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- EXPERIMENTAL INVESTIGATION OF THE ELECTROI‘{ CAPTURE DECAY
OF 210 At AND 209

210Po AND 299p,

THE LEVEL SCHEMES OF
Leslie James Jardine
La.wrence‘ Berkeley Laboratory
University of Californis
Berkeley, California 94720

December 1971

ABSTRACT

The nuclear levels of 2J‘oPo and 209, Pd popula_ted by the electron-

capture decay of 21°At and 2°9At heve been studied. Experimental level
schemes have been constructed by using data obtained from> gama-ray
singles, internsl conversion electron, and gamma-gamma coiﬁcidence
measurements with high resolution Ge(Li) and Si(Li) spectrometers.

For the case of 2101,0, present data have been used t;: define
twenty-three levels. The multipola.rity of thirty-six traﬁéiti&ns in

2]'oPo have been determined and combined with data from recent reaction

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

from the two-proton configuration (h a.nd from the multiplets due to

9/2 ‘
the configurations (h9 /2 f,.’ /2) and (h9 /2 113 /2), except for the lowest

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

two-proton shell model calculaetions and experimental transil.tion pz;obq;-- N

bilities for gamma decay of the (h9 /2 q /2) and (h9 /2

aere compared with predlections using several sets of shell model wave- :

proton mqltipléfbé '

functions. Evidence is presented which locates the 3~ collective ié*"é,l-,



=viii-
in 210Po at 2400 keV gbove the ground state. The electron-capture
trangition rates to odd parity levels above 2.9 MeV are discussed in
terms of neutron-neutron and proton-proton particle-hole excitations of
the 208Pb core. A weask-coupling calculation using experimental dsta of
neighboring isotopes in 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.

Five states arising from the 0dd neutron in 209?0 have been assigned by
a comparison of the experimental level spectrum and the decay charac-
teristics of levels with a shell model calculetion and the levels in
207Pb. A weak coupling calculation using experimental data from isotopes
in the lead region to approximate residusl interactions was found to

explain the level structure of 2°9Po below 2 MeV.
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I. INTRODUCTION

No single model has yet been successful in predicting nuclear
structure over the whole pericdic chart of the nuclides. The first
model to correctly describe the shell properties and the ground-state
spins of nuclei was the single-particle shell model proposed by Haxel,
Jensen, and Suessh) and Maarers). The basic assumption of the shell
model was that the effect of interactions with other nucleons on a
single (independent) nucleon could be spproximated by an average
potential generated by an "inert" core of nucleons. This. independent
particle description was tested by the comparison of the experimental
level sfructure of & nucleus with one nucleon beyond & double closed
shell of neutrons and protons with that predicted by the model. The
same general description should be true for nuclei congisting of one
less nucleon {referred to as & hole) than a double closed shell.

Nuclei with two nucleons beyond s double closed shell provide a
means for-exa.mining further detalla of the shell model, namely residual
interactions between the two nucleons. The shell model describes such a
nucleus in terms of two independent particles moving in a potential
generated by the double closed rore of neutrons and protons. At low
excitation energies the core is treated as inert with reiﬁect to the
level structure. Each nucleon outside the core may be identified with a
definite single-particle energy state. In a "zero-order" shell model
approximation of no residual interaction between the two nuclerms, all
states arising from various couplings of angular momenta of & twu

nucieon configuration are degenerate. However, there ig a residual
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interaction between the two individual nucleons which removes the
degeneracy and leads to a series of states which can be classified by
different couplings of the angular momenta.

At higher excitation energies, the core of nucleons can have
excited configurations with an angular momentum other than zero. The level
structure of a double closed core nucleus gives an indication of the
energy necessary to produce core excitations. For example, the experi-
mental level scheme of 2°er has its first excited state at 2.6 MaV.
Below this energy nucleil with two nucleons beyond a 2081="b core might be
expected fo obey the shell model. Above 2.6 MeV additional core-
excitations should occur with the shell model states to produce & very
complex level structure. Thus a detailed examination of the level
structure of a nucleus two nucleons beyond a double closed shell provides
the simplest case to study the details of the residual interactions
betweea nucleons and the validity of the inert core assumptions. If
these details of the shell model are to be further investigated, the
ideal nuclei to study should be those near the regions of the double
closed shells.

Many details of nuclear structure have been revealed during the
pest five years because of improved developuents in solid-state detectors
and electronics. Computer anslysis of date and "on line" computers
have been combined to aid ressarchers in deciphering and collecting vast
amounts of data. It is hopsd that the interpretation of the data might
allow a better understandirng to be made of the nucleus, residual Inter-

actionz, and nuclear potentials with the ultimaste gosl of being able to
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predict the properties of any nnélena from & set of first principles.
In order to achieve this goal and to determine the limitations and
validity of present models, further. detailed experimental informetion
must be obtained for nuclei, in particular near double closed shells.
Analysis of this data should provide in_foma.t:lon necessary to achieve
the goal.

Detailed nuclear structure irformation has been obtalned for two
neutron deficient nuclei near the doubly closed shell of 203?!7 using the

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

study was to determine the level scheme of 2319'1’0. The 209?0 nucleus is

of theoretical interest due toA ites proximity to 2081’!) wvhere one might
hope to understand its low-lying level strﬁeturé with a shell model.
Initially we hoped to be able to identify the neutron-hole states of
2091,0 and compare them with those previously observed in the analogous
odd~-neutron nucleus 207Pb in order to determine the effect of the 83ra
and 8hth protons on such states.

An additional reward developed from the choice of the
20931(u,hn)2°9At reaction for the production of sources. This required
that the decey prdpert:les or 20t {wvhich was produced in sources rro-

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

21°At electron-capture decay scheme needed tc be investigated in order
to better understand the decay. Thus a reinvestigation of the 20,

decay wvas undertaken to search for finer details of the 2101’0 level

structure, in particular core-excitations. The nev date combined with

new reaction data on the levels of 2101’0 and aoal’b allowed a very -



detailed level scheme to be constructed. As & result elmost all levels

due to two-proton shell model configurations and 20811"b cora-excitations

oceuring below 3.4 MeV have been identified in the 210Po level structure.
The identification of the neutron and proton core-excitations in the
level structure has esteblished the need for & model explicitly taking
into account core-excitations.

Befure proceeding with the experimentsl results, we shall outline
the material t¢ be presented. This thesis was written into several
independent parts with the ideal of it being useful to future people
entering nuclear spectroscopy. Thus there is some repetition and dis-
cussion of tecknical points for which the experienced spectroscopist is
invited to skip. A reader siould be able to read any of the five
sections of interest essentially independent‘ of the other as the
referencing to other sections was kept to a minimum.

In section II a brief theoretical discussion 1s given of the
single-particle shell model and weak coupling models as adapted to the

specific examples of 210?0 and 2“’9Pc>.

These models are used in our
discussion and interpretation of the levels. Section III contains a
detailed discussion of the experimental detection systems used in this
study.

The experimental results and the interpretation of the electron-
capture decay of 21°M'. are given in section IV. Results for 2101’0 are
compared with the predictions of the two-proton shell model and the week-
coupling model. Identification of two-proton shell model states and
2°8Pb core states are mele. The gamma decay transition probabilities are

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

209

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

Po
arising from single-neutron (particle or hole)} configurations are made
by a comparison c¢f the level structure with 207Pb and théoretical
calculetions. A wesk-coupling model calculation i1s made for the two
proton-one neutron hole configurations, end such states are identified

209Po level structure.

in the
Finally we have ihcluded in the Appendices a collection of uaéful

information generated during this study but not deemed necessary to the

mein text. The toples included are gamma decay transition probabilities,

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

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

of calibrating Ge(Li) and 3i(Li) speqtrométers for the relative detection

efficiencies of gammas-~-rays and conversion electrons is elso given.
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I1. THEORETICAL BACKGROUND

Nuclei conteining 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 nuclel
containing these numbers are lgo, ggCa, l;gSn, and agng. Nuclei with
a doubly magic number of nucleons have & spherical shape in contrast to
a deformed shape for nuclei which have a number of nucleons removed from
a mégic number. Successful attempts have been made to predict the shell
closures and the basic assumption used to generate the closures is that
a nucleon travels within a complex nucleus in e smoothly varying field
of force generated by all other nucleons. The choice of a potential to
represent the average potential experienced by & nucleon ie determined
by tlke nuclear force which is known to be strong but short ranged. Any
form for the potentiel that crudely represents the general nuclear force
criteria will reproduce some of the shell closures. The average potential
useéd must be strong and nearly constant inside the nucleus and must rise
rapidly near the nuclear surface since the nucleon is bound. The two
simptest potentials often used are the single hermonic csciliator and
the sgherigal potential well which are illustrated in fig. 1. The
varamsters in f£ig. 1 represent approximate values for neutrons in the

lead regionl). For exemple, fiom the relation

/2 RS = E = (N + 3/2)hw (1)

where @ = 1.42 Al/ 3 [fm], the value N = 5 {for 126 neutrcns) was used.

The depths of the potentials (Vo and Vé) were used in a calculetionl).



;L,V(r)z_V6 rS R

=0 r> R

V(r) [ Mev]

V(r)==Vo+1/2 mw?r?
-60

XBL7H!I-4820

The simple harmonic oscilletor and sphericel "square" well

Fig. 1.
The parameters represent approximate values used near

potentiaus.
the 126 neutron shelll).
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The results predicted with the single-particle model using
these potentials will next be discussed followed by the Introduction of
the spin-orbit potential which is necessary to predict the experimentally

observed shell closures.

A. Single~Particle Model

fhis is the simplest form of the shell model which is strictly
valid only for a single nucleon (fermion) outside a doubly closed shell.
The nucleon is assumed to move in an essentially undisturbed and unique
crbit in a central spherically symmetric potentiel V(r) generated by all
other nucleons composing the nucleus. The Schrddinger equation cén be
solved for the single-particle eigenfunctions ¢i and the energy eigen-
values E
i, = E¢, (2)

1

where the Hamiltonian H is defined as

2
H=—%; ¥ + v(r) (3)

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

The SHO potential has the analytical form
V(r) = -v_ +1/2 mw? r? (%)

and the SPW potential the form



_Vé r <R
V(r) = (5)
0 r>R
where Vo’ w, and Vc'> are positive constants. Both potentials have single-
particle solutions (of eq. (1)) ¢nm(r) = |nfm ) which depend on the
radial position r and the quantum numbers nfm as described below.
The most frequently used potentiael is the SHO which leeds to a

set of degenerate eigenvalues given by2’3)

E

e = Vo * ho(N + 3/2) (6)

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

N and 2 152’3)

N=2n-1)+2=0,1, 2, ... (7}

where n is defined as the radiasl quentum number (n - 1 is the number of
nodes in the radial wavefunction portion of d’nﬂm(r) for 0 < r < ®), and
% is the relative orbital angular momentum of the nucleon. The restric-
tion that 2(n - 1) + 2 is zero or integral requires that £ is either even
or odd for a given N. This leads to the fact that shells of the same
principle quantum number N have orbitals of the same parity. In addition
to the degeneracy in n and £ for a given energy, there is a 7(28 + 1)

fold degeneracy (in spin and in £ due to its m projection) so that the
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total number of degeneracies in the eigenvalues of eq. (6) is equal to
(N + 1)(N + 2). On the left hand side of fig. 2 are shown the energy
eigenvalues of eq. (6) and the sum of the degenerate single-particle
states which lead to the predicted shell closures at the {magic)
occupational numbers 2, 8, 20, k0, 70, 112, and 168.

Use of the SPW potential in eq. (1) leads to eigenfunctions which
have the degeneracy in the n and £ removed. These golutions are the

spherical bessel functions J 241 /2(1( nl) vhere the energy esigenvalues are

given by the zero's of the bessel function a.s3)
2
h
£, == K i)
nt 21,111‘2 nf

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

givenby n (n =0, 1, 2, ...}). The eigenvalues of eq. {8) are plotted
2
on the right of fig. 2 in units of A 3 The eigenvalues are still
2R
degenerate in £ and spin with the number of degeneracies given by

2(2¢ + 1). The sum of the degeneracies is also shown in fig. 2 and leads
to predicted shell closures at the occupational numbers 2, 8, 20, 58, 92,
and 132.

In real nuclel the true potential might be expected to be more of
an average of the SHO and SPW potentialge. Average snvrgy eigenvalues and
occupational numbers formed from both potentials with the n and £
degeneracy removed sre shown in the center of fig. 2. The average nredicts
shell closures at 2, 8, 40, 76, 92, and 138. BExcept for the lightest

nuclei (A € U0), neither of these potentials nor the average predict the
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Fig. 2. Level system of the three-dimensionel simple harmonic oscillator
and the spherical "square" well with infinitely high walls. " (This

figure was taken from ref. ).)
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experimentally observed shell closures which suggests that some importaut
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. The velocity dependent spin-orbit
term takes into account the interaction between the nuclear spin s and
the relﬁtive angular momentum I for a nucleon. The form for the spin-

orbit term i3 generally taken ulo)

2

2
Vgo(r) = -2 ('21_;;) 2 1.3 (9)

A
]

vwliere A is an adjustable parameter greater then 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

B =F_o32+2% anda A>0 , (10)

states of large orbital angular momentum I are effected most with states
of total angular mollenttm-& - -E + -; more tightly bound than states of

-5 =% - ';, The resultsa) of a calculation with the inclusion of spin-
orbit coupling and the SPW potential are shown :l_n fig. 3. Large angular
momentum states interact strongly with the result that the states of
angular momentum § = § + & are depressed (proportional to A) in energy
and the states of § = I - & are raised so that the SPW (or SHO) levels
are altered. For exampleé, the splitting of the lg level into the 139 /2

and 137 /2 levels produces the magic number 50 by inclusion of 10
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Fig. 3. Schematic diagram of the nuclear level system with spin-orbit
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additional states to the previous occupational number of L0 produced
with either the SPW or SHO potentimls. Similar splittings for other
large angular momentum orbitals are responsible for producing the
experimentally observed shell gaps of 28, 82, and 126, vhich were not
produced with the SPW or SHO potentisls alone.

The single-particle model with the spin-orbit term cannot
correctly predict the exact ordering of orbitals for all regions of the
periodic chart with cne value of the parameter A. By varying A
separately for protons and neutrons for different regions, the experi-
meptal level schemes can be reproduced. For example, the experimentalg)

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

reproduced by varying A.
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Fig. 4. Experimentalg) single-particle states in the lead region.
(a) Gap energy of 3563 keV was estimated as the difference of the energy :
necessary to separate a proton from 207'1‘1 minus that required for 0931. ‘;
(b) Gap energy of 2803 keV was estimated as the difference of the energy )
necessary to separaxe & neutron from 2oTPb minua that reqpired for ‘°9Pb.
(c) The single-particle strength is believed fregmented over several 1evg;s.,‘
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B. Shell Model

The single-par -icle model as formulated above should be only
strictly valid for nuciei with one nucleon riore than a doubly closed
shell. More sophisticited treatments include the description of two
or more particles outs‘de of a docuble closed shell. This leads to the
snell model vhere the :xcited states and their fspins and parities are
predicted for more tha a single-particle beyond a double closed shell.

The approach ir a shell model calculation is to assume some form
cf an inert core which gives rise to a potential in which the nucleons
outside this core move and interact through residual two-~body inter-
actions among themselvis. To calculate energy levels, a potential with
adjusteble parameters representing the core and two-body interactions is
salected. Implicit in the model iz that the nucleons outside the core
d2 not interact direct.y with the individual core nucleons. The inert
core assumption may not be strictly valid but it produces a simpler
m>del which reduces the number of degrees of freedom to a solvable
peroblem.

The inert core assumption allows the total vavefunction of the
system P to be written as the product of a wavefunction for the non-
interacting core nucleons Y A and the N valence nucleons &. The

Hamiltonian is then written as 2 sum of a core and a valence part,

V=9 ¢ (11)

[

and

E=H +H (12)
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These assurptions allow separation of the problem into two parts which
may be solved individually. Thus in general we have eigenvalues for the

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

chc = Bc‘;'c (13)

and
uvo = svo (1)

To determine explicitly the meaning of the eigenvalues, we first consiler
the lower energy valence states where the core assumption is probably
most valid. The form for the Hamiltonlen describing N wvalance nucleons

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

partaz)
B =H +H (15)
where
_ N
i = Z (Ti + vi) (16)
1=1
and
H = E Vi arn)
1<J

Ho is a Hamiltonian representing the interaction of the valence nucleqns
with the core but not with each other. That is, Ho includes a1l inter-

actions experienced by nucleons outside the selected core except for the



-18-~

residual two-body interactions among valence nucleons. Ho is generally
tgeen as the SHO potential where Ti is the kinetic energy of the ith
pw-tizle with a potential energy Vi outside the inert core. Hl represents

tle: sim of all two-body residunl interactions among the valenrce nucleons
where ‘?i 3 is the residual two-body interaction between the it'h and Jth
wnlence nuclecns. The assumption thet only two-bndy forces need be
zonsidered in tie regidual interactions is tested in how well the
vrolicted results agree with experimental results. The form of Hl is
goa-rally taken from tvo nucleon scattering experimexntse’3) as we discuss
&2 ~.he end of this section.

If zhe simple harmonic oscillstor potentiel (SHO) ig taken for
H, the well-known SHO wavefunctions are solutions for Ho 2). Explicitly,
<f 1he nuclecns outside the core are non-interacting, the solution for
H nuclecons car be written as a product of N single nucleon SHO wave-
functions ¢, {i) {see section IIA) for the various configurstions

b
{specified by the guentun nurbers (nim) end represented by the label ai)

332’3)
% .
® ='|;!’¢ai(1) (28)
Thus
0 = 2 €0 = et (19)
1

vhers
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N 2
_ t 2 2 2
Ho-z: - B [ -V, +1/2mu T {(20)
i=1

The sum of eigenvalues for all N nucleons outside the core in the absence
of all two-body residuml interactions is defined as €. The single-
particle (SHO) eigenvalues for various occupied orbitals outside the core
are represented by €y- (The & is the same as the eigenvalue Enz of eq.
(8) in the single-particle model of section IIA and is numerically the
mass of the ith single-particle plus the core minug the core.) However,
the wavefunction in eq. (18) is not antisymmetric as required by the
Pauli exclusion principle. The properly normalized antisymmetrized
orthonormal wavefunction for N valence nucleons is generally taken as a
linear combination of the single nucleon SHO wavefunctions ¢a (1) in the

i
form of a Slater determinentz)

¢ (1) ¢ (1Y ... ¢ (1)

] % Oy
$ = = (2) ¢ (2) ... ¢ (2) 21)
AT %‘1 % Oy (

. . .
. . X -
» . .

¢a1(n) ¢02(N) %“(n)

As an example, suppose we had two nucleons outside a core, each described
by the single-particle wavefunctions ¢u1(l) and ¢a (2), then the wave-
2

funetion ¢ would be written

1 ~
== [45“1(1) ¢a2(2) - ;bql(‘) ¢a2(1)] (22)

)
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This is the correct normalized antisymmetrized wavefunction to be uged
in eq. (19).
The shell model Hamiltonian of eq. (12) and eq. (15) can be

grouped and rewritten as

H= (B, + B ) + B (23)

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

By = (E, + e)y + H Y = By (21)

This is thg eigenvalue 2quation that can be solved by matrix dfegonal-
ization. _ In general $ occuring in eq. {11) can be expanded in any
complete orthonormal set of properly antisymmetrized wavefunctions. For
this model, the proper choice i3 the complete set of Slater determinents
{eq. (21)) {¢1} formed for all allowed SHO single nucleon wvavefunctions
cbi of the configuration space outside the core. The wavefunction of

eq. (11) now takes the general fomz)

vEly) = v, E ale,? (25)
i

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

to rotations is expressed by2'3 )

C¥;lHly;, ? = constant 850 - (26)
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Rotational invariance of H is the basis of the statement that states of
different J (and parity) do not interact or configuration mix. The
forms of H are alsc restricted to be scaler or pseudc-scaler inter-
sctions®’3). Since H 1s assused diagonal in J, the swmstion in eq. '25)
can be truncated %o include only those terms vhers the configurations
of the N nucleons outside the core have the same spin snd perity Jr.
This allows the matrix diagonalization of eq. (2k) to be performed in
& smaller orbital space. However, rather then continue in e general vay,
a specific case will be discussed vhich may be genera’izsed by the reader.
We shall proceed to outliue the methods for doing a shell model
calculation and discuss the techniques invclved using the specific
exsmple of 21%0 which has tvo jrotons wore then the doubly closed 29°Pb
core. The tvo protons can be assumed to move in the field of the ”‘m
core and interact vith each other through residual interastions to
produce different nondsgenerate nuclear states. 7This examgle invclves
a doubly closed core vhich certainly spproximates the inert core model;
hovever, a doubly closed core is not a rcatriction. Consideration of the
single-partizle states avalladle for the protons im the lead region in
fig. & suggests that the lower levels of 2% might be satisfactorily
descrided by a truncated configuration space of thres orbitals, asmely
hg,os 172 snd 1113/2. This choice is deternined in part by the
slightly larger experimental energy gap Latween the 2:5,2 and the “13/2
orbitals than the other orbitals. Howsver, this truncstion muat be
tested with experimental evidance bafore the validity is truely hnowm.
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Thus for 210?0 ve will assume that the two protons outside the
cora are alloved only in the three orbitals immediately above the 2 = 82
shell. Figure & shows tiat the three slloved proton orbitals are

lhg as 20q/ns and 11y,

The lovest energy state (ground-state) of 20

Po would have both
protons in the 1h9 /2 orbitals coupled to o* (as the ground-gtates of
other even-even nuclei are 0°) with the dominant ground-state configur-
ation I(h,l.‘,)a. Thers are other allowed proton orbitals (and angular
momentum couplings) in this two-proton model. Thus many states of
different swngular momentum couplings ard parity (J°) are alloved which
generate the excited states. The number of states can be derivad from
the number of vays in vhich two :dentical particles {protons) of angular
nomentum §, ond J, cen be placed into thres orbitels. For two identicsl
nuclecns in the same orbital, the Pauli principle excludes states c* odd
3 couplings. (This also can be proved rigorouely in the Racah algedra
for a two-particle antisymmetric vcvcmnctionz).) The total number of
vays to put two protons into the three orbitals i{» eix with a total of
&2 allowed, but different, couplings of the angular momentum ¥ 31 + ]2.
These allowed configurations are anumerated in Teble 1. These results
can be generalized to any anumber of orbitais and particles although this
methed grovs rapidiy in complexity for allowed couplings.

8ince the number and types of alloved two-proton states for 2101,0
heve been discussed, we consider solving eq. (2k) in deteil for the
energy levels and vavefunciions. The procedure ve vill discuss is the
general vay in vhich shell model calculations are performed. We will
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Table 1. The shell mc iel orbitals and the allowed (JIJZ)J couplings of
the two protons for 21°Pb in our three orbital space. The occupatior of

an orbital is represented by the symbol X.

Shell Model Proton Orbitals Allowved Configurations
)
hy /o 2%q/2 U572 J

xx (0,2,4,6,8)"

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

X X (2,3,4,5,6,7,8:9,10,11)"
X (0,2,4,6)*
X X (3,4,5,6,7,8,8,10)"

xx (0,2,4,6,8,10,12)"




).

show that since H is diagonal in 3 and parity is congerved, only states
of the same J" need be considered at once. After choosing a particular
J" and solving eq. (24) for the eigenfunctions and eigenvalues, the
process can be repeated for a new J".

Suppose we first solve eg. (24) for all the J" = o* two-proton
states allowed in our space for 21oPo. The expansion of ® in eq. (25)
reduces to three terms since only three 0+ gtates from the two-proton
couplings can be formed within our three orbital model (see Tabie 1).
The three 0' states will produce a 3X3 matrix to be disgonalized.

Explicitly we may write
b= lu) $ale (1)) (27)
VYE |y = |y a |® (i 27

vhere ¢ +(i) are the three Slater determinents formed for the two protons

+ s N
coupled to 0 in the h9/2, f7/2 and 113/2 orbitals
® () = o(n(n] ) )
0 0

2

7/2)0\\) (28)

¢0+(2) = o(w(r

= 2
¢o+(3) = o(w(113/2)0+)

To solve eq. (24) for the eigenvalues E and eigenfunctions ¥, 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 01 terms in the summation of eq. (27) and

use the orthonormal properties (¢i|¢d ) = 61 and <lbc|wc ) =1 to arrive

J
at the following set of equationms.

3
Cy | o |uf 2 alo, )y,
i=)

E (¢1|Zai|oi) =ak

[}
®
(:5]

3
SARLALHD ML URS IR AL R (29)
fa)

#
»
td

3
gl Cosln] 3 o 1o, 019, ) = o
i=]

The set of equations in eq. (29) can be put into matrix form. After
expanding the summations in eq. (29), we arrive at the following matrix

equation
Ce | o lrle Y fw 2= E Ly | Co lrle,) |y, ) Cu, | (01|n|¢3 Y, !
AR IR T | o lule, ) v, ) - & Cy ] (oaln[¢3 Yy, )

Cpol Colule, >y 0 (¢c|(¢3|3|¢2)|wc) (wc|(¢3|u|03>|wc)-3
(30)

Equation (30) can be further reduced using the definitions of K in eq. (23)
and the results of operating with the various Hamiltonian operators as

defined in eq. (14) and eq. (19).
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(o)lHyo, ) + ¢ -E (&8 ]9,) Coy I, oy ) o
(e,ln, o, ) (0|8, ]0,) +¢f - E (¢2|31|o3 ) 5,
"3'“1"’1) <o3|a1!w2) (¢3|u1|03) +ei-Ef \a

(31)

Ye have introduced a new single-particle energy e& vhich is defined as the
sum of the core energy eigenvalue Ec and the sum of the SH) single-

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

That is
(H, + B v b = (B, + e W =€ v (32)
where
2 2
[] ] =
€= E €la E € a +E, (33)
J=1 i=1

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

energies. In genersl the individuval :5 a represent the energy of a
»

single-nucleon outside the inert core in the sbsence of a residual
interaction (i.e. H, = 0) vhich can in principle be estimated from an
odd A nucieus composed of the gsame core. Specifically, in the adbsence

of s residual interaction smong the protoans outside the zoePb core fur

21°Po, the proton single-particie energies t3 o be approximated
?

from 20931 data. The numerical value of Ec is the mass of the anEPb

core, and € a the mass difference of the i.th single-particle state of
k)
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209p and the 2°8Pb core. The value of Ej,u is thus the mass of the 1%P
single-particle state of 20931. Frequently, the mas3 of the 20931
ground-state is subtracted from the single-particle energies (ej’a) and
energy differences (relative to zero) are used. For example, from the
levels of 2091 {the ground-state mass subtracted) in fig. 4, we have the
values 83(h9/2) =0, eB(lez) = 897 and 83(111/2) @ 1609 keV. Thus the
e& terms in the matrix of eq. (31) may be evaluated from experimental
data rather than calcuwlated explicitly.

As an exsmple we may write down zero-order estimates for
solutions of eq. (31) for the various two-proton configurations in the
absence or all residual interactions. These estimates are shown in
Table 2. The states of the various two-proton configurations in Table
2 are degenerate because Hl was assumed zero. This model would then
predict five degenerate excited statez at the energles shown in Table 2.
(Residual interactions will remove the degéneracies and altezr these zero-
order estimates.)

However, since there are residuel interactions, the matrix
elements of Hl must be evaluated before the final diagonalization of egq.
{31) to arrive at the eigenvalues for the matrix. 3Before expanding on
the evaluation of the residual interacticn matrix elements, assume that
they have been evalusted and are Just numbers. This allows us to
diagonalize the matrix and determine the eigenfunctions and eigenvalues
for our example of the three 0+ states. (The technique used to evaluate

the H, matrix elements is discussed at the end of this section.)
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Table 2. 2101’0 two-proton level structure in the absssce of all residual

209.

interactions as estimated from Bi experimental da.tag) (ground-state

mass subtracted).

Unperturbed Energy

Configuration 2 SI;:;B Comments
e('x = 2 eé ™ Parity
J=1
T
(keV) (Jlda)J
m(n.,. )2 0 (0,2,4,6,8)" ound state
9/2 1234,0, ar
mihg,p £0/2) 897 (1,2,3,...8)" 18t excited state
'(h9/2 113/2) 1609 (2,3,4,...11)" 2nd excited state
nie, /2)2 1794 (0,2,4,6)" 3rd excited state
1r(f,r /2 113/2) 2506 (3,4,5,...10)" bth excited state
w(1,, /2')2 3218 (0,2,4,...12)" 5th excited state
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Solutions exist 1f the determinent of the 3X3 matrix is equsl
to zero. Solution of eq. (31) (with ) metrix elements and values of
e& assumed known) produces en equation which is cubic in E. The three
energy eigenvalues E for the 0+ states are the three roots of the cubic
equation which can be obtained by various iterative techniques. At ths
stage the eigenfunctions for the eigenvalues are not yet determined.
These can be obtained by picking ons energy elgenvalue E at a time and
using it for the value of E in each of three equations in eq. {29). ‘'this
produces three equations and three unknowns (als 8,5 84 ) so that the
amplitudes (a ) of the wavefunctions of the expansion of “’ ) in eq.
{27) may be determined. The solutions (a , B,, and a3) obtained for the
lovest energy eigenvalue E represent amplitudes of the various 0
components of the ground state wavefumction.

) ,) +a, o(m(s> /2 )+a 0(1(113/2) 3

o, = b, la, o(ntng /2

(34)

The a, show explicitly the amount of configuration mixing between
states of a given Jn and represent the relative éonpositiuu of the vave-
function. The remaining two energy eigenvglnes. when substituted inte
eq. (29), will yield the vavefunctions of “'0Fo for the 2nd and 3rd 0"
states respectively. Thus if the values of e('x and matrix elements of BI
are known, the problem can be solved for the lthreé eigenvalues and eigen-
functions. The remaining J' states can be solved in a completeiy

analogous fashion one at a time until the a]‘ol’t': problem is completely
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solved. It should be noted that the degree of complexity and size of
matrices involved depend upon the size of the configuration space alloted
to the valence nucleons but grows very rapidly with the size.

A comperison 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. 1If the agreement between cal-
culated and experimental eigenvalues 1s gcod, then the wavefunctions mey
be tested by computing quantities which depend upon the wavefunctions
such as the gauma-ray decsy transition probabilities or the DWBA cross
sections. If the agreement is poor this may be ipdicative that the
choice of parameters for Hy (or the configuration space) mey have been
bad. The sensitivity of the results on matrix elements of Hl may be
realized by considering eq. (31). A reperameterization of H, may be
necessary to bring the calculated results into better agreement with
experimental results and the whole process repeated. If repeated
attempts fail, perhaps the selected phenomenlogical representation for
Hl or the core is wrong, or the shell model is too simple a model for
the nucleus being considered.

We have assumed in the above metrix diegonalizations that the
two~body residual interaction matrix elements (¢1[HIIOJ ) were known.
Calculation of these matrix elements 1s the real crux of the problem in
shell model calculations. Once these matrix elements are obtained, the
shell model problem is essentially solved because only matrix diagonal-
izations remein as we have shown. Two types of formalisms used for the

Hl will be discussed.



-3~

The idea is to choose the two-body residual interaction

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

1
(Qiiﬂllﬁbl’ } are calculable. The form of Hl choosen for the residual
interaction is generally deduced from experimental scattering studies of
two nucleon systemsz). The most general form for Hl can be written as
2,3)

& sum of two components
H = o + Hyo (35)

where HCT is a central potential component and an is a tensor or non-
central component. Two nucleon scattering experiments have shown that

the form of the central two-body interaction potential of l-Il should be
rotationally invarient (scaler or psuedo-scaler), parity invarient
(sculer), charge independent (scaler in isospin), time reversal invarient,
and permutation inverient3).

H,n, can be written as a linear combination of the general inter-

cT
actions involving space and spin coordinates that involve two-body
2.3)

nuclear exchange forces
Hop = V)8, + 8, + 8P + 542 P ] (36)

The subscripted Si represent adjustable strengths (constants) for the
various nuclear interaction potentials (i = W, M, B, K) that are called
Wigner, Majorana, Bartlett, and Heisenberg potentials respectively. Px
and Po are two-body exchange operators for the space snd spin coordinates
respectively and V() is the radial dependence of the potantials. The
values of the space, spin, and orbital ansular momentum coordinstes. refer
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to the relative coordinste system of the two nucleons in vhich the two-
body force is acting. Hence T is the relative angular momentum of the
tvo nucleons experienciag the residual interaction. (The vavefunction
¢ used in this section has the explicit form of eq. (22) and represents
tvo nucleons with coordinates ;1 and '1'-2, and spins :1 and :2.) The
Wigner force cf eq. (36) is Just an ordinary r dependent force

(r= r;l - ;2')' with a varisdle strength 8.

The Najorana potential ia eq. {36) involves the space exchange
operator Px. For two nucleons, spatial excharge is the same as &
reflection about the origin. The Px operation involves the parity (even
or oddness of the relative 'l) of the states and either does, or does nct,
change the sign of the vavefunction depending on vhether the parity of
the wavefunction is odd or even>).

+ v(r)BHO it £ even
V(r)SHPZO = (3N
- V(r)s 12 £ odd

The Bartlett ;otential of eq. {36) is such that for the spin exchange

opersator Pa operating on & vavefunction, the following halda3)
+V(rse it § =1 (triplet)

V(r)Sgp ¢ = (38)
~Vr)sy  irE=0 (singlet)

where § = '9'1 + ;2. The affect of this part of the potentisl is to
either chenge the sign of the wavefunction if the two nucleons are in
the singlet (3 = 0) state or to do nothing if in the triplet state

@3 =12).
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Pinaliy the MNeisenbarg potemtial involves s combination of the
space-spin exchange opcntou3)

V(r)snt 12

$.) L aven

R0 todd
V(r)S. P P.¢ = (%)

$» (o} £ even
- V(r)s,¢ ir

=1 toas
Some formalisms trest the Heisenberg potential expllicitly ac the isospin
(T-T) dependence term (charge independence) of Hom:

Another neneral formalisam often used is very similar to the

sbove and it involves the same type of linear costisation as eq. (36) vut
introduces projection operators II1 vhick are definel in terms of the

exchange opeutorlz'g)

Fp = 1/2(1 + Py) 1= tripiet (3 =1)

Mg = /201 - B} 1 = ginglet (§ = 0)

(ko)
n, = 1/2(1 + P) i meven (% even)

o= 1/2Q2 - P,) i=odd (2 odd)

These are projection operutors because they either "project ocut™ certain
states or give zero upon operation on a two-nucleon wavefunction. Their

bshavior on a wavefunction is the tonou:ln¢3):
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10 L
N6 = ir
? o $s0
10 =0
¢ =
8 o0 ir § .1l
(k1)
i £ even
I'I'O s it
od L odd
1é L odd
lloi - ir
o L even

The convention n“ = n,l.-u' s 1/76{(1 « Pa)(l + P‘)] i3 often used and is
called thn tripiet-even (1) projection oparator. (Similerly for thc

triplet-odd {T0), singlet-even (SE), and singls-ocdd (80).) If we ogain
let 8" represent adjustadble strengths of potentiale we can rewrice MGI‘

in terws of projection cpoutorla’3)

Hop ® V(r)(Bpgllyy + Spgllyg + Sgpfl o + Sgqllgy] (42)

This form of H ., is often used {n the literaturs and has th: simplification

cT
that for two identical nucleons, the triplet-sven HTE and the singlet-odd
l'[so termr vanish. This would apply to 210,,0 with two protons outside
the 2081,., core.

The forms taken for the redial dependence V(r) in eg. {36) and
eq. (40} are generally either Gaussian

2,2
Vir) = - &F /8 (43"
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or Yukava

V(r) = - KeT/® {4k}

vhere K and a are adjustable parametera. Calculations using delta-
function forces have also been made for V(r) and are called appropriately
zero-range forces.

Two frequently used forms for the non-central part of Hl are
referred to as the tensor force and spin-orbit force. The form of the

tensor force is 2’3)

Bye ™ HopSio

where

> o
. . 3(01-2'1)(02'1‘2) 33
12 r2 1

. (45)

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

cT
interact only between two nucleons which are in the triplet state (§ = 1)2).

The non-central Hemiltonien when the spin-ordit force is included has

the form

By = BpS1p = ¥ B3+ 5)) (16)

where Y is an adjustable parameter. The scaler forms of Hyo in eq. (b5)
»r eq. (46) insure that H, is rotationally invarient. Elther form of
HNC cen only interact with triplet (E = 1) even or odd states and will

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

Hamiltonian Hl in terms of either of these two formaliems as
By = VOIS + 8P, + SR + SBRG] + By (b7

or

Hy = Vir)Spdlyg *+ Spdlag * Sgelle * Ssllgo! * Hye  (48)

We have shown explicitly two phenomenlogical forms taken for Hl in
calculztion of the two-body residual interaction matrix elements in eq.
{31). There are other forms used for H,, but eq. (47) and eq. (48) are
two of the most common for simple shell model calculaticns. Once the
two-body ﬁatrix slements (°ilnl|°3 ) are determined {which is not an
easy task because of the complex algebrs and integrstions involved), the
eigenvalues and eigenfunctions for & given " configuraticn cen be
obtained by relatively atraight forward matrix diagonslization limited
by the size of the space in which the calculation is done as previously

discussed.
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C. Wesk Coupling Calculstion for 2 CPo

Consider 2ml’c’ wvhich has a 208?!: core and two protons cutaide
the core. A weak coupling model has been used to predict the energy

210

of the 11~ state of Po arising from the coupling of the 3~ core state

with the lowest 8% two-proton eontigurntionn). Firgt-order energy

estimates of other states in 2101’0 arising from the weak coupling of

2°8Pb) core excited states with two-proton configurations

different (
can be made with the formalisms presented below. The method recouples
the different angular momenta of the core and single-particle protons
to deduce matrix elements representing residual interactions from
experimental data rather than analytical calculations. This method may
become useful for other nuclel as more detailed experimentsl nuclear
data becomes avallable.

2]'oPo has a 2°8Pb core with two interacting protons (:pl and pa)
outside the core. It is assumed that the protons can interact weaskly
with the core ground stete and core-excited states to produce a series

of weakly coupled core-two proton states. Schematically the situation

for 210?0 might be represented as

ch
R
puy
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The Hamiltonians for the core and protons are represented as Ec. lll. and

210

H,, respectively. The fotnl Hemiltonian H for the Po can be written

2
as

E=H, + (ul + uic) + (u2 + "éc) + nw (ko)

L
vhere Hl

proton interaction. We can combine Hl and H]'_c and define a Hsmiltonian

c represents the proton-core interaction and pr the proton-

H, . vhich represents the proton apnd its iateraction with the core in the
absence of the proton-proton interaction. This allows ucs to rewrite the

Hamiltonian of eq. (49) as

ReB v Ry sy b H (50)

The energy EJ of a state in 2101,0 with an angular momentum 3 arising

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

be expressed as

E; =(plaly) =B + B+ (plH |¥) + (yip, |) (51)

E

P
208,

where Ec is the ensrgy of the Pb core state and

Epp = (w!npplw ) {52}

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

as discussed later. IJf we assume that Blc = H?e, ve may estimate the

energy E_ of states in 2101-"0 from the relation

J

E; =B, +E, +2 Cole, o) (53)
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If there vere no particle-core intersction (i.e. P D), the
zero-order energy BJ would be simply the sum of the tvo cmargies Ec and
x”. Bowvever, Hzc is not zero and the effect of s norn-=zero Bec will be to
alter the zero-order energy estimate. Rather then :slculate the matrix
elements in eq. (53) vith a phenomenlogical H,,, Tesidual interaction

210

matrix elements for Po can be approximated from s rucleus with the

same core and only one single-proton cutside the core in the following
vay.

The angular momentum of the wvavefunction [¢) for & state in
21°Po MYy be considered as composed of three components due to the core
¥ e and the twvo protons outside the core, :fl and §,. The wavefunction

may be written explicitly es

o) = [(3,3,09,9,: ;M) (54)

vhere
Ta@+3) 3, 5,45 =34 @G+ 30 =3+,
(55)

Use of a Racah coefficient H(JlJaJJc; 329, e) for the recoupling of

three angular momenta allows the wavefunction of eq. (54) tc be rewriiten

in terms of the product of two vavefunctionse)

3,308, 3 5 u> = 3 BT+ 1N, + 1) W(3,3,93 ; 317019, (3,3 03,3
J
2¢

(56)
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where

lJl(JaJc)ch; Je) = |Jl ) |(J2Jc)J2c ) (57)

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

wvavelunctions. Using the ciplicit value of the wavefunction, we may

write matrix elements of Hac as

Coluy Jo) = 5 (23, + 1023, +1)

J2c

2
MECI a3 10, MIH, |3, (3,5 )3, 5 am)

Iw(‘]’1']’2')"']}:; J 2 ¢ 2¢

12%2¢
(58)

To estimt:: the matrix elements of H2c in eq. (58), consider

208

2",98:[. which has a Pb core and a single proton. We can write the

Hamiltonian for the 20931 nucleus using the previous formalism as
H"Be"'ul"'n.';t:-nc"'Hlt:-ﬂc"'Hec (59)

The energy B  of excited states of “OUBi vill be given by
2¢

;= (w(mm)lult(mm) ) = T+ (;-}szcl-.,';.‘ ()]

2c

E

vhere the odd rroton is coupled to various core states (imcluding the
ground state} to produce & series of states with angulur mowsntum }L’c‘

For examrle, the hy,, proton coupliug to the 3" first-excited core state
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will produce a series of even parity states witk angular momentum Jae

>
J‘ae-{

R

i 15 ¢
sE3% Y tan)

The wavefunction of 20931 can be writ .. explicitly as

19(®%B1) ) = |3 ) (62

231:"2::

If the experimental data on the levels of 2095 and au!l’h permit

{dentification of the energies RJ and Rc‘ matrix elemeuts of '& -y
2¢

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

¢ (JaJe)chlﬂzelfiaJe)Ja ) = stc - K, (63}
A0,

Hence we may nov evaluate eq. (58) for using experimental data
from the levels of 20931 te estimate the proton-caore residual inter-
actions. Rewriting eq. {53) in terms of the shove discuszion and
experimental energies, ve rroduce a relation to estimate the ensrgy of

210p° -
stu.es in with an angular somentum 7

= ’ " . 2 -
Ey=E +E_+2 Y (23, ¢ 12 3, ¢ VINIIIT ;33,0 “"ae x)

J'_‘\
N2}
oo if experimentnl energies are known for nuclei of interest, eq. {6i)
may bLe simply evaluated to provide first-order wesk coupling estimates
of the energy of 2‘m‘l’o eeafigurstions of spin e Ie + 312
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10

As an example, consider the 11~ state of 2 Po formed from the

coupling of the n(hg/e) + two-proton configuration with the 3~ core
8
state. Equation {55) determines that the only possible proton-core

couplings of (%

energies for these J

3‘)J";c are 13/2" and 15/2%. The experimental 207Bi

+
e configurations are9)

B . = 2601 keV and E + = 2741 keV (65)
13/2 15/2

where Racah coefficients are

23 .gddy - 23 . g2 =
WZ 211 3;8) = -0.0299 and W($Z 11 3; 8 =5) = 0.05k2
(66)

208

210 o

The 8% level at 1556 keV in Po and the 3~ level at 261% keV in
provide the values for EPP and E,. Thus from eq. (64) we predict the

energy of the 11~ state as

fe]
[}

4368 kev" . (61)

The experimental valuell) is 4324 keV and the agreement is exceptional in
this one case. The possible extension of this technigue to nuclei
further from the double closed shell, through use of additional recouplings
{97 symbol, etc.), can be tested as more detailed experimental information
become available. In section IVH, we apply this technique to our

experimental results for 210?0.

2614 + 1556 + 2{17-1&(-.029)2(2601 - 261L4) + 17-16(.05h2)2(27h1 - 261L)}
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D. Weak Coupling Calculation for 209?0

The weak coupling model has been used successfully in the

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

209?0.

weak coupling model to predict the level structure of We assume

209 208

that Po can be described as an inert Pb core with two-protons and

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

the protons and interactions between two~protons will be considered

explicitly. We assume 20831 to be composed of a 2oan core plus en

interacting proton and neutron-hole. The level structure of 208Bi and

209?0 should include the effects of the particle-hole interaction th

and we will use data on the levels of 20831 to approximate this inter-

209?0. We shall regard 21oPo as represented by a 208Pb core

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

action in

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

of 210Po to approximate this interaction in 209Po.

Core excitations will
be ignored.

Schematically the situation for 209Po might be represehted 883




Y

The Hamiltonians for the core, particles (protons) and hole (neutron)
are defined as Hc’ Hp, and Hh respectively. We can write the total
Hamiltonian H for 209 Po as

209
H Po)=H +H +H =+ +H_+H + H 68
( ) c b b Hh j2% p,h p,h (68)
1 2 1 2
Matrix elements of the above Hamiltonian with the wavefunction
cas 209 . 209
describing Po give the total energy or mass of the system. For Po,
the two protons are assigned angular momenta of _51 and 32 and the
->
angular momentum of the neutron-hole ig assigned .jh. These three angular
momenta can be vector coupled in different orders to produce the same
209Po

final angular momentum -f for a given stete. The wavefunction for

may be written
9(®%Ppo) = (3,909, 3,5 ) (69)

where

> + >
I'-"-J+‘jh

This order of coupling the proton angular momenta (31 and 32) first to
some iﬁtermediate angular momentum -5, end then the coupling of 3’ with the
hole (Eh) to give _f can be rewritten in a different coupling order.

Wirst the proton and hole angular momente (_52 and -511) can be coupled to
J and then _5 to the remaining proton anguler momentum (31) to T with use

of a Racah coefficient ase).
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13,509, 3 ™) =3 /Te5 + 100237 + 1) W(3,3,T8 3 391 |3, (,0,)3%5 M)

Jl
(70)
where
> > -> -> ->
I=J‘+Jl-J+Jh {11)
We define the following Hemiltonians
#(%Op) =H +H +H +H
c P D pp
1 2
207. =
H(®"'Pb) = H + H,
208
H(““Pp) = H (T2)

c
H(2093i) =H +H
c P

H(208

= + +
Bi) HC H.h Hp + th

Matrix elements of these Hamiltonians are spproximaied by the experimental

mess MJ(AX) of the element X (mass number A) and are defined as:
((*%o0) [5(*1O%0) [9(**0pc) » = ¥ (%)
(w(EOTP-b) |H(207Pb) I‘p(QOTPb\ Y o2 MJ(QOTPb)




C(®%B1) [8(%%81) |w(2p1) ) = o (2%9m1)

C(®%%1) |5(2%51) [p(*%®a1) » = 17 (?%1) (13)

For example, MJ(eloPo) represeants the total mass of the nucleus in the
state of angular momentum 3. The energy of the first excited state would
be the dirfference between the mass of the first excited state and the
ground-state mass.

To estimate 209Po level energies (which include the ground-state
mass), we must compute the following matrix element for the Hamiltonian

of eq. (68).

¥ (2%%p0) = (y(®po) |5(?%%p0) |¢(2%%P0) ) (74)

To simplify the problem, we assunie first that there are no particle-hole
and particle-particle interactions so that eq. (68) can be reduced to
seversl terms which may be evaluated from the experimentel masses of
0Tpy, 2995; | ana 298y, The metrix elements of the Hamiltonian of the
proton mey be evaluated as

-0 (208

3
Wl v) = Culs, + B, - B ) = M 2% o) (75)

where Hc is for the 2OBP'D core. We have used the fact that for no inter-

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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[ = 192 opel¥? 0 ey (76)
Similarly for the matrix element of the neutron-hole, ﬁe find
J +
ol ) = o (PTen) - 1 (%) (17)

Using the results of eq. (75), eq. (77) and the essumed wavefunction of
eq. (76), matrix elements of H(209Po) {eq. (T4)) cun be evaluated in

terms of masses as

1,269 e
(o) = CYlH, + Hy e H Tyl

Jpl 209 Jpz 209 3n,207. ot 208
M (57BL) +M S(°7Bi) + M T(“'Pb) ~2M (“Pp)  (78)

(The form of eq. (78) estimetes the mass of 209Po assuming that
H =H = 0.
Ph PP )
Now assume that pr is not zero but that th is zero. ‘'his

changes the wavefunction of eq. (T6) to the form

= = 210
W = 1053092 10 o = eCTRo) Y e

core
- (19)

We can now evaluate the mass of 209Po (essuming that H

ph
from the experimental masses of 2'LOPo as '

= 0 but H 0
v H #0)




~L48-

1,209,  _
M (“7Po) = (wlﬁc + le + sz +H ¥ H fy)

J +
= (%) & 1 B(0Tpp) ~ 10 (8pyy . (80)

Equation (80) is a valid estimate of the predicted messes of 209Po

assuming that th is zero and pr is represented by 2loPo experimental
masses or energies and with the coupling (Jlje)J.

Finally we allow th t0 be non-zero to arrive at our estimate
with "all" residual interactions. Our wavefunction of eq. (79) chenges

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

elements of th using the wavefunctions of eq. (70) realizing that

', = J', 208
3, (38,097 ™) = |3 >p] ly" (7Bi) >P2h|w>ccre . (81)

Using the Hamiltonian H(QOBBi) of eq. (72), we define a quantity AM';h for

208

the particle-hole interaction by evaluating MJ( Bi) as

i (2%8g;) = (w(eOBBi)IHc $H v+ thlw(2°831)>

' + J + J . +

+ (w|HPh|w ) (82)

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

in terms of experimental masses defined as
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+ J J
AM';h = (w(eosm)lﬁphlw(eoem) y = (%851 + M (3Bm) - M P(?%9%1) - M B(2%p)
(83)

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

terms of the sbove equations.

200, \ - 209 -
i (2%r0) = ¢y u(*Ppo) [y ) = Culu + K G T T W

+H _|u)
Py ot PP

(8k)

Using eq. (80) we can rewrite eq. (84) jn terms of the particle-hole

interaction metrix elements

. J +
1w (2%%80) = o (P1%0) + ' 2(®Ten) - 0 (%) + (ylu_, + 1 |p)
p;h - poh
(85)

Using eq. (70) for the definition of |§) and eg. {83) for AM;h, we can

rewrite eq. (85) explicitly as
: J +
M (2%%p0) = 17 (2200) + M B(2Tpp) - M0 (208

+3 (20 + 1)(2r + 1)|W3,, 18,5 330 [2 e

J "pl'jh
" . nyi2 "
+ 3 (20 + 1)(23" + 1)W(9,3,13,5 33" | AM‘JIp 5 (86)
" 2

where
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!3’=J+3:and}=_§ +-5 . {87)
D h Pl P2

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

AMJ' is
Ipn

(33,09 & + J J

th i
(88)

Thus eq. (8€) and eq. (88) can be used to estimate the level energies
of 209Po based on experimental masses of adlacent nuclei for which
experimental information is available. This method should apply if our
essumptlon is valid that the proton-proton interaction of 2lOPO and the

208 209

neutron hole-proton interaction of Bi are the seame as for Po. We

apply this method in section VH to our experimental results.

¢
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ITI. 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. Goums-~Ray Singles Measurements

The detectors used during the course of this study were of
several different sizes and characteristics. A planar (7.5-cm2 x 1.3 cm
active volume) Ge(Li) detector with a resolution of 1.4 keV (FWHM) at
122 keV was used for study of gamma-rays in the energy range of 60-500
keV. A true coaxial Ge(li) detector of 35-cm> (active volume) with &
resolution of 1.7 keV (FWHM) at 122 keV and 2.l keV (FWHM) at 1332 keV
was used for study of the entire energy region of 60~-3000 keV. For
investigation of the low energy reglon, a planar &”:ldi) detector with
dimensions of 0.785—cm2 x 0.5 mn was used. This detector exhibited a
resolution of 0.8 keV (FWHM) at 60 keV. All of these detectors were
fabricated at this laborétory.' For some measurements, including the
gamma-~-gamma colncidence measurements, a true coexial hO—cm3 (active
volume) Ge(Li) detector obtained commericelly was also used. This
detector has a resolution of 1.8 keV (FWHM) at 122 keV and 2.6 keV (FWHM)
at 1332 keV.

Thé detectors were used with standard high-count rate electronicsla'lh)
coupled to a successive (binary) approximation 4096-channel ahalogue-to-
digitel converter (ADC) designed at this laboratoryls). A PDP-T computer
system;6’17’18) was used as an "oﬁ-line" anelyzer for all spectral

messurements. 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 derta collected were stored on magnetic tape for later analysiis by
computer. Input rates into the detectors were normally kept at 4000~
8000 counts/sec to maintain maximum resolution.

Energy calibration of the y-ray spectrometers were made by using
a series of standard sources with refer.ence %o the energy data compiledlg)
in Appen@ix D. Relative photopeak efficiencies of the Ge(Li) detectors
vere determined with an estimated error of ti¥ over the energy range
100-2TQ0 keV using the isotopes and methodszo) described in Appendix E.

Relative efficiency calibration curves for two detectors are also shown

_in Appendix E.

B. Gamma-Gamma Coincidence Measurements
Three parameters (El, E2, At) (see section IVD2) gamna-gamms
coincidence measurements were carried out using the two coexial Ge(Li)
detectors described above coupled to the_ FDP-T multiparameter data

16’17’18). The two detectors were

acquiéition system described in refs.
at a 90° 'geometry with a graded shield of leed, cadmium, and copper
between them to minimize detector-to-detector scattering. Leading edge
timing using two 100 MHz fast discriminators end a standard start-stop
time to amplitude converter (TAC) was employed to extract timing iafor-
mation. ‘A logrithmic TAC compensation unit described by Jaklevic zt _ai.zl)
was used to correct the timing distribution for the va.riation in pulse
rise-times with energy. The width (FWHM) of the prompt time distribution
observed experimentzlly was epproximately 'ho nsec FWHM. Input rates into
the detectors were maintained at 10000-17000 counts/sec. The particular

" colncidence electronics used is discussed

N

in deteil in Appendix C.

s
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C. Internal Conversion Electron Measurements

The S5 mm~Si(Li) electron spectrometer system and methods used
for measuring the relative internal conversion electrons in the decay of
astatine are described in detail in Appendix F. This system gave a
resolution of 2.2 keV (FWHM) for the K-conversion electron line of the

20731 and permitted observation of

1063-keV transition in the decay of
well-defined electron lines at energies up to about 1500 keV. The
relative efficiency calibratior of this r_ “rometer was measured to

8% over the range of 100-1200 keV. The energy calibration of conversion
electron spectra of astatine sources was made by using the strongest
K-conversion lines as internal standards based on cur measured gemma-ray
energies and the electron binding energies of polonium22). The
preparation of electron sources is described in section IVC. The input

count-rates into the detector were maintained at 2000-TO00 counts/eec by

a combination of source strengths and source-to-detector distances.
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IV. THE ELECTRON-CAPTURE DECAY OF °*"At T0 LEVELS IN 21%po

A. Introduction

The electron-capture decay of 2104 (8.3n) to 210p, provides a
means of populating levels of 210Po. A tentative ground state spin and
parity assignment of 5+ for 210At has been made in a preliminery report

210 23)

. DBased on known experimental single-

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

of the 20931(a,3n) At reaction

to have a ground state configurations of ('rr(hg/2 sf/g)v(go 93}2)) + o+

>
and the ground state configuration of the even-even nucleus 210Po should

21°Po with spins 4, 5, and 6

2 2 0 2
be (Tr(h9/2 31/2)\)(39/2 51/2))o+. States in
should be populated directly in the electron-capture decay and states of
spin 0-3 and 7-8 can be populated through the gamma decay ot higher- -

lying levels. Direct decay of 21°At to the 210Po ground state or any

excited state with a closed 208Pb core would require the transition
ﬂ(h9/2) £, v(pl/z). Thies trensition requires a change of four
unite in the orbitel angular momentum (A% = L) whiéh is highly hindered.
Hence the population of any pure two proton shell model states of spin
4, 5, aﬁd 6 requires & similar transition since the K = 126 shell must
be fiile@ as & result of the electron-cepture decay to such states. One
~might expect to observe relatively high values of log ft to the pure two
proton states of spins 4, 5, and 6.
However, previous studieszh’25’26’27) of the electron4éap§ure

decay observed low values of log ft for the transitions to the more
energetic (> 2.9 MeV) odd parity levels vhich were inconsistent with the )

two proton model. It was pointed out25’27) thet this might be indicative

)
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_ of sdmixture from neutron excitation of the 2°8Pb core. A number of
experimental atudiesg) have now established the odd parity characteristics
of the low-lying levels in 208Pb (# 3 MeV) which srise from excitations

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

with those arising from the two proton configurations (h9/2 113/2) _ and

5
(f 210?0 should occur with the result that the electron-

7/2 i13/2).1- of
capture decay could proceed to the neutron and proton particle-hole .

(2°8Pb core) components of such states via relatively ushindered
transitions.

Previous experimentel dataZh’25’26'27) on the

electron-capture
decey was limited in several aspects and was insufficient to identify
levels involving particle-hole configurations. The lack of coincidence
measurements placed some uncertainty on the inclusion qf several levels
in the decay scheme vhich involved reasonably intense gamma-rays. Of
even greater importance no evidence for levels of spins other then 4, 5,
or 6 was obtained.

For tﬁese reasons & detailed reinvestigation of the electron-
capture decay of 21°At'has been performed. In addition to a number of
new, very wetk transitions, we have measured the multipola;ities of 36

of the stronger transitibns. The results of ﬁultipafgmeter =Y coin~

cidence measurements have been used with the recent data from direct

reaction studieszs’?g’Bo) to define twenty-three levélkvin 210?0.” The

level scheme is compared with shell model calculations25’31’32’33) using
. | . . o
- various residuel interactions. Evidence is presented for a 3~ collective

level at 2hdp keV, and more detailed information on ‘the higher-~lying
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odd-parity states has been obtained. The latter are discussed in terms
of the proton and neutron particle-~hole components giving rise to
unhindered f-decay transitions. The transition probabilities in the
gaxrma decey of the lower-lying even parity levels are compared with

thoge obtained from recent theoreticel calculetions.
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B. Previous Studies

2104 by Hoffsh) reported

The first study of the decay of
conversion-electron spectra, gamme-ray spectra, and alpha spectra.
(eloAt has a low intensity slphe branching decay of 0.18&0.02%31"35).)

Mihelich, Schardt, and Segre'Zh) published the first detailed étudy of

conversion electrons and gamme-rays emltted in the eloAt decay. Approx~

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

parity levels at about 3 MeV. In 1958 Hoff and Hollander>’) reported

on the aloAt' decay and there were some discrepancies with the earlier

work of Mihelich et g.i.zh). 0f importence to this study was an 83.5 keV
24,25,36)

transition cbserved in the conversion electron spect_fa This

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

conversion electron spectra, was not included in the decay scheme

26

reported by either group. In 1963, Schima, Funk, and Mihelich®™ ) revealed

the possibility of & higher-lying level (3680 keV) which was populated
by & relatively unhindered electrcn-copturs transition. The first
detalled study using solid-state detectors for co‘nversion'eléctroqs' and

27) . Because of

gamma-rays was reported in 1968 by Prussin and Hollander
their impi'oved resolution they were able to observe many additional veak
gemmea-ray transitibns ovei. previous studies a.nd ﬁ more complex decay .
scheme was proposed. A summary of the workl fin_ishéd. before ghi’s study‘

began is shown in the level schemeah) of fig. 5. fruuin ‘a.nd.Holla.‘nder‘

were able tc place many of the frev:l.ously" observed veu.k trmitibﬁ ;I.inl;_o
their schem~ by associating the unassigned conversion electron "li:\l_u. 1;::L

nevwly observed gamma-rays.
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Several important questions remained to be answered regarding
the possible 2loPo core states and missing states of spins 0-3 and 7-8
which should be populated 1n the gamma decay of higher-lying levels.
Also the apin assignments to the levels needed clarification. Because
of more efficient higher resolution Si(Li) and Ge(Li) detectore for high
energy conversion electrons and gemma rays, a reiziveatiga.tion was made
in an attempt to answer these questioné as well as to search for other
J_evels. arising from the two proton configurstions (h9 /2 f7 /Z)L'a.nd

(h Also to establish the 2°9At decay scheme, a reinvestigetion

9/2 f13/2):
of the 2mlu: decay was necessary since mixed sources of aloAt and 2ogA't'.

were used (see section VC).

During the course of this work the results from 20931 (a,t)aloPo

210

and 20931(3He ,d)aloPo reaction studies on the lsvels of Po were

reported28’29). These studies. gave further information on the leveis

involv:[zig the proton configurations 1r(h9 /2 L 3 )_"a.nd is diécussegi in

2°8Pb )21°Po reaction was reinves-.

210P°

detail in section E. Also the (a,2n
tigated by Bergstrom _e_j:_ al. 30,37y, other higher spin states of
were estfa‘blishedm) through these in<beam atud.:l.es‘ and are discussed later

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

The astatine semples used in this study were produced by the
2093i(a,3n)210At reaction at bombarding energies of 36.5-39 MeV in the
Berkeley 88-inch cyclotron. (See section VC for the cross-section of
this reaction.)

The bismuth metal targets were prepared by vacuum evaporation
of analytical grade bismuth metal onto 10-mil aluminum backing foils.
Target thicknesses varied from 17-65 mg/cm2 and the targets were mounted
in standard aluminum water-cooled target holders with one~inch beam
colliminators. The backing plates served as the seal and "o-ring"
contact for the water cooling of the targets during bombardment. To
minimize target overheating and possible volatilization of astatine,
beam currents were maintained at 5-12 jemps/hr. No loss of astatine was
observed with these beam currents. (However, one run at a beam intensity
of 15 pamps/hr produced a visiblevburn spot on the target.)

For separation of the astatine3§’38’39) from the target, the
bismuth was scraped from the aluminum backing with a razor blade and
placed iﬁto a quartz cruclble for heating, volatizafion end collection
of astatine on a cooled aluminum collection foil. Platinum foils were
initially used but were abandoned when found to have a higher retention
(then necessary) for the astatine. A photograph (thru a 6-inch lead
glass window) and a schematic diagram of the collection apparatus are
shown ih figs. 6 and 7 respectively. The cold-finger was maintained at
dry-ice temperature with Freon-1l circulated by a mechanicdl pump. (In

later eéxperiments, iced-water was used satisfactorily es the coolemt.)



' XBB 719-4243

Fig. 6, The astatine collection apparatus as photographed through a éix—
inch lead glass window




-62-

Mechanical pumps
. and .
fluid reservoir

\

hossm——
e

—— — — o wn pmam——

Eipflnger

[~ &, Tension spring

Collection Bottom ring

foil | ’:{_\j.\__\_’_?:é]&/ clcm-P

—— Quartz collimator
— Target

RN AR Y

Quartz
crucible

Resistance
coil heater

XBL7I7~3963

Fig. T. Schematic diagram of the astatine collection appératus_.
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The crucible and foil were held in conteact by means of two tension
springs. The crucible was heated with & resistance furnace which was
raised and lowered by means of & lab Jack. Heating of fresh targets at
320°C for approximately five minutes generally sllcwed about 1-20 mcuries
of activity to be collected.

Sources for gamma-ray enalysis were prepared by removing the
activity from the collection foil with a solution 3N in HN03 or distilled
water. For some runs a KI carrier was added. A portion of the activity
was then placed into a double sealed glass or plastic vial for counting.
Electron sources were made by evaporation of the acid solution or a
simple aqueous solution of activity onto aluminum~costed mylar (~ 1 mg/cmz)
or gold-coated mylar (~ 0.25 mg/cma) stretched on ring mounts designed
for the Si(Li) spectrometer. Electron sources were then covered with an
aluminum coating by flash evaporation of aluminum to prevent possible
volatilization of the sctivity in the electron detector vacuum system.

The estimated thickness of the aluminum layer was ~ 12 ug/cm2.




D. Experimental Results

1. Gemms-Ray Singles Spectra

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

small plastic bottles or cones to minimize gamma-~ray attenuation while
still maintaining containment of the astatine for counting. Data were
generslly collected over a 24 hour period in order to obtain sufficient
statistics. A gamma-ray singles spectrum of 210At in the energy range
of 100-2500 keV taken with the I (active volume) true coaxiel
detector is shown in fig. 8. (No higher energy gamma-ray radistions
were vbserved.) Figure 9 shows the gamma-ray spectrum in the energy
range of ~ 16-130 keV taken on the 5 mm Si(Li) detector. The presence
of the highly converted 46.6 keV E2 gamma-ray (_o.',wtal = 272) ig barely
observable above the compton background. Except for the X-rays from
electron-capture and internal conversion, no other major gamma-rays were
observable below 100 keV.

Gamma-ray energies end intensities were obtained from photopeak

hO,hl). Photo~

area analysis of all spectra with the computer code SAMPO
peak shapes were approximated with gaussians jJoined to exponential tails
by the code. Energy errors included the fitting‘errors and the error in
the calibration energies. Relative intensity errors included errors
from peak fitting and error in the relative photopeak efficlency deter-
minations. Table 3 shows the results for gemma-ray energies and inten-
sities. Below 500 keV where transition multipolarities were known or

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

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

these results.
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Table 3. Gamma-rays observed from decay of alfont.
Avsolute® Absolute b
Gamza-Ray Energy Gampa-Ray Intensity Transition Intensities
. (keV) (percent of 210, decays) (percent of 21°At decays)
16.6 (2) (3.5 (s))!
77.2° (v .25)8
83.45° . (=60 (3))
92.1° (~ 0.00)"
12,.2° : (~ .27
116.2 (1) .65 (6) 5.6 (5)
201.8 (2) .15 (2) .39 (W)
245.3 (1) 80.0 (40) "~ 99.0 (50)
250.5 (2) 2 () .39 (6)
298.8 (2) A1 (2) AT (2)
316.8 (2) .17 (1) 2k (T)
334.3 (2)° .05 (1) 07 (2)
ho2.0 (2) - .18 (2) 97 (b)
i98.9 (2) a5 ) S ar )
%06.8 (2) .69 (2) |
518.3 (2) 25 (1)
527.6 (1) . 1.15 (4)
584.0 (2) .34 (2)
602.5 (2) A2 (2)

615.3 (2) - .36 (2) ,
. (continued)
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Table 3. {continued)

Absolute®
Gamma-Ray Energy Gama-Rey Intensity
(xev) . (percent of 20)¢ aecays)

623.0 (2) 43 (2)
630.9 (2) .3 (2)
€39.4 (2) .26 (2)
643.8 (2) A6 (2)
701.0 (2) 4T (2)
721.6 (3) 10 (%)
T24.7 (2) .21 (3)
798.6 (3) .06 (2)
8171.2 (2) 1.72 (5)
852.7 (2) 1.39 (5}
869.4 (2) .13 (2)
881.1 (2) .22 (2)
909.2 (3) .09 (3)
929.9 (2) .T6 (3)
955.8 (1) | 1.8 (6)
(960.1)7 (< 0.0b)F
96k.9 (2) .16 (W)
976.5 (2) C .8 ()
10k1.6 (2) .30 (k)
1045.9 (3) .16 (3)

{continued)
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Table 3. (continued)

Avsolute®
Gemma-Ray Energy Geammg -Rey Intensity
(xev) (percent of 20, decays)

1087.2 (3) 22 (3)2
1181.4 (1) ' 200.0 (25)
1201.2 (2) .26 (2)
1205.h (2) .80 (3).
1289.0 (2) .52 (2)
132h.1 (2) ) A7 (2)
1436.7 (1) 29.2 (13)
1483.3 (1) 6.8 (20)
15k3.5 (3) .03 (1)
1552.7 (2) Coara)
1599.5 (1) " 13.5 (6)
1648.4 (2) 072 (8)
1684.6 (5) ) a26 {4)
1955.0 {2) A (2)
2001.7 {2) a1 (1)
2052:9 (3) oM (3)
2226.0 (3) 046 (3)

(continﬁld)
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Table 3. (continued)

Abgolute®
Gemma-Ray Energy Gamma -Rey Intensity
(xev) (percent of 20,, decays)

2237.9 (5) © o .018 (2)
2246.6% (5) .026 ()
2254.0 (2) _ 1.53 {5)
2266.8°% (3) .029 (5)
2212.7 (3) 35 (1)
228k.5 (3) 019 (2)
2290.0 (3) o 012 (3)
2306.2 (3) .037 (2)
2352.8 (2) b (1)
2386.8 (3) 008 (2)

*absolute intensity values wvere derived by normalizing results to the intensity
of the 1181.4 keV transition, which is known from the level scheme to be 100.0(25)%.

b!‘rmitio,n intensities (< 500 keV) were derived from measured guma-ray
intansities by corret,:‘tix':‘g for internsl conversion by using the theoretical values
of Hager and Seltzer 2,43y,

°Thue transitions vere cbtained by assignment of conversion electrons
. 2
reported by Hoff and Hollander %3

d'l'hil jatensity wvas cbtained by correcting for contridution from the single escape
pesk of the 1599.5 keV gamms-ray.

20

eAui;ned to At decay but unpleced in present level scheme.

fi'hil transition vas not observed in the singles spectrum due to the intense

compton background but was observed in the coincidence spectra of the 639.4 keV
transition. The intensity limit was extructed from the coincidence spectra.
{continued)
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Teable 3 (continued)

‘M.‘.‘sn-eut to 210“ decay is uncertain.
b’rbe intensity vas estimated from the relative electron intensities reportsd
by Boff and Holl-nderas).

"The intensity wvas estimated from an intensity balsnce of the decay schems.
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In addition to previously reported transitions, we have been
abl= toc observe fourteen new transitions of very low intensity. Our
present data are in good agreement with those reported previously with
the exception of two discrepancies worthy of note. The transition at
790.610.7 keV reported by Prussin and Holla.nder27) as belonging to the
decay of 21°At is now known to arise from the decay of 2°9At
(E = 790.2¢0.1 keV (see section V)). Secondly, our gama-ray data and
conversion electron data (see section IVD3) give inconclusive evidence
for the 125.2 keV transition originally reported by Hoff and Hollanderas).
Finelly, we note the presence of a slight systematic error in the

energles reported by Prussin and Hollander. In the range T700-1200 keV,

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

2. Gamma-Gamma Coincidence Spectra

Three parameter (El, E2, AT) gamma-ray coiuncidence data were
collected with the large volume detectors and were stored diuitally and
serially on magnetic tape. El and E2 were the energies of two coincident
events from each of the two detectors and AT the time difference between
the two events. (The gamma-ray signal from one detector (El) was used to
start the time-to-amplitude converter (TAC) and the signal from the
second detector (E2) was used to'stop the TAC. The TAC output produced
the third parameter AT proportional to the time difference between the
two events El and E2. See Appendix C for a more detailed discussion of
the multiparameter experiment.) The experiment was performed over a

thirty-hour period in which 2.9'107 events were stored.
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The tapes of data were later anaslyzed on LBL-CDC 6600 computer
system for' coincidence relations using a modified version of the code
MSORT originally written by D. F. Lebeck of LBL. The code allows the
setting of windows (or gates) on two of the three stored parameters
(E1, E2, AT) so that in a scan of the three parameter data tapes, the
third perameter can be sorted out and a coincidence spectrum cbtained.
This technique has the advantage that all coincidence events (including
random events) can be stored and the gatus set leisurely on the computer.
This removes the requirement of doing many separate colncidence exper-
iments with one set of gates &t a time, in order to achieve the same
results.

The code MSORT approximates the correction for random and compton
coincidence events in the following way. With references to fig. 10, the
random events are removed by subtracting a number of events in the random
time spectrum (d) from the total number of valid events in the time gate
(e¢) of the total recorded TAC spectrum. The net result should dbe the
correct number of time events satisfying the proper (prompt) time coin-
cidence. Similarly, the energy spectrum must be corrected for coincidences
due to compton scattered events of higher energy gamma's which fall in the
selected energy gate. This is done by subtracting a number of events
immediately above the photopeak of the set energy gate (b) from the total
number of events in the energy gate (a). The result should be only the
coincident photopeak energy events. 1In both subtractions for the random
and compton coincident events, the width of the gates (number of channels)
was such that a = bb and ¢ = d. This method of sorting multiparameter

coincidence tepes was also discussed by Bernthalla).
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Fig. 10. Schematic diagram of coincidence gates (or windows) set for the
Y=Y coincidence computer sorting of the deta tapes. The upper figure
represents gates set on the gamma-ray spectra to correct for compton
eveﬁts and the lower figure those for the TAC spectrum to correct for

random coincidence events.
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A sort of the da.fs tapes was first made to esteblish the gross

spectra for each of the ‘l;hree parameters (El, E2, AT) stored on the
tapes. This was done by leaving “wo of three gates open and scenning
the tapes for all events of the third parameterl. The results were
three spectra conteining the total number of events stored oa the tapes
for each parameter. The spectra of fig. 11 and fig. 12 repregsent the
gross coincidence "singles" gamma spectra (El and E2) s/tored on the tapes
with the only requirement that gemme pairs must have occured within the
time range of the TAC in order to have been recorded and hence appear
in figs, 11 and 12. Figure 13 shows the gross total time distribution
(40 nsec FWHM) for all coincidences recorded. Ideally if only prompt
and random energy events were stored, fig. 13 would be a gaussian
(prompt) superimposed on a flat background of random coincidences. The
deviation from this 1is due primarily to the delayed states populated in
the 21°At decey. The plot is semilogrithmic so that the slope of the
timing tail, if the random background-and prompt gaussian components vere
subtracted, is a measure of the haif~life of the states populated. ‘
Another effect which causes deviations from the gaussian shape is due to
the leading edge timing. This effect and the compensation unit employed
to minimize the tailing effect has been discussed in detail by Jaklevic
et £.21).

. In order to sort the coincidence events, energy gates (E2) and.
the compton background subtraction gates were set on the spectrum of

fig. 12. Simultaneously, the TAC speétrum of fig. 13 had gates set fo"r.

the prowpt and random events as shown in fig. 13:- The enérgy gates (E2)
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Fig. 13. "Gross" time distribution for the 2loAt Y~Y coincidence data.

The 45 nsec gates were used to obtain the coincidence events shown in
figs. 1h-3b.
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used in fig. 12 are shown in Table 4. A scan of the tapes with these
gates ylelded prompt coincidence spectra (El) from fig. 11. The results
of these prompt sorts are shown in figs. 14-31 and are portions from the
spectrum of fig. 11 satisfying the two set gates (E2 mnd At). Several
delayed coincidence sorts were tried and a sampling of those sorts is
displeyed in figs. 32-34., These results are discussed in connection with

the construction of the 210At decay scheme in section E.
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Table 4. Peak and compton background gates used. With refarence to the gaxma-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 sre shown in figs. 14-3k.

Energy Peak gate background gate
keV channels channels
6.2 169 175 190 196

~ 125 183 189 190 196
201.8 279 206 287 293
2hs5.3 330 3k2 3% 36
250.5 343 38 349 354
296.8 o6 12 ns
316.8 k27 i35 n0 468
33%.3 ' bsi  bs9 M60  h6B
%02.0 sk2  S5k9 550 557
498.8 671 679 719 7121
506.8 6o 688 e 127
518.3 696 Tok 79 7121
527.6 . 709 717 ny 121
584.0 ' 85 9L 93 199
602.5 09 816 87Tk 8&1
615.3 826 834 874 882
623.0 837 Ak 8Tk 881
630.9 847 854 8th  8&1
639.% 857 B§h 8t 8k
6k3.8 865 872 87% ;1

{continued)
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Table & (continued)

Energy Peak gate ’ beckground gate
keV channels channels
T01.0 9kl 9u8 950 957
T21.6 968 973 981 986
7247  om 9w ‘ 981 986

817.1 1096 110k 106 1k

- 8s2.7 1k 1§ 153 1162
869.3 165 1N n7e 1718
881.1 1182 1190 ’ 1192 1200
909.2 1218 1225 1226 1233
©29.9 1245 225 - 1255 1264
955.8 1280 1288 1289 1297
96u.9 1302 1305 1306 1309
976.5 1309 15 16 1322
1051.6 1395 1kol : 1409 1S
1045.9 102 1408 09 15
< 1087.2 . 152 1ks8 1468  24TH
> 1087.2 : 159 1465 168 1h7h
0na.k 1579 1590 1591 1602
1201.5 1605 1612 1621 1628
1205.h 1613 1620 1613 1620
1269.0 723 113 1732 1ThO
132k.1 1769 1719 1780 1790

{continued)
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Teble » (contimued)

Energy Peak gate B background gate
keV channels channels
LY S 1919 1928 1933 19h2
1483.3 ' 978 1992 1993 2007
15h3.5 ‘2072 2082 . 2106 2116
1552.7 2083 2093 2106 216
© 1599.5 210 aks ke 263
16484 299 2206 2207 2214
195k.9 60 2612 . 2613 2626
2238.9 ' 2956 2965 3003 3012
2246.6 2970 2979 003 3012
225%.0 2092 3001 3003 3012
- 2272.7 . 3016 3026 3050 3060

2352.8 118 aa A6 S0
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We show in pages 84-104 the complete set of Y~y coincidence
spectra (fige. 14-34) from the decay of 2205+, Due to incomplete back-
ground subtractions, the more intense high energy transitions of 1L43€.7,
1483.3, and 1599.5 keV sometimes cccur where they would not if the sub-
traction were complete. This is also due in part to the low background
in the 1500 keV region so that 10-30 counts has the appearance of a
real photopeak. These peaks are appropriately marked in the figures.

The reader may continue at page 105 without a loss of content.
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(top), E = 861.1 keV (middle) and E_ = $03.2 keV (bottom).
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3. Internal Conversion Electron Spectra
Internal conversion electron spectra taken with the 5-mm Si(Li)

detector are shown in figs. 35 and 36. Figure 35 shows an electron spectrum
in the energy region of 16-350 keV. The conversion eleciron spectrum in
the energy region of 60-1600 keV are shown in fig. 36. The peak areas

40,41 ). Ve have used these

were determined with the computer code SAMPO
data along ﬁth the gamma-ray intensities reported here to determine K,
L, and M conversion coefficients relative to the K-conversion coefficient
for the 1181 kev (2% + o%) ground-state transition (pure E2) and these
are given in Table 5 along with multipolarity assignments deduced by
comparison with the theoretical values of Hager and Seltzerhz’“)- (This
method of obtaining relative conversion coefficients is referred to as the
normalized peak-to~gemms peek (NPG) method and is explained in detail in
Appendix F.) The K-conversion coefficients are also shown in fig. 37
with the theoreticsl curves constructed from the data of ref. 1'2). A
number of the results are worthy of some comment in the light of
previously reported data.

125-keV transition: As mentioned in eection IVD2, no gama-~ray
at this energy has been observed and thé present date can 61:1;' limit the
intensity of such a transition to IY < 0.32. This limit is four times
greater than the limit set by Prussin and Holla.nder27). Our limit is
greater because of the leck of compton suppressed data, However, we
can not rule out the existence of this transition beceuse our conversion

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

is poor compared to that inherent in the magnetic spectrographic results
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Table 5. Zxperimental and theorstical intsrnal conversion coeffieients: 2%,
Transition Energy Expariaental® conversion Theoreticel® conversion coeffictent h:::“‘“ .
eV costricient (1073) .

=(103)  e(107%) 0”3

46.6 (cl.l + |:|,n2)/ql'3 = 1010{80) 1980 1060 132800 -
116.2 a, = 122¢ (1k0) Sok 2580 1100 0
201.8 a = 1240 (120) 65.3 165 1290

a = 220 (22) 1.9 =31 227 n
ay = 50 (10) 2.8 58.2 53.5
245.3 ag = 120 (13) 0 " 07 ™
= 102 (18) 7.28 98.6 i =
(opy + o Moy, = 2320(2k0) 6600 . 2500 160000
| 250.5 ay ® 700 (240) » 12 708 o
98,8 a = kko (bh) 26 68.2 A% "
o, = 82 (9) k.S a0 7.1
6.8 o = 3k (65) 2.7 5.8 m i (+n2)
o, = 62 (8) 3.5 %.4 6.8

(continmed)
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Table 5 (contirued)

Transition Energy

kpo'runme conversion

'nuomieu“ conversion coefficient

Assigued

-3 Maltipolerity
keV cosfficient (107°) .
103 003 w@od)
402,60 o = 22 (15) 13.% 35.k 195
a, = 9.6 (20) 0.0527 0.%95 197
ko8.9 o, = 110 (10) 8.52 22.% 109 n
506.8 o = 9.2 (1.2) 8.25 2a.7 105 n
518.3 a = 207 (12) 7.88 20.7 99.0 m
527.6 - 8.3 (8) 7.60 20.0 oh.b n
58".0' o = 7.0 (11} 6.20 16.3 72.3 n
602.5 o = 80 (12} 5.83 5.3 6.6 n
615.3 o =59 (s) 5.59 1h.7 63.0 mn
623.0 o = 6.4 (11) 5.k6 15.3 61.0 n

(continued)

-601-
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Table 5 (continued)

Transition Buersy  Experimentar’ couv:l;uon Theoretical® conversion coefficleat m‘l‘::;g"l::i &
keV ooeffioient (10°°)
8003 (0™ 1(1073)
6.9 o = 57 (s) 5.32 1.0 59.1 u
o = 32.5 (26) 0.903 h.10 10.8
6%.4 o = 12.5 an 5.19 13.6 57.0 =
643.8 o = 4.7 (8) 5.12 13.5 56.0 " m
01,0 o = 39 (W)  ha3g 1.4 §h.9 |
ni+ 22 B
q = 6.5 (1) 0.694 2.87 7.69 =2 5
Tk.7T o = ko (¢ }) b.08 10.7 M.z M
8071.2 a = 30 (2) 3.26 8.52 0.2 .
o = 5.5 (5) 0,514 1.93 5.13
852.7 a = 24 (2) 3.0 7.81 27.0 R
8.4 fa, <27 (81)° 29 759 - 25T a2’
.1 a = 18.% (25) 2.8% T, 2s.8 RS~

~ (continued)



Table 5 (continued)

Transition Energy E!pu‘i.llntuc convtglion Theoretical® conversicn coefficient m,;;:;g;i:i ty
keV coefficient (10 °)
£1(1073)  E2(1073) M1(103)
909.2 (q < 23)° 2.68 6.98 22.9 (B2 1)°
929.9 a = 20 (2) 2.57 6.69 21.6 1
o = k.1 (5) 0.4%03 1. 3.68
955.8 a =19 (2) .45 6.36 20.1 "
o = 3.3 () 0.383 i.32 3.k2
976.5 o =19 {2) 2.36 6.11 19.1 M
11684 a = k.31 (03¢ 1.69 ¥.3 1.7 pure E2
a = 0.80 (7) 0.26 0.821 1,08 E2
1202.2 (5 < 12.5) 1.6k k.19 1.2 (e2)°
1205.4 (o < 2.5) 1.62 %.16 1.1 (B1 + < 15§ m2)P
1 .0 E3 or
i (EJ. + < 328 ue)
q = 0.18 (2) 0.18% 0,542 1,20

(continued)



Table 5 (continued)

Transition Energy Experimentulc conversion Theoretical® conversion coefficient nuiii;ﬁ::uy
keV coefficient (1072)
£1(2073)  Eel1073) M1(1073)
1483.3 o = 1.06 (10) ' 1.1 2,86 6.56 -
o = 0.17 (2) 0.174 0.508 1.10
b
1552.7 {E1 + < 21% ¥2)
1599.5° a = 0.93 (10) 1.01 2,50 5.4 El

a"’heoretical values were obtained by computer interpolation ) ﬁ'om the tables of
Hager and Seltzerh B

bOnly a limit couuld be set on the converslon electron intensity, as discussed in text, so that the asaigneq.

multipolarity is tentative,

hrAN A

“These (relative) conversion coefficients were meagurad relative to the 1181.4 keV (2+ -+ 0’) transition which
vas assumed to be a pure E2 transition. (See Appendix F for a detalled discussion of the method.)
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of Hoff and Hollander25), our observation of a week y~ray transition at

201.8+0.2 keV suggests that at least one of the L-conversion lines

reported by these authors should be assigned as the K-conversion line of

the new transition. Assuming this, the measured falue of GL for the

271.8 keV transition ia also consistent with the multipolarity assign-

ment of.Ml obtained from the K-conversion coeffigient of thils transition.
83.4-keV transition: Hoff and Hollanderes) reported the existence

of weak conversion lines from 210At decay which could be assigned to a

transition at this energy having E2 multipolarity. Because of low
intensity and poor resoiution this trensition was not observed in our
measurements or in the previous study by Prussin and Hollender27).
However, in the recent in-beam studies by Bergstrdm, Fant, and
Wilkstr5m37), an 83.7-keV transition hés been identified as the transition
between the 8' and 6% members of the (‘h9/2)2 ground state band in 20p,,
These deta.place the location of the 8+ level at about 1557 keV. Recent
2°9Bi(a,t) studies by Tickle and Bardwick (TB)28) end.Lanfordag) also
place a level at this energy (+5 keV). With our present d&ta, we have
obtained'evidencé for weak population of this level following decay of

210

At end it is then reasonable to associlate the .transition reported by

‘Hoff end Hollander with the decay of this level.
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B. 210At Decay Scheme

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

level scheme in the next pections, a brief description of the expected

levels and configurations is given. For 210Po we will first assume that

there is no residual interaction between the two protons outside the

208Pb core in order to meke some zero-order energy estimates of the

expected level structure. A schematic representation of the 210Po

ground state and neighboring experimentalg) single-particle states is
given in fig. 38. 4 0+ ground stata would be expected as 1s observed for
all even-even nuclel (because of the large pairing energy of 0" states)
with thé configuration (w(hg/z)z.v(pl/2)2)0+. Tak?ng the three lowest
configurations for the 83rd proton from 20931 experimental data, one can
egstimate tﬁe energies of a number of excited states of different spin tér

210Po. If there were no residual interaction between the 83rd and 84th

protons of 210Po, each 210Po configuration would have an energy Jjust

209

equal to the sum of the energies of the two Bi levels from which it

arises. We have listed in Table 2 of section IIB‘the six possible ‘
degenerate zloPo configurations obtaiﬁed for a three orbital shell model
estimate with their spins, parities and (zero-order) energies uncorrected
for the proton-proton interaction. These resulﬁs predicted_degenefate_
levels at 0, 897, 1609, 1794, 2506 and 3218 keV. Benauée of the residual
interaction, however, some of these configurations will be depresgea in :
energy while others will femain‘unshifted.>

In addition to theée fwo-protbn statés as descriﬁed above, excited !

210 208

states will occﬁr in Po due to excitation of the FPb core. The first
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three levels of 2°0Pb are at 2614 keV (37), 3198 keV (57) and 3475 (L7).
The 3~ level is a collective state due to many protons and neutrons and
the 5~ and 4~ levels are primarily due to neutron excitations from
breaking the N = 126 shell to produce two states of the configuration

1 -1 P
\)(39/2 pl/2)h‘,5" Consideration (from the schematic diagram of fig. 38)
of the single-particle orbitals in this region estimates the 4~ and 5
neutron levels as degenerate at an energy of approximately 2803 keV

‘ 2 o .

(plus the energy to break a pair of (pl/2) neutrons). More complex

208

excitations of Pb are knowng.) to occur in the energy range < U4 MeV.

These excitations should produce states which appear in the 210Po level
structiure but we will not consider them-further.in.this
treatment.

In summary our cru&e celeulations predict a band of even-p;rity
states of the configuration ﬁ(hglé)2 which start with the groupd'gtaté
end have spins 0, 2, 4, 6, 8. Next a series of even parity stateé gf
the configuration v(h9/2 f7/2) which should be appgoximitely 900 keV

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

9/2 N
core stete. Finally & series of odd~parity states due to the
-ﬂ(h9l2 113/2)4configurafions and- neutron core E#ates are prédicted at
approximately 3 MeV. At higher excitation two proton states and
additional core excitations might be expected.
2. The Level Scheme

For +the construction of the new level scheme shown in fig. 39,

Y-Y coincidence measurements and, in the case of the weaker tranéitions,'

sum-difference relationships when supported by recent reaction
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studie528’29’3o) have been used. Twenty-two excited states are propdsed

as populated in the electron-capture decay and succeeding gamme decay.
These data permit the identification of eight new levels over the

27). The levels shown in fig. 39

previous study by Prussin and Hollander
with broken lines are relatively uncertain and should be taken as only
tentatively identified in this work. Spin and paiity asslgnments are
based upon previously reported data, our new conversion electron measure-

28,29,30)'

ments, and the results of recent reaction studies Figure 40

shows the results obtained in the reaction studies plus the composite
210Po level structure deduced by & comperison of the levels observed in
the electron~-capture decay and those populeted in the reaction studies.
For convenience, the levels will be discussed in related groups
which correspond to levels ariéing from dominant configurations'based on
predictions of shell model calculation525’3l’32) and our previous disg-
cussion on the expected level structure. _‘
a. Even Parity Levels in the Energy Range 0-1556 keV

These levels are belleved to have the dominant configuration
)2,
9/2’ _+°
J . + + .+
1. 1181.h4, 1426.7, and 1473.3 keV Levels = 2 .4 .6

m(h

The previousl& measured E2 multipolarities for the 1181.k, 245.3
and 46.6 keV transitionsah’25’26’27). the angular distribution measure-
mentshh) and the new reaction studies (shown in fig. 40) have established
the spin and parity aséignmenfs for the 1181.4, 1426.7, and 1473.L keV
levels at 2+, h+, ahd-Bf, respectively. Our internal conversion

coefficients (Tableis) support these previous assignments.
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210

electron-capture decay of At.

level at 3727.2 (in composite level disgram) should read (5)” not (57).)

(Note that the spin and parity of the

(
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2. 1556.8 keV Level - 8

The energy of this level was first inferred by Yamezaki and

45,46

Bwan ) and has been established in the 2°9Bi{a,t), 299Bi( He,d)

and 2851 (0,2n) reaction studies (fig. 40) of Tickle and Bardwick {TB

30)_

)28y,

Lanfordzg) and Bergstrom et al. The oreliminary report by Bergstrdm
SE.El~3O) 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 transition due to the intense Auger electron lines in the
conversion electron spectrum, the high resolution magnetic spectrographic
results of Hoff and Hollanderzs) clearly indicated the presence of such
a line of E2 mﬁltipolarity in the decay of 210At. By assigning this
trangition as the 8+ -+ 6+, we have been able to observe the wesk feeding
of the 8" level from the 8% and 7" levels at 2187.7 and 2338.3 kev,
regpectively. Our coincidence data on the 530.§, 250.5, and 1289.( keV
cascade and energy sum data are consistent with the population of this
level.

All levels of the m(h configurations are believed identified

972
as described sbove. The 4, 6% and 8% levels have measureble half-lives
in the nanosecond range‘(due to the low energy ﬁe transitions37fhh’hs’hG’hT)f
The half-life of the 6+ level was remeasured by a delsyed coincidence
measurement of the 1k36.7-245.3 keV gemma-ray cescade as L0#6 nsec in

hh). ‘Shown in

agreement with the velue 38¢5 nsec reported by Fﬁnk ot al.
fig.'hl (with the_appropriaté random background subtractions performedf

‘ are the time (TAC) spectré for the 1436.7=245.3 kev (delayed) ana
1483,3-245.3 keV (prompt) gamme-ray cescades obtained from our three
perameter coincidence data in sectlon IvD2. The shape of the 1483. 3-2&5 3.

keV cascade time spectfum was
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height circuitry were supplied by the 245.3 keV photopeak and start
pulses by the 1436.7 and 1483.3 keV photopeaks.
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ugsed for the prompt con;ponent shape aubtracfced for the 1h36;3-2h5.3 keV
cascade time spectrum to extraci the haif—life_ of the 6 level as L0t6
nsec. The half-life of the 8% level could not be measured by this
technique because the population in the electron-capture decay was too:
weak (~ 0.6% of the decays). However, it has been measured as 110:10

nsec by in-beam tecliniques37 'w).

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

These levels are believer have the dominant configurgtion
mlbgsa T172) 4
1. 2382.4 end 2L03.2 keV Levels - §'+,h+

These levels were established by Prussin and HollaﬁderaT) and we
have been able to observe several new wéa.k transitions invblvih'g these
levels. The spin and parity of the 5" level at 2382.4 keV is es:t;abli:shed“
in our work through the 527.6 keV El transition from the 5~ -ievgi:'bat -

2910.0 keV and by the 1201.2 (ML + E2) and 955.8 keV (m) transit:.ona

which connect this level to the 2° snd 4" levels at 1181.4 a.nd 1h26 7 kc'

This assigonment is consistent with the results of the reaetion stxi’dies g

shown in fig. 40. The spin end parity of the 5 level &t 2‘403 23‘?‘"eV is

established by the 976.5 and 929 9 keV Ml tra.nsit:.ona to 't e 4

with the reaction studies. '

2. 2326, 9 xuV Level - 6

The d.ata. obtained in ref’ ely

' etther 2278 or 2325 KeV. which &



http://ll8l.lt

-12h-

the 245.3 and 1181.l4 keV transitions. This result along with the
apparent absence of a transition at 125.2 keV (Section IVD3) indicates the
existence of a level at 2326.0 keV. '

A level at this energy has also been observed in the reaction
studies (fig. 40), and a spin and parity 6% 15 indicated from these
data. The measured Ml multipolarity of the 852.7 keV and the El multi-
polarity of the 584.0 keV transition from the 5 level at 2910,0 keV are
consistent with the 6 assignment. The 584.0 and 852.7 keV transitions
are also in prompt coineidence.

We note here, evidence for the exiatence'of a transition of
77.2 keV which connects the 5 level at 2403.2 keV to the 6" level at
2326.0 keV. By re-examination cf the original 210At magnetlic conversion
electron spectrographic plate taken by Hoff and Hbllanderas) in the Auger
region, it was noted that the 60.2 keV (K - LIiLII) line seemed too intense
by a factor of about ;.7 compared to the same Auger line in the spectrum
of QllAm. No other electron lines were obaerved which éould be
assoclated with this ;ine indicating that this line might correspond to
an L1 conversion line of a weak 77.2 keV ML tramsition. (In section J

we discuss how these lower erergy 'n'(hg/2 f7/2)J+‘+ ﬂ(h9/2>f7/2)J+

trgnsitions might favorsbly compete.) z

3. 2187.7 and 2438.3 keV Levels - 8%,7
The levels at 2187.7 and 2438.3 keV have been observed in reaction
28,29,30

studies” ) and spin and parity agsiguments of g* and 77 have been
made, respectively. These assignmgnts'are consistent with 6ur‘meaqured

-.. ML mmitipolarities for the 630.9, 881.1, 250.5 keV transitions involﬁing

1
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these levels. Since these levels are only populated weekiy through .
radioact'ive decay, our data remain insufficient to‘clee.rly define the
"spins, but are consistent with the 8* ena 7+ assignments from resction

studies.
We again note a possible transition of 12!.2.3‘ keV from the 7+

level 2438.3 keV to the 6* level at 2326.0 keV. Hoff and Hollander>>)
reported an unassigned e'lectron line at 85.27 keV which might be the Ll
conversion line of such an ML tr@ﬂition.
4. 2290.0 Tentative Level-(2")

‘This level is tenta.tivelyl defined on the basis of the fa,t)
studiesaa’ag) which suggest a level with & spin end parity of 1% or 2"

in this region (2285 + 5 ke¥) and by our 2290.0 keV ‘brl.naitidn- to the

210

ground state of Po and by decay of the ¥* 1evel at 2382 4 keV. The

latter transition (92.0 keV) was tdentiffed by Hoff and Ho11anaer®>) s
a probable E2 tra.nsitioh. If our identificatlon is correct and -

corresponds to ‘the same level o‘bserved in the rea.et:lon studiesge »29y ) t

spin of 2 (or 3) seems most likely for this lc_evel. The (2 )+ 2

transition to the 1181.lL keV level was too weak to’ be observed in ur

spectra 8o that this must remain 3 tentative 1eve1. '

c. Odd Parity Level. at 386 8 ke .
The odd parity of this level was eata‘blished from the 639 4 ke :

E2 transition from the 57 level at. 3026 2 keV. Figure h2 a

of the gamma-ray spectrum in the 6140 keV region with the corr vpo ir

AK—converaion electron spectra. A qualitat:we inspection of fig. h2‘

supports the assignments of the-615q3‘and 630.9 keV (aa,Ml) and the;623
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and 643.8 keV (as El) transitions; each pair being of the same multi-
polarity, but different from ‘each other. The reletive lncrease of the
639.4 keV K-conversion electrons relative to the 623.0 and 643.8 keV E1
transitions support the 639.4 keV E2 assignment. The L-conversion line
of the 569.6 keV transition in 207y, is slso present in Fig, L2. This
state was populated from the alpha decay of 2J']'Po' and/or the electron
capture-decay of 20731. Botix isotopes are produced fx_‘om the decay of
Llag present in the 210st sources. The 569.6' keV transition (EllPo
alpha decay) was also observed in the gaima.-_ray spectra (e.g. see fig. 8).

The 639. I keV E2 trensition from the 57 level at 3026 h keV
limits the spin and parity of the 2386 8 keV 1evel to the ra.nge of
(3-7)", but the 2386.8 keV transition to the oF ground sta.te f‘urther ‘
limits the asmgnment to (3,4)". The 1205.4 keV gema.-rl.y which is in
coincidence with the 639.2 keV trans:l.tion to the 2* 1eve1 a.t 1181 b keV,
can only be limited to E1 (+ < 15% MD\ ~u which +he assignment 3 ia '
favored. '

The 1205. i keV K-conversion electrons were xiot' dete'cta.bie-ﬁboire _' .; :
background in our electron spectrum of fig. 36 so that a limit had to be
gset on the maximum obgervable intenaity above background. '.'L'he limit wa,s |
set by using the 1181.4 keV K-line as the sta.nda.rd line shape for
various electron peak areas expected as detectable i‘or the 1205 h[kev

trensition. Consideration of the energy region where the K—conversion- ’

electreon peak aceurs allowed 8 couaervn.ti'v'e limit of 1000 counts e'bove N

background for the ma.ximm non-obaewe‘ble pea.k to ‘be let. The

M2 adnixtu.re from such a.n intensity is 15’ lo tha.t the 1205 L. keV =
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transition was limited as E1 (+ < 15% M2). This 1limit 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 levels are believed to have the dominant configurations

-1
ﬂ(h9/2 113/2)J_ and v(59/2 p1/2)5-'
1. 2910.0 and 3026.2 keV Levelg~5_

The parity of these levels has been established as odd in
previouﬁ stua1e52§’25’25’27) and the spin assignment of 5 to the 2910.0
keV level is also well established. The spin of the 3026,2 keV level
has been established a 5 by determination of the muitipolarity of the
1552.7 keV transition (to the 6 level at 1473.3 keV) as EL + (< 20% M2).
The 1599.5 keV EL transition to the 4” level at 1426.7 keV then establishes
this level as 5 .

Shown in fig. 43 is a portion of the convergion electron épectrum
in the eneréy reéion of the 1552,7 keV K-coﬁversiod lines. The proposed
peak shapes (dotted lines) for the 1552.7 keV tramnsition in fig. 43 have
been calculated for transitions of elther 100% M2 or 160’ El. Because
of the relatively low bankground {~ 520 counts), & limit of 300 counts
- was set for the maximum unobservable electron 1qtensity above background
vhich limit the maximm M2 admixture as 20§ for the 1552.5 keV transition.

The 5  spin assignment for the 3026.2 keV level had been |
suggested by Schima 53_5;,26) from angular distribution neasurementé on
the 1599.5-éh5.3 keV gemme-ray cascade. Prussin anﬁ Hollanaer27)_favpred

a (4)” 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 theoreticel intensities for pure M2 and El transitions.
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branching retio I as compared to the ratio Ilh83/Ilh36 for the

1599/ T1552
analogous decey of the 5  level at 2910.0 keV. That this argument was
week can now be realized since the forbidden El transitlons from these
two levels must take place thru small admixtures in the wavefunctions.
Any slight variations in the amplitudes that make up the initiel and
final states can seriously effect the gamma~ray branching ratios. Two
possible mechanisms that could allow the gamma-ray trensitions to take
place ccould be for example small emplitudes of ﬂ(h9/2 h11/2)3+ in final

states or m(h in the initial states. The allowed El

9/2 t11/2] .
transitions could then take place through the components

B EL 2
9/2 i13/2)J_ > mlhg, h11/2)J+ 9/2 i11'/2)J.. > whg,) 7+

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

m(h or m(h

believed to arise from two dominant configura.tions_‘rr(hgl.2 113/2)5_ end
vigg/o p1/2-1)5.' ) .

The remaining levels in this group are tentatively identified
through weak gamma-rhy transitions observed in our work and we have
combined these data with the preliminary resulte from recent reacfion
studies to arrive at suggested spin and parity assignménts. Due to small
level spacings and poor statistics, substantial differences exist between
the conclusions drawn by (TB)ZB) and Lanforde9). .In the decay scheme of
fig. 39 we have therefore indicated the most reasonsble spin and parity
assignments based upon avallable data and have given in fig. 40 e |
summary of all data availeble on the levels of the w(h9/2 i13/2)

multiplet.
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2. 3075.1 keV Level-(4™)

The level shown at 3075.1 keV may be identiﬂed with that
observed in the resction studiea which have been assigned a spin and
parity of 4. (We have only observed & single gemms~ray transition
defining this level.)

3. 24,7 keV Level-(6)"

This level is established from the fact that the 602,5 and 721.6
kaV transitions are in coinecldence. The level at 31éh.7 keV has been
seen by both 7828 ) and Lanford®) but was not identified in the (a,2n)
studieﬁ of Bergstrdm et al, .31), Our gamma-rey date establish the parity
as odd. and limit the likely spin assignment to ‘the range 4, 5, 6. With
the assumption that this level is due primarily to the two proton

configuration m(h ), we tentatively identify this level with the

9r2 t13/2
6 level defined by Lanford. Although the origine.l analysis ty TB 8) vas
in conflict with this conelusion, a reana.lysish ) of the data taking into
account fragmentation over twe 5" atates at 2910 0 and 3026 2 keV
resulted in agreement with Lanfordzg)

The assumption that this level :I.a due to the h9 /e 13 /o con-
figuration seems reasonable through the following arguments. First the
only likely core excitation leading to leveis in this energy raﬁge _is_ the
neutron‘ configuration v(gg o p;}z). Sec.oridly'aé' discussed in section I

210, 210

electron-cepture in At proceedihg to core~excitation in Po should

occur With much higher probabilities than vth'ose to levels of the simple
two proton configuration of the 83rd and 8ith protons of 2105, {Note’
here the low values of log ft for trensitions to the 5~ ievels in thia .

region. }
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4, 3016.8 keV Tentative Level-(7 ,8")

We have tentatively included a level at 3016.8 keV in agreement

29). The

with the results of the reaction studies of TBEB) and Lanford
level is defined by only a single gamma~ray transition to the 6" level
at 1473.3 keV and thus its spin is probably limited to the range L-8.
We favor a likely assignment of 7 , 8™ to this level,
5. 3111.L keV Tentative Level-(3)~

The remaining level in this region was established from weék
coincidence data on the 316.8-T24.7~1205.4 keV gamme~ray cascade
(section IVD2). The level at 3111l.k4 keV was unresolved in the reaction
studies and its decay to the 3~ level at 2386.8 keV‘by an ML transition
defines the parity as odd and limits spin to the fange 2-4b, The wesk
population of this level in Bw-decay rules out its assignment as the N
member of the neutron excitation 0(39/2 PI}2)' The M1 decay to this
level from the (4)” level at 3482.2 keV then suggests a tentative spin
and perity assignment of (3) . Finally if this is the 3~ state of the

w(h ) configuration, the possibility exists that this state may

s/2 Y1372
contain a small collective 3~ component from the 2386.8 keV state (section G).

In summary, levels in this energy region (2806-3400 keV) are

expected to arise predominantly from the two proton configuration

1r(!19/2 113/2)J_ and evidence from this study and previous studieszs’QT)

have also established the importance of contributions fram excited states

08

of the 2 Pb core. 1In particular, the lowest energy core excitation is

the neutron configuration u(80/2 pI}z) (in anslogy with 2OBPb) at
b "5 »
approximately 3200 keV. The corresponding 4~ core configuration should
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occur several hundred keV higher in energy and is consistent with our
observation of two 5  and one (4) states in this energy region. Of the
9/2 113/2)J_ configurations, only the 2 member remains unassigned
since the levels of the multiplet with spins 8, 9, 10, and 11 have been

m(h

identifled from reaction studiezs. We heve included these In the composite
level scheme shown in fig. 40. The location of the levels with spins

10 and 11 at energiles of 3183 and 2849 keV seem well defined. However,
the definite assignment of spins 8 and 9 teo the levels mt 3138 and 3009
keV respectively is open to question as reaction data are in conflict
here. Both Bardwick and Tickleea) and Lenford®’) have argued for an
unresolved doublet at about 2845 keV composed of the 11 and (possibly)

2" members of this multiplet. With our tentative asaignment of the

(3)" member at 3111.% keV, it would appear that the 2~ member might
belong in the quartet of atates in the energy range 3000~3030 keV. While
reactiqon studies require a greater strength at 2845 keV than can be .
accounted for by the 11~ level mlone, this msy reflect a relatively
weaker strength for the lower spiﬁ members of the mﬁltiplet due to
configuration mixing with the ﬂ(f7/2 13/2) states, The chlculations
of Kim and Rasmusaen ) locate the levels of the 'rr(f.r/2 13/2) proton
multiplet at about 600-1000 keV above the co?responding n(hg/e 113/2)
multily ... CJouligwation mixing L. .ceu these tﬁo configurations would
leave the 27 ané 11 members of the w(h9/2 13/2) maltiplet pure and give
them an apparent greater intensity in the (a ,t) or ’3He d) studies

relative to the remaining levels of the ﬂ(h9/2 .13/2) Coniiguratiop. . ﬁ;?f:
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e. Levels in the Energy Renge 3428-3780 keV
These levels are all populated rather strongly in the decay of
210At (log ft = 5.1 - 7.1) which may indicate large core components due

208

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

states in this region). Two proton states due to 1T(f7/2 il3/2)

J
configurations should also occur in this reglon but should not be

populated directly in the electron-capture decay except thru core
configuraetion admixtures. One might speculate that the gtates populated
in the decay may be of spins 4, 5, and 6. Of the core excitations, the
lixely proton particle-hole states in this region would be of spins k
aod 5 end due to the 1T(h9/2 55}2) configurations, in addition to neutron
excitations.

1. Level at 3428.2 keV - (L)~

The spin of this level is limited to (X4, 5)— by observation of
the 518.3 and 402.0 keV M1 transitioﬁs to the 5~ levels at 2010.0 end
3026.2 keV and by the gamme decay to the 2 level at 1181.4 keV. The
probsble 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
ke¥. As long as the latter level is limited té a spin of 2 or 3, the
pressnce of any Ml componrent in the 316.8 keV transition requires both
that the spin of the 3111.4 keV level be 3 and the spin of the 3L28.2
keV level be k.

2. Level at 3727.2 keV - (5)°

The spin and parity of this level is defined as (5)" by the

meagured Ml transitions to the levels of spin 4, 5, and 6.
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3. Level at 3525.2 keV-(5,6)"

This spin and parity assigrment to this level can beliimited to_ B
(5,6)" 1f the 1087.2 keV transition to the 7% level is placed correctly.
We were a.bié to set a (crude) limit for the miltipolarity of the 1087.2
keV trensition as (EL + < 50% M2) or (E3 + < 34% M2) which is not ” ’

inconsistent with a (5,6)" assignment.

V. Levels at 3699.b, 3711.5, and 3779.5 keV-(h",57,67) ana (u¥,5%,6%) |

These remaining levels can probably be-iimited to spins of

b

(4,5,6) and odd parity although we have no date to rule cut even parity

for the levels at 3695.4 and 3711.5 keV.
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F. Shell Model Comparison of Level Structure

1. Introduction
Using known experimental single-particle energies for the odd

proton in 209

Bi and a delta functibn singlet forqe to represent the
residual proton-proton interactionhg’so), Hoff and Hollender (ref. x)25)
calculated the two-proton level structure shown in fig. 44, (The
proton-proton coulomb interaction was also included in these calculations.)
In 1959 Newby and Konopinski (ref. y)Bl) performed a much more
detailed calculation on.the 210?0 level structure but did not include
contributions of neutron orbitals or collective excitations from the
208Pb-core. They used a gaussian singlet-even potential (HSE) with no
spin-orbit term (see section IIB). They reported the level spectra shown

in fig. 44 and configuration-mixed wavefunctions for the even-parity

states of spin 0, 2, 4, and 6.

208,

Kim and Rasmussen (ref. z)32),made another detailed (inert Pb

21°Po_with a central force and no spin-orbit

core) calculation for
coupling. They included a non-central or tensor force in their calcu-
lations but the eigenvalues were found to be relatively insensitive to
the details df configuration mixing and the gtrength of the tensor force.
The results of their calculation are ghown in fig. hb.

\ Shown in fig. 4l with the two-proton shell model celculations
of Hoff and Hollander (ref. x)ls), Newby and Konopinski (ref. y)el).'and

210.

Kim and Rasmussen (ref. z)22) are the experimental levels for Po

-populated in the electron-cepture decay of 21°At. It is interesting that

both in the theoretical and experimental spectrum, groupings of levels
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appear. This increases the confidence of making level ass;gnments such
that consistent assignments to almost all observed levels under 3.2 MeV
can be made to configurations calculated from the simple two-proton
model with two notable exceptions. The two exceptions are odd parity
levels of spins 3 and 5 at 2386 and 2910 keV which have been identified
as predominantly the collective and neutron v(g9/2 pi%a) core gtates of

208Pb. These are discussed in detail in sections G and I.

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

All calculations clearly predict a ground-state band of levels
due to the coupling of the 83rd and 8ith protoﬁs in the ﬂ(h9’2)2 con=
figuration and they are in reasonably good agreement with the observed
ene¥gies oflthe low-lying exelted states (ot, 2%, h+, 6%, ana 8%). The
effect of the residual interaction (within the band) to depress the low
spin members more than the high spin members is evident in all calcu-
lations. The ~ 1500 keV depression of the 0" state relative to the 8"
state 1s due to the large pairing energy associated for two identical

nucleons in the same orbital.

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

These even parity levels, with the exception of that of spin 0,

are due to the 1r(h9/2 t7/2)'configuration which all calculations predict
in this energy region. (The o state is due to the ﬂ(f7/2)2 configuration.)
The w(f7/2)2 configurations are expectéd to pe very weakly populated

(1f at all) in the decay of 210, and not observable in our study. The

exception of the odd parity level at 2386 keV is diacussed in section G.
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4, 0dd Parity Levels in the Energy Range 3016-3125 keV

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

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

m{h The theoretical calculations prédict e group of odd

9/2 13727
parity levels of spins 2~11 due to these configurations. The occurance
of two 5 levels in the 3 MeV region is explained in detail in Section
I as due to configuration mixing of the neutron core \b(g9 /2 P /2) " and
the two proton ‘n(h9 /2 13/2)5 states to produce two 5~ levels.

5. Higher Energy Excited States (> 3.2 MeV)

At higher energies the two proton theoretical level spectrs

become less clear but odd parity states of the ty'pe 1r(r /2 13/2) oceur .
vithin the energy range that the’ elec'bron capture deceay can popula.te.

2°8Pb') have been observed and

However, since core states (similar to
identified in the lower energy spectrum, core states due to prdtori and/or
neutrons excitations are expected to proé.uce ‘a c.omplex' gseries of s.tu.tes

above 3 MeV, Conflguration mixing of core states a.nd two-proton states .

seems very 1ike1y This point is discussed further in section I.
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G. 0d4d Parity Level at 2386.8 keV

2105, as & 3" state.

We have identified the 2386.8 keV level in
Our previous shell model discussion of 210p, 1evels {section F) did not
predict any odd parity states this low in energy which argues against
the state arising from a simple two proton configuration. Shown in fig.
45 is a plot of the experimental collective leve1551’52’53) for nuclei
in the le=ad region which makea the collective assignment seem reascnable.
Further the 3~ levél 18 not populated directly in the electron capture
decay (log ft > 9.3) but is populeted by gamma-rsy decay from higher-
lying states. Inspection of fig. 45 shows that in the even-even lead
isotopes (N € 126 neutrons) the 3~ state occurs at a relatively constant
energy of 2600 keV. 20Tey ghows that the coupling of the v(pi}a)
neutron-hole to the 3~ collective state is weak and two such states
ccour in" the 2600 keV energy region. For the cdd-even T1 isotopes, the
coupling of the “(SI}Z) proton hole to the 3~ core state is again weak

and produces a serles of states at a.ppfoximately 2600 keV. Weak coupling
20931.

bb and 21%0 with two particles more than the 200Bb

is also apparent for the odd proton couplings with the 3~ state of

For the case of 210

core, the 3~ states seem to be depressed significantly.

In 210Pb, two 3~ states, the lowest depreségd ~ 800 keV from

2

2600 keV, have been experimentally observed from 10, {(p,p') and

2m‘l"b (t,t') studies by Ellegaard et al. Sh). The collective mtrength of

the lower 3~ level at 1869 keV was found to be approximately 2/3 that of
the collective strength in 208Pb with the upper 3~ level at 2828 keV

having the remeining 1/3 strength. The fragmentation of the 3~ strength
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has been interpreted with a particle-vibrational coupling modelsh’ss) in
terms of the configuration mixing of the v(g9/2 315/2)3_ state with the
collective 3 state. A similar situation exists for 210?0 for the mising

of the two-proton configuration w(h9/2 il3/2)3_ (which has been
tentatively identified at 3111.h keV) with the collective 3™ core state

55,56

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

interaction matrix elements show this point.

- 210.
to, (59/2 ‘115/.2)3__|Hcou.pling|3 collective ) = 666 keV (for Pb)

210

(o, (n ) =163 keV (for “Po)

9/2 i13/2)3.|Hcoupling|3 collective

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

two-proton state is not as strong for 210Po as the interaction for the

two-neutron state of 21°Pb. This is because the interaction Hamiltonian

T
Hcoupling is stronger” ') for single particle-matrix elements between

single-particle states with d = & + 8 {e.g. 8./5s d » 1 ) and the 3~
9/2° J15/2* “13/2
collective states than with § = % - 3 (e.g. hgp)-

These results might qualitatively explain the 200 keV depression

210,

{from 2600 keV) of the 3~ core state in Po while the depression

210

(~ 800 kev) for FPb is greater. The results of Hamamoto's

calculationsss’56) for the eigenvalues of the 3 states are shown in

Table 6. This allows us to conclude that the 3  level at 2386.8 keV in

210Po is approximetely the full strength collective 3~ core state,
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Table 6. Results of the 3 collective core and single~particle coupling

calculation for 22%pb and *1°po vy Hamamoto2223),
Isotope Spin~parity Level Energy
" Experiment Theory
J keV keV
3 1869 | 2110
21°P'b ) . '
3 2828 3310
210 3 2386.8 2520
Po

(3)” (3111.%) 2880




~1hh~

H. Weak Coupling Calculation to Predict the Energies
of the 3~ and 5~ Core States

The energies of levels due to core states of 2lol”o are expected

to be shifted from those observed in 2Qel"b by the 83rd and 84th protons.

Using experimental date on 20931 to represent the proton~core inter-

action and the experimentel data of 2'“"OPo to represent the proton-

proton interaction, we have estimated tvhe energies of the core states for

the 3" and 5~ collective excitations (3~ coupled to 0" ana 2",

respectively) and the v(’gg /2 pﬁa) neutron excitation of 2+°Po. The
5?‘
formalation of the calculