223.37 1 0.23° 1 0.803 + 0,042 19
223.12 & 0.01 8 223.12 ¢ 0,01 0.78 &+ 0,04 8
276,46 + 0,2°% 1 11.61 ¢ 0.17 19
276.45 &+ 0,02 8 : , '11.6 + 0.2 8
276.397 '+ 0.012 9 276,411 + 0.041 - '

{continued)

-WTE_ L



Table 2. {continued)
Y-Ray Energy y—RayAIntensity
. keV : Refs. " Adoftedi ‘ ",VRelativé o .‘ : »Refs{
Ba (continued) 303.08 + 0.2° 1 29.75+ 0.29 - 19
302.93 £ 0.03 8 . 9.6+ 0.3 8
302.851 + .015 9 302.867 + 0.065
356.27 + 0.14° 1 100. ' 19
356.09 + 0.0k 8 o 100. : 8
1356.005 & 0.017 9 356.018 + 0.073
. 384.10 + 0.18°% 1 14.18 + 0.26 1 5
- 383.83 ¢ 0.03 8 14.1°¢ 0.3 8 o
383.851 & 0.020 9 ' 383,845 + 0.017. '
84.257 + 0.003 - . 12 7.6+ 0.k 18
84,678 + 0.003 17 o
1100.106 + 0.003 12 40.2+1,0 - 18
100.10k + 0.002 34 100.105 + 0.002
152,435 + 0.003 3¢ 205+ 0.51 18
156.387 + 0.003 3¢ 7.63 £ 0.19 18
179.393 + 0.00k 3¢ 8.81 + 0.22 - 18
198.358 *+ 0.008 17 k.15 + 0.11 18

'Ybontiﬁued)



Table 2. {continued)
Y~Ray Energy Y-Ray Intensity
Isotope ??%:* keV Refs. Adopted Relative Refs,
182, ‘ d '
Ta (continued) 222,109 + 0.005 3 21,30 £ 0.56 18
| 229,322 + 0,008 3¢ 10,27 ¢ 0,27 18
264,072 £ 0.009 3d 10.10 ¢ D.26 18
891,982 ¢ 0,015 4 0.15 ¢ 0.02 L
927.995 ¢ 0,015 4 1.79 ¢ 0.09 4
959,730 + 0.015 L 1.02 + 0,06 Y
1001.69k & 0,015 4 5.98 ¢+ 0,3 4 ‘
044,409 + 0,015 4 0.69 ¢ 0,08 Y (:,3
1113,398 + 0,052 4 1,13 £ 0,10 b A
1121.298 & 0,013 4 100, k,18
1121,28 + 0,12 3
1121,31 + 0,04 6 1121,299 ¢ 0,016 .
1157.311 & 0,613 . 1,84 ¢ 0.35 |
1158.080 + 0.015 N 0.99 + 0.28 Y
1189.046 * 0,013 h7.4 £ 0.7 y
1189.03 + 0.2 3
- 1189.06 * 0.0b 6 1189.047 % 0.015

{continued)



Table 2. (continued)

: Y~Ray Energy Y~Ray Intensity
~ Isotope C g?’},z_ ' - keV K Refs. . Adopted - ' Re_la.‘tivé P _ Refs. -
18205 (continued) © 1221.399 + 0.013 . | . T9.3:1.2 b
: e 1221.%2 + 0.10 3

122142 + 0.04 6 1221.1401 + 0.019

11231.010 + 0.013 4 33.4 ¢ 0.5 4

1257.412 & 0,013 . 4.33 & 0.07 4

1273.725 & 0.013 A £ 1.90 & 0.0k 4

1289.147 + 0.013 - L 4.05 & 0.07 Y

1342.714 + 0.051 oy 0.75 + 0.02 . 4

1373.825 # 0.013 Ty 0.66 + 0.02 - 4

1387.396 +0.013 R 0.217'+ 0.01 4

1410.100 + 0.100 ) 0.117 + 0.008 4

1453.115 + 0.013 4 0.123 + 0.010 %

5o T7a 8U6.79 + 0.030- 20 - - . w0, o 20

| o " BL6.T82 + 0.060 - . 2 T 100, © 22

846,76 + 0.05 2 : 100. 1

" BLE.TUL * 0,025 21, 846,782 + 0.060° 100, o a

1037.91 + 0.030 20 14.302 + .170 20

1037.851 + 0.060 2 o 13.08 + 0.35 22

1037.97 + 0.07 1 ' 13.02 ¢ 0.35 . !

1037.84 + 0.05 a 1037.851 + 0.060°  12.9 + 0.5 ' 21

(continued)

-)TE-



Table 2. (continued)

Y-Ray Energy .YfRay Intensity
~ Isotope: »g?%g' _ ‘ .keV o : Refs.‘ Adépﬁed Relative » Refs.
5600 (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 £+ 0.23 1
1175.1 + 0.1 21 1175.085 0.070b 2,26 + 0.23 21
1238.30 £ 0.020 - 20 67.638 + 0.680 20
1238.290 & 0.0kL0 o2 : , 68.3.¢+ 1.4 , 22
1238.34 * 0.09 1 ' R 69.35 + 1.47 1
1238.28 ¢ 0.06 21 1238.290 + 0.040°  67.8 + 1.5 21
T+ 1360.22 + 0.030 20 _ 4,340 + 0.04S 20
1360.219 ¢ 0.040 2 - _ k.15 + 0.12 22
1360.35 + 0.090 1 4.38 + 0.16 S |
1360.26 + 0.0b 21 1360.219 + .oko® b.16 + 0.21 2
1771.41 + 0.030 20 - , 15.778 + 0.160 20
1771.33 * 0.06 2 : 14.95 £ 0.40 22
1771.57 + 0.10 1 15.30 + 0.53 1
~ 1771.38 + 0.15 21 1771.33 ¢ 0.06° 16.5 + 0.8 : 21
2015.36 *+ 0.030 20 ‘ 3.095 ¢+ 0.031 20 .

2015.33 ¢ 0.07 2 2,78 £ 0.1k 22

"~ (continued)

-ng—



Table 2. (continued)

_ Y-Ray Energy ' - Y-Rey Intensity
-Isotope ' - g?iz’ _kév _ - Refs. Adopted . ‘Relative - _Refs.
secov(continued) 2015.49 £ 0.20 1 2.93  0.16 1
2015.24 + 0.12 21 2015.33 + 0.07° = 2.99 * 0.20 a1
12034.92 + 0.030 20 7.952 + 0.080 20
2034.90 % 0.06 7.56 + 0.21 22
2035.03 ¢ 0.12 ) _ _ 7.33 + 0.30 1
2034.82° 0.10 .2 2034,90 + 0.06° 8.2+ 0.6 21
2598.58 * 0.030 20 16.851 + 0.170 - " 20
2598.52 + 0,05 - 116.55 + 0.44° 22
2598.80 = 0.12 ‘ ©16.7T £ 0.57 1
259853 + 0.06 - 21 2598.52 ¢ 0.05°  18.0 £ 0.9 2
3202.30 £ 0.080" 20 3,030 + 0.030 20
3202,18 + 0.07 ' 3.03 ¢ 0.1k 22
3202.25 + 0.19 . _ - '3.15 % 0.16 1
3202.1 % 0.2 S a1 3202.18 £ 0.07° 3.2 £ 0.35 21
3253.62 + 0.040 20 7.392 + 0.07Tk 20
3253.61 * 0.06 7.35 + 0.21 22
3253.82 £+ 0.15 7.70 + 0,34 1
3253,5 + 0.2 21 + 0.06° + 0.9 21

3253.61

7.7

"{continued)

. _6-[£_



Table 2. (continued)

Y-Ray Energy Y<-Ray Intensity

Isotope.: ii?g’ ’ keV : Refs.  Adopted E Relative - Refs.
560 (continued) 3273.26 £ 0.08 - 20 - | 1.756 + 0.018 20
’ 3273.16 * 0.07 2 1.72 * 0.13 22
3273.38 * 0.18 1 1.55 + 0.11 1
3273.08 + 0.10 21 3273.16 0.07b 1.71 ¢ 0.25 21
3451.56 + 0.20 20 | 0.875 *+ 0.009 20
'3451.20 %+ 0.10 2 "~ 70.85 * 0.07 22
' 3452.18 * 0.22 1 _ - 0.88 + 0.10 1
3451.5 + 0.3 21 51,29 £ 0.1  0.93 & 0.20 21 §3
_ ?
1576.561 + 0.050% 2
2180.17 + 0.07% 2
2231.60 t 0.06% 2
2251,15 + 0.07% 2
2429.28 + 0.10% 2

_ ®Since these values are for double-escape palr peaks, care, as warned by Guhnink gz_gl;z), should be employed
if using them. o . o
b’I'his not a weighted valué, but that of ref. 2).

®Mhis is an adoptedvvalue from previoué works. See ref. 8) for details.
17,24

3y,

d’I'hese energy velues are aversaged results of refs. ) as calculated in ref.

e .
This nqﬁ included in the adopted value given.
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APPENDIX E

. ) . *
RELATIVE INTENSITY CALIBRATION OF A Ge(Li) GAMMA-RAY SPECTROMETER

ABSTRACT _ _
Pbrﬁions of £he gamma—rayrspéctra of 182Ta and'lSOme havé been
remeasured with a Ge(Li) spectrometer system to determine accurate

relatiﬁe intensities. TFor 182

Ta the eleven strongest transitions in the

energy rangé of 100~1300 keV were measured. The relative gamma-ray
RS [ 180m -

branching ratio IY(hh3)/Iy(5Ol) in f 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 photopesak efficiéncies for_Ge(Li) detectors. An overall

accuracy of tL4% for the relative intensity calibration over the enéfgy'

range of 100-1300 keV can be'expectéd_ahd $+3% for the 500-~2800 keV

energy range.

This appendix appeared as a Lawrence Radiation Laboratory Report
UCRL-20435 (May 1971) and in Nucl. Instr. Methods 96, 259 (1971).
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I. INTRODUCTION

Théldevelopment of energy calibration standafds for Ge(Li)
detectorsvhas advanced to a state where many standards in the energy
range of 60-2800 keV are détefmined with errors of iess than 0.1 keVQ
‘However, the absoluté or relative gamma#ray intensities of these |
standards afe often uncertain by as much as 5%. Inba few exceptional
éases relative intensitybdeterminations have been pefforﬁed.ﬁiﬁh errors
of léss than 2% by careful consideration of gamma-ray cascades corrected
for internal conversionlo). The criteria of either simple cascades with |
no cross-over transitions or highly accurate decay schemes place &
severe réstriction on both the availability and on the use of absolute
transitioh intensitiesvfor inténsify calibrations. Howéver,'relati?e
transition intensitiés for complexvdecaQ-schemes can be determined
-accuratély, and these data are generally more easily applied.

It is the purpose of this éaper to éuggest l82Ta énd 180me as
isotopes spanning the energy range of:lOOQlBQO keV to supplemeht the
IAEAl) or_similar standard intensity source.sets_for.relative phbtopeak
efficiency determinations of Ge(Li)'detectors.' Relative intensity

measurements have been performed on l82Ta in the energy range of lOO—lSOO

' 3,h,23)_

keV and are compared with others The absolute gamma-ray intén—

. 180 -
sities for- "Ef are presented and compared with values reported in the
. 10,30,33 '
literature ) based upon the remeasured IY(th)/IY(SOl) gamma-ray -
branching ratio. Relative intensity values for isdtopes are included in

the tables in order to collect thé best sets of data neéesséry tb cal-

ibrate Ge(Li) detectors over the energy range of 100-2800 keV to 4%,
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II. EXPERIMENTAL

.'The 115.14 182Ta was produced in the Bérkeley Resedrch Reactor
by 1rrad1atlon of 1.0 and 0.5 mll foils of natural Ta (99.9877% 181 )2)
which has a large thermal ngutron'cross—sectlon of 21l barns. The small
0:07 barn éEoss—Eection to prddude‘thé 16.5 m l82m‘I‘a did not.interfer
éfﬁer‘é short décay péfiod foilowing iEradiétion.‘7The'in£ensities of
the eleven strohgest gdmma-ré&s WeEe measuréd on a délibraﬁed lb—dm3u
Gé(Li)'detector. This defedtor had beenvcalibrated with two sets of
éﬁsblute;iﬁtensity éoﬁrces obtainéd from the IAFA. lBO@Hf was also used
td define thé effidiency curve in the critical iOO—335 kéV region. The
accurac& of the photopeak‘éfficienéy determination.was chécked byi
meésurihg éevefai radidiéotopes whose relative inEehsiEies aré,knoﬁnlo’ll)
to 2%. These measured intenSities agreed to within 3% with those in
Kane and Marisdottilo) and.DOnnelly gﬁ_él,ll). The.efficiéncy'cur?e for
the lO-cmB'detectoE obtained in this way is showh in fig. 1. The
detector resoiution fanged from l.h.keV at 122 keV'to 2.3 keV at 1332.5
keV. The areas of photopeaks were determined using“twd separate |
computeE codes,.SAMP06).and SPECT7); which use ggussian functions‘wifh
exponenﬁial tails to approximate the experimentalvphotopeak shapes.
Pﬁotopeak areaé from the codes agreed. to ﬁithin_l% in the selected peaks.
Measureménts df photopeak intensitiéé wéfe madédfér éachkof the two.l82Ta
foils which were gorrectéd fofhatteﬁuationhsj dué Eo soﬁrce thickness,.
. and thesé Eere vérified wifh an iébtopicallyvseparated'("maSs'free”)
source.; The results are glven in Table 1 and are compared to other

b,5,2h,

results
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Fig. 1. The relative photopeak effipiéncy curve for the lO—cm3 Ge(Li)

detector as a function of gamma-ray energy.
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Table 1. Energies and Relative Intensities of 182Ta in Energy Range 100-1300 keV

Edwards ©  White Sapyta Present
| et al.}k) et 8l.5) et al.23) Work
E 8 N b L e .. ’ e
Y | 5. Iy Yy Iy
100.10k+0.002 - 40.2 0 NoEkal ho.2sllo
152.1435:0.003 20.5%0.8 21.3£1.0 19.5%2,0.. - 20.50.5
156.387£0.003. 8.0Lk:0.4 . 8.070.4 7.5%0.75 . 7.6%0.2
179.393£0.004 9.2:0.% " 9.57%0.5 - ‘8.7+0.9 8.8%0.3
-222,10920,005 © . 22.5%0.9 . 22.6%1.2. 21.2¢2.1 21.3%0.55
229.322:0.005 11.1#0.5 10.90.5 ©10.5:1.1 10.3£0.3
264.072£0.009 10.8#0.5 - 10.620.4 = 10.3:1.0 10.120.3
gd
Y.
1121.298+.013 . 100. 100, 100.
1189.0L6%.013 : : 47.420.7 46.3:3.2 46.5£0.7
1221.399+.013 79.3%1.2 T7.35.h T7.3+1.2

1231.010+.013 . .33.420.5 32.7%¢2.3 | 32.8:0.5

aEnergies listed in keV are those reported by Edwards éﬁ;él- ).
bIntensitieéh) are renormalized to the 100 keV transitibn of present work:
Intensities are normalized to 1121 keV transition.

Srhe energies listed in keV are those reported by White and Birkett>).
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Théﬂmeasured lagTa relative intensities should be‘accurate to 3%
over thé'energy range of 100-1300 keV, Previously,'Edwards gg_gg,h)
quoted errors of L-5% over the energy range of 100-264 keV. White gﬁ_g;,s)
meaéured the relativevintensities of l82Ta gamm&—réys in the energy
range of.152-l306 keV with errors of L-5%. Over.the smaller energy
range of 1000-1300 keV, errors qubted were in the range, 1.5-2%.

lBOme was produced'by reactor irradiation of the separéted

1T0%¢, 180me is very convenientlo’ll)

isotope in the energy region
between 93-501 keV where calibration points for efficienéy curves are .
sparse. The decay scheme3l’33) of l80me (fig. 2) allows-ébsolute
gamma~ray intensities to be derived by correcting for internal conversion.
if the Iy(hh3)/IY(501) gamma-ray intensity branching is accurately known.
. ' . 180 o : .
With reference to fig. 2 and the ity decay scheme the following
equafions apply.

1,.(93) = 1. (215) = 1,(332) = I (kk3) + It(501) (1)

and -

I, (4h3) + T, (501) = (1 + a(W3))L, (443) + (1 + a(501))T (501) (2]

'It and_'IY are the transition and gamma-ray intensities, réspectively; o is

the total internal conversion coefficient. The‘I§(hh3)/IY(SOl) relative

gamma-ray branch was measured to be 5.70 * 0.15 on the above detector'in
i . 31 . . .

agreement with ref. ).  The mixing ratio of 3.5% M2 and 96.5% E3

reported by Bodenstedt 93_5;134) for the 500.7 keV transition was used in

calculating absolute gamma—ray intensities from the transition intensities
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Fig. 2. The Hf decay scheme used in the photopeak efficiency

determination. The energies (keV) are based on the measurements '
~ of Gujrathi and D'Auria3o). The absolute gamma-ray intensities

expressed in per cent from this study are shown in parenthesis.
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of eq. (1). The other transitions are of E2 multipolarity. Theoretical

35)'

conversion coefficients used were thoSe'qf Hager and Seltzer The

calculafed absolute gamma-ray intensity results obtained from eq. (1)
. . : . 10,30,33 ,
are shown in Table 2 with other results ). TIncluded are the 93.3
and 500?7 keV transitions not'given by ref. lO)’ The calculated
14.5 i'd.h% gamma-ray intensity fpr‘the 500,.7 keV transition is in

37

agreement with the values ™~ 15% given by Gvozdev et al.”' ) and
14.8 + 0.8% of Goldhaber and McKeown T ) and Paul g}_g;,32).

Table 3 shows the absolute gamma-ray intensity values used for
the.IAEA calibrated set and 214Na. The intensity wvalues are those
recomﬁended by the IAEA. They are given ﬁo collect the ﬁecessary

intensity values, along with 182Ta and l80me, into one paper to be

used for the efficiency calibration of Ge(Li) spectrometer systems. 2uNa
is also listed since it is useful for extending the curve to higher

energies.

IIT. CONCLUSIONS

The 182T& intensities determined in this work were used to derive
the relative photopeak efficiency curve‘of a hO~cm?vcoaxial detector
together with l8Qme,.2hNa,.and the IAEA calibréted set for_which the
results are shown in fig. 3. A third detector has been recently cai—
ibrated9)
These isotopes and intensity values, when combined with the IAEA
intensity sources andighNa, should determine thevrelative photbpeak

efficiency of Ge(Li) spectrometers to t4% over the energy range of

100-500 keV and *3% over the energy range of 500—2800 keV.

at this'laboratofy using this method and showed similar results.
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Table 2. ‘Gamma Energies and Absolute Gammééray_lntensities of lBOme in the
I : Range of 57-501 keV* -

a

L e N a : b ' L c . :

EY“_ ; Ay R Iy L
57.hk2 b7.5¢3.% - 148.620.86 -
93.263 18.40£0.26 - 16.7¢0.33 . - 17.MT0.17

215.241 | Bl.1:2.h . 81y 83.L4#2.3 81.410.8
©332.272 oh. kil 0 94.kx0.8  9k.hsho 9k.4+0.9
143,168 84.8 ©83.0t1.2  B8L.94.3 82.8£1.5

500.702 - 15.7¢1.3 - 17.05:5.2% 1k.5:0.4

aG_u;jrathi and D’Auria3o) results with stated energy errors of $+0.015 keV. The

measured gamma intensities were renormalized to 332 keV.
Pane and Mariscottil®) renormalized results.
cEdwards and Boehm33) results using & bent crystal gaﬁm& spectrometer.

QPreseni work where ™~ i% error:was arbitrarily assigned for the 93, 215, and
332 keV tfansifions due to uncertainity in the theoretical E2 conversion
coefficients.

®This was deduced from feeding and not measured di;ectiyr(ref. 33y,
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Tabiev3{ Energies and Intensities of the IAFA Standatrds and 2hNa
' b a . b.
Isot -
sotope Half-Life gY I,
lpn 132.9:0.8y 38:39) 59.5380.008 35.050.6 12:13,14,15)
'57co 271.6i0.5d hO) 122,055+0.013 : 85.041.7 8716,27,285
136.47:0.008  10.,650.k 8 |
136,47£0.008 11,413 16527528,
2 .
hg 46.8:0.2a 04 72,873£0.001 9.720.5 1718
82.5:0,2 | 2.8x0.2
279.186+0.009 81.55+0.15
**Na. 2.602+0.005y *©) 511,0041£0,0016 181.120,2 19>20)
127k ,55£0.0k 99.95:0.02 N
1 ' } i
3_705 29.9040.05y Z‘2) 32,1#0,1 5.7+0,2 12’21) ! ' ‘
| 36.5£0.1 ©1.3:0.1 .
661.618+0,028 85,1+0.4
N ' - '
> 312.6+0.3d 15’19’1‘3) 83k4,8110,03 100.0 22)
60, : '
Co ,5.27sto.oosyhl’h2’hh) 1;73.231:0.02& 99.87+0,05 23)

1332,50140.021 89.999+0.001

(continued)
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Table 3. {continued)

8 o )

X L b v ‘
Isotope B Half-Life EY‘ IY
88y 1o7.us0.8a ***3)  sos.o2ar0.003 . g1.bso.7 24025,26)
1836,12920.031 99.410.1
ya 7 15.00£0.02n . 1368.526:0.04k . 100.0

2754 .098£0.183 - 100.0

36).

®Energy values are adopted velues from Jardine

bAbsolute intensity and half-life values.recommended by'Nuclear Data. and the
1AEAY). ' - |
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Fig. 3. The relative photopeak efficiency curve for a )+O—cm3 true
coaxial Ge(Li) detector as a function of energy obtained using the v

isotopes and intensities reported in the study.
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APPENDIX F

RELATIVE DETECTION EFFICIENCY CALIBRATiON OF A 8i(Li)
ELECTRON SPECTROMETER

ABSTRACT
The method used to determine the relativé‘efficiency calibration
of a 5 mm X O.785—cm2 (active volume) Si(Li) electron spectrometer to

+8% over the energy range of 100-1T00 keV is discussed.
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I.. INTRODUCTION
’ SifLiﬁ spectrometers can ﬁot eompete wifh,the best magnetic
spectroﬁetersvfor resolution; bui their speed of data acquisition coupled
'with a ﬁuch higher coilecfion efficieney for conversion electrons has
proven useful for making conversion electron measurements.“ A si(Li)
spectrometer has been.constructedl6), calibrated, and used for measuring
relative'internal—coﬁversion coefficients.

.It‘is_the purpose of this paper to suggeét isotopes and methods
for determining the relative electron detectioniefficiency of a Si(Li)
spectrometer to *8% over the energy range of 100 to 1700 keV. We have
ﬁsed the Normalized Peak—to—Gamma—Peakl) (NPG) method fer measurement
of relativebinternal conversion coefficients. For the NPG method,,the
eieetron and gamma-ray intensities of & SOurce are‘méasured relative to
be tranéiﬁioh with a known éonfersion ceefficient. This transition is
then usedvto:normalize the electron and gamma;fay intensities for use in
 determining other relativeveonversion coefficienté.

Afhe'isotqpee.employed had simpile decay'schemes or well deﬁermined
multipole mixing s0 that'appreciable‘errors“due te.mixing'were minimized;
The primary'isptopes we have used for‘calibratibn'are‘;aomﬁf and 2OTBi.
Three El_ffansitions of 20 in the energy range of 1436-1600 keV ere
recommendedras epossible caiibretion standards of futufe Si(ﬁi)
spectrOmeﬁers. Conversion electrons from theveiectroﬁ—capture decay of
2lOAt have been measured with this calibrated spectrometer and the results

are given as an example.
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II. DESCRIPTION OF APPARATUS

Figure i shows a photograph of the 8i(Li) spéctrometer 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 1is
mounted on é_movable tract with the distance between the soufce Qnd
detector variable from 1-195 mm. This is accomplished thru the ﬁse of a
collapsable bellows tc meintain the vacuum chamber and the movement is
controlled thru the use of an electric motorized hachine lathe tract.
The mbvable detector feature allows the geometry to Be changed which can
" be useful as short-lived isotopes decay.

The-chamber can be geparated into two parts by a large gate
val?e Qith the detector and associated electronics on onevéide of the
valve under vacuum and the source chamber on the othef side. Sourées 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. ‘

The detector was a 5 mm deep X 0.785 em® 8i(Li) crystal (made by
the semiconductor group at this laboratory) and was mounted at the end

of a liqﬁid N_ cold-finger and was maintained at ~ T7°K during operation.

2
The FET was also in contact with the cold finger énd thé preamplifierg)
’waé of.convéntional design médé.aﬁ‘this laboratory.

’The output pulses from thé preamplifier were fed to the same
conventional high—rate e1ectronics3) as beihg used with our Ge(Li)

h,s)

spectrometer systems. A PDP-T system and a 4096-channel successive
binary approximation analogue-to-digital converter ADC ) were used for

memory storage and pulse-height analysis.
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XBB 719-4244

The Si(Li) electron spectrometer.

Fig. 1.
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: Thevfesolutibn of the sysfém was measuredlwith seVeral isotépes.
Thefresolutiohvﬁas approximatély 1.2 keV (FWHM)'for 100 keV electrons
and 2.4 keV (FWHM) for the"i063 K-electrons of,2O7Bi., A resolution vs.
energy Cufvé is shown in fig. 3 with tﬁe best resolution found at -1450
velts bias. .The system resolution was somewhat reduced due to boiling
liguid ﬂg in the long cold finger‘which produced bad microphonics.

Thé.Si(Li) éfystai haﬁ an apprdximate 5064800 A gold-coating for

electricai cohtact which also allowed the crystél‘surface to be cleéned
off gently with a soft Q-tip and ETOH when the sUrféée became coated with
oilvor s@ﬁfce.materials. ‘Oéassiohaliy'an appareﬁtvsurface coating was
iﬁdirectly.obsérVed by an incréasing tail of electron peaks with the
2O?Bi source., Cleaning removed the tailing and.restored the resolution.
To minimiZe-vapor or material condensation o# the'low tempefature si(Li)
surface; no mechanical puﬁps were used on the s&étem,- A cryosorption
'pump_déveloped at this laﬁoratoer), utiliziﬁg lS lBs, of molecular sieve
at liquid'Ne,temperature,_wasﬂused as the only chémber roughing pump.
When the pfessure was below ~,10—5_10-6 Torr, an 8-liter ion-pump was
used tévreduce and maintain thé'vacuum. A total pumping time of

approximately 5 minutes was normally required to attain the "’2'].0—8 Torr

of the ion-pump with most sources.

TIT. SOURCE PREPARATION

The 207Bi electron source used was obtained frbm a previous
8,  180m, : .
study ). _ Hf was produced by a four-hour neutron irradiation of 4 mg
o 179 . S 179 '
powder of HfO2 in the Berkeley Research Reactor. The Hf was an

enriched isotope from Oak Ridge and the irradiation was in a sealed quartz
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tube. After irradiation the HfOé was dissolved in 50-50 solution of

L8% HF'and conc. HNO, and the excesé HF and HNO, were destroyed by twice

3 3
téking to‘dryness withkconc.‘HCl tbvmake ﬁhe halfium chloride. Heating
in a Water bath with an airvjeﬁ blowiﬁg speeded dissolution and »
-evaporation to dryness. The final residue was diééoived in 3M HC1.

Electroﬁ sources were made by flash evaporation of the ﬁCl
.solution from a tunggtun boét éntovaAcoliminated alﬁﬁinum mylar film
(~1 mg/cmg) which was located 5.5 cm disfance abQ§e the boat. The
aluminum mylar had been stretched wrinkle—free on;Source‘ring mounts
designed fér the Si(Li) spectrometer. Sources with no visible mass were made
-using thié technique and thé total time to prepaié'such a source was
about Ané hourﬁ | |

21OAt_electron soﬁrces were described in ancther paperl3) and in

section IV of this thesis.

IV. METHOD
The electron efficiency € for the Si(Li) system can be determined
relative to one known standard transition using the NPG methodl) and the

followihg-equation.

e = cek Yst st : (l)
1 Ace Oy '
Yx st
A is the area of thé conversion electrons ih_a peek in a spect_rum,E

ce

'~ not corrected for detector ‘efficiency.
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I is thHe area (intensity) under the corrésﬁonding gamma~ray photo-
peak corrected forbthe Ge(Li) detector effiqiency;

a is.either an accuratély determined:exPerimental or a theoreticél

conversion coefficient. |
st refers to a standard 6r'well;known transition in the source té
which the NPG method is applied.

x - refers to the transition being:meaéured relgti?e‘to the standard.
The NPG meth¢d relies on an accurate knowledge of the cénversionv
coefficients and gamma-ray intensifies,.and if known, € éan then be
measured relative to a standard transition in the source using eq. (1).

The values of IY and the theoretical values of Hager and Seltzerll)

for o used for the 207Bi and l80me iéotopes 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 setlh), and the values in Table 1 represent the
o | , . . 180m,,

average of those measurements. The intensity values of f have been

recently compiledlh) based on a remeasurement of the Iy(hh3)/IY(501)

relative gamma-ray branch described in Appendix E.

Figure 4 shows an electron spectrum of 180me collected over a

three-hour period. The efficiency calibration was'made by normalizing

207Bi results to the 569 keV E2 transition and the lBOme results to

the
the 215‘keV E2 transition. The resulting electron intensities are shown -
in Table 2. All photopeak areas were determined with the computer codes

.SAMP09) and,SPECTlO)

.  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 thevsame'(SO mm) distance.

i D



Table 1. The theoretical conversion coefflcients and gemma-ray intensities used in this study for lBOme and

207

Bi.

Isotope

"E
Y
keV

%L

‘qrotal

lBOme

207Bi

93.3

215.2

332.3.
k3.2

500.7

© 569.65
1063.6
iTTO.

2.73

0.0684

0.0129
0.00489

0.0157 |

0.00k45

0.,0245

0.000585"

k.72

0.227

0.0590

0.0265’

17.47 * 0.17

81.5 + 0.8

gh.k * 0.9

82.8 * 1.5
1k.5¢+ 0.4

100, .

75.5 ¢ 2.2

~LHE-

6.9 + .2

%These velues asre from the tables of Sliv And Bandls). :uL was obtalned by

aK/aL.

extrapolation of the ratio
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Fig. 4. Conversion electron sp.ectrum of lBOm’Hf decay.
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Table 2. iThé measured and theoretical electron intensities and the relative
electron efficiency for 180mHf and 20TBi on the 5 mm Si(Li) detector.

. . (p) . . ' '
- Line . expt Theory Relative
Isotope ’ Ey~ Type .Ie‘ - Ie_ : E Efficiency
 keV ' % £ %
180myy 93,3 K 96.7 (5%) 172.2 . 56.2% 6.0
' L 409.3 (1.8%) © b27.h -~ 95.8+ 2.1
5.2 100. (1%) 100. ©100.0% 1.5
L ~ 50.43 (1.8%) k9.92 101.0 + 2.1
332.5 K 36.05 (1%) 35.52 . 101.5% 1.5
| L 10.97 (h.2%) . 10.91 100.6 + 4.1
k43,2 K 15.16 (1%) .87 102.0 + 1.5
A , . 3.62 ‘
o o _ 99.8 + 2.1*%
5007 K o s5.32) |
L . 2.03 (10%) 2.0 101.3 £ 11.
207, 569.65 K 22.35 (1%) 21.86 - 100.5 + 2.0
L 6.225 (28) 6.08 - - .100.5 + 3.0
1063.6 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%2) 0.3114' . 86.8+ 3.2

L 0.0Lk (k%) 0.0552 . 79.8% 3.9

& The L43,2 L and 500.7 K-lines were not resolved asnd their areas were summed to
calculate the efficiency, ' ' . ‘ '

bThe fit error is given in the pa*enthesié in %.
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Normalization aﬁd extrapolation of the 207Bi and l80me sets of

data (using eq. (1)) overiap enough to produce thévrelatiﬁe efficiency
curve shdwn.in fig. 5 over the range of 100-1000 keV to +8%. A gap |
exists in the energy region 1000—1680 keV for which few, if any,
transitions with dccurately known conversion coefficients are presently

10

known to the author besides four transitions from decay of 2 At so that

irncluded in the efficiency curve are four points due to 2lOAt. The
1181.4 keV transition was.assumed pure E2 for the NPG method and the
1436, 1483, and 1599 keV transitions as pure El transitions in further
establishing the relative efficiency curve of fig. 5. The results of
these measurements are shbwn in Table,3. These points fill the’gap

between the 1063 and 1770 keV transitions from the decay of'eo7

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,

the,results of K-conversion coefficient measurements of the 8.3 hr 2lOAt

decay are summarized. Using‘the NPG method on the basis of the 1181 keV E2

transition in the QlOAt decayl3), 30 K-conversion coefficients were

determined: The results for the measurements of 210A£ are shown in fig. 8
together with the theoretical values of Hager'and_Seltzerll). The detgils
of thelleAt measurements and decay scheme are the subject of}section v

of this thesis. In the decay, three strong El transitions with the énergy

of 1436, 1483, and 1599 keV exist and might be useful for future
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Table 3. The experimental gamma-ray intensities, electron c?nversion coefficients,
end in addition the theoretical conversion coefficients for 210At. The 5-mm
81(11) detector (K-line) efficiency is also given.

_ : _ _ expt expt K-line
Isotope| E . Type) . I Byryqy oy g0 kY Seiohy | % (1074)| Eericiency
keV 2 v . %
210, 1181.% | E2 100. k3.2 8.21 8.020.7 100.

1436.7{ E1 29.2¢1.3 12.1 1.84 [11.3#1.0 | 1.79£0.20[ 93.3%10.

1483.3] R h6.812.ﬂ 114 1.7% "10.6:1.0 1.66£0.20] 93.k4%10.

1599.5| E1 | 13.5%0.4 10.1| — 9.3:1.6 _— 92.2+11,
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calibrations of Si(Li) spectrometersbas pfeviously discussed. The I

Y
K for those 2lOAt transitions are reported in Table 3.
2

Figure 9 shows a portion of the lOAt conversion electrons covering the

and theoretical o

1000-1500 keV energy region.

VI. CONCLUSIONS

Thevrelative efficiency was found to be constant over thé energy
range of 100-1000 keV to *#8% and this might be expected, ignoring edge |
effects, becéuse the mean rangelg) 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 effeéts.

| One might design future crystals with a larger surface area

and/or introduce colimination of thé 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 21OPo
The calculations of T(A) discussed in section IVJ were.repeated

using Schmidt values of the magnetic moment to obtain vaiues of gj for
all proton orbitals. In the recalculations all parameters except g'j were
kept the same as in section IVJ so that only values of T(Ml)»changedbwhile
the values éf T(E2) remained unchanged. These new results are shown in
Tablg 1. To determine the effect of changing the value of gj on'the
absolute T(ML) rateé, these fesults can be compared with Table 11 of
section IVJ. The comparison shows that a small cﬁange in gJ chénges
substancially (by three orders of magnitude in one case) some values of
T(M1). Tt should be noted that gj enters the calculations only when
‘diagonal single-particle matrix elements are involved while &g and &g enter
off-diagonal matrix elements. (Equations (23)'and (24) of Appendix A
show this point”rather explicitly.) An inconsistency in thé previous
calculations of section vJ may exist because of the use of an effective
(or exéerimental) value for gj in diagonal terms, ;nstead of that obtained
from the Schmidt values which uses free gpace values of gz and gs, and
‘free spaée values of gzvand 8y forvoff—diagonal terms., If an effective
gJ is used, perhaps some effectiye gy and gs should also be used. However,
present data.prevenf the.determinationvof'any effective ?alues of g and:
g, for the orbitals involved. Thus & more consiétent set of gj for use
in transition probabilify calculations may be those obtained from the
free space valués of g and g (the Schmidt values). However, since ﬁhe
Schmid£ values.do not predict the experimentally obsérved magnetic

moments, a paradox seems to exist at the present for the choice of the

paraﬁeters gj, g and'gs.



Tadble 1. Calculated Transition .Probabilities for Ml and E2 transitions for the ~(h ). and n(h

9/2 f1/2 9/2

)2 configurations using the wave functions of Ma

1 { .
and True (MT),” . Kim and Kasmussen (KH).2 and Newby and Konoplnekl_(NK).; The alngle-particle estimates ' are alsc tabulated in addition to the observed
. . 5 h g

gemma-ray intensities. -The Schmldt velues vere used for all magngtlc moments of © Ops.
Experi~
Encrgy’f‘""‘*::gu1arc | pental . T(A){sec™!) Theoretical
Moment um Inti:zlty T _ g ‘ Tkm . : K Single Particle
(xev) 5 -3, (%) 0 n® reend®  roand®  wrend roand®  r(zens® (1) 108
861.1 7, 61 ©0.22(2) - 2668.7- . - 51.0 - - -B22.2 = ._.- 60.1 L - -— : ;.92‘105(>n)'
250.5. 1,08, o218 ' ..1652.6"»7 - 6.053' v'> s 0.04b3 .. Ny ---A: L e sboolm)
9649 n . éx 0.16(4) 585.0 35.§ - 643.4 31.3 6.0 ' ze.ak . 2.51.10°(m1)
12,2 06 .0 182.9 1562078 aua.b 7.86.07%  2u6.7 2.53:20™ 146 (M)
929.9 546 0.76(3) 26310 W 939.1 1.0 2066.9 1.80 2.2510° (1)
77.2 5,46, w26 1267 2.63200 1311 2.04.107° 136.7 3240107 “12900)
976.5 5.+ Y 0.81(k) . 516.1 - 66.9 . T150.T 66.2 1306.6 88.0 2.60.10° (W)
630.9 8,8 0.31(2) 5966.4 o 1909.2 16.3 - e 10300(1)
7144 8, + 6, e.on)® "o '.1.59-10‘7 o o.ths : —— v1.02-105(F2)
769.2 6, . 8, (<.05)° 0 ". 1.05 : 0 - 33.2 — eem 538({k2)
852.7 6,6 1.39(5) a2y a0 . 8698 655 9T Coame 1.73.10°04)
899.3 6,48, e2)® 0 26.5 o . 6.08 o oama M70(E2)°
1201.2 4+ 0.16(2) 0 433 0 . 980 0o 6 u990(E.)
92.1 C by 2, {~o01)* - 0 7 6.02; A Q22 0 T 0 o .9%1‘1 »
955.8 ,."hz‘; b 1.01(6) | 64 158 _ -é;h.e  : .’;..50;3' S w6 - 354# '»_81300(&15
909.2 by + 6 0.09(3) 0 wa o o 101 0 a6 12k0(z2) -
2290.0 2,* 0, 0.012(3) o . a0 Moo o 662 1.26:10°(£2)
‘n08.6 2, 21 —— 49k0.1 L2% 11:1 ©o1.hk ) 0.k 2.57 ' 3‘7b~105(m)
861.3 . 2, + b —- o v 5.7 . o 76.0 ’ 0 99.7 957(E2)

5
8ratimated from the conversion electron line intensities in the spectrogrephic plates obtained by Hoff and Hollander.

Protimated from preliminary data taken with a compton suppressed Ge(Li) spectrometer (Ref. 6).

ch and Jg refer to the spins of the initial and final otates reapecti?ely. The subscripts 1 and 2 refer to the first and second
energy) of a given spin,

levels (increasing

~65E-
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To fﬁrther compare these resulfs With ouf.expefimental data, we
recomputed the mixing ratios 62 and the gamma-ray branching ratios. These
resultsvare_shown in Tables 2 and 3 and can be compared with Tables lé
band 13 of section IVJ. The values in Table 2 of 62 obtained from ﬁsing
the Schmidt values to obtain gj were generally reduced by an order of |
magnitude over the previous results. The gamma-ray branching ratios were
not nearly as sensitive to these chénges in gj éndsremainEd relatively
unchanged. As in section IVJ, a choice of a bettéf set of wavefunctibns
can not bé made. More experimental data is needed in order to dfaw any

definite conclusions about these present sets of calculations.




o

Teble 2. E2-M1 Mixing Ratios® (6°)% for “1CPo.
Angular® Transition. '62 - : o .
Momentum . Energy. o . _ o ATheory
Ji > J, ._ (keV) ' (experimenfal)b MT : ' KR : , NK.
7, > 8, 250.5 . <0.32 . 0.00003  0.000026 - o
8, > 8l %£30.9 ' <0.19 ~ 0.0036 0.00855 _ L
6. .~ 6. | ! 852.7 0.19%0" 116 0.039k - 0.075 . . 0.019 |
2 l ) ) . . . —O 1)4 . ) . ‘ Mo : .
_-71,* 8, S 8817 05875 g 0.019 | 0.073 - |
5, > 6, ' 929.9 <0.32' 0.0018 ~0.032 0.0087 ET
b > hl : . 955.8 ' <0.29 0.0486 0.214 0.083
5, > b 9765 <0.19 - 0.129 ~ 0.088 . 0.067
N 2 _ l<imal >|? - nme) -

The mixing ratio 8~ is defined as &
, . |< "Mlu >|2 T(Ml)

bThe experlmental 8 were obtained from comparison of our K—conver51on coefficients with the

7>

theoretical values of Hager and Selt:zer

J and J refer to-the spins of the initial and final states respectively. The subscripts 1 and 2

refer to the first and second levels (increasing energy) of a given spin.

dThe value of gj obtained from the Schmidt value of the magnetic momenf was used for all orbitals in

these calculations.
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Table 3. Gamma-ray branching ratiosd for some transitions in 21OPo.
Tfahsitiqns . v Ratios®™ Yl/Y2

Energy. _ (Experiment)b bTheory .

(keV) MT KR - NK
881.1/964.9 1.38f‘g§ 4.37 1,30 | -
881.1/250.5 1.ohf‘gz 1.65 . 0.53 —
881.1/112.2 (~6.75)° 14.9 355 -
929.9/976.5 o.9hi'8g 1.5 1.15 1.48
929.9/77.2 (~28.7)¢ ~ 20.8 7.6 15.8
955.8/909. 2 éo.lf;léZ 73.7 2.66 3.67
955.8/1201.2 113730 7.86 2.1 2.87

*The Y—ray branching ratios are defined as

¥,/Y, = (2(M1) + T(E2)) /(T(ML) + T(E2)), from Table L.

bThe experimental ratios were obtained from our gamma-ray intensity data.

c . . : i C s o .
Intensity was estimated from the conversion electron line intensities in

the speétrographic plates obtained by Hoff and_HollahderS).

dThe value of gj obtained from the Schmidt value for the’magnetic moment

was used for all orbitals in these calculations.
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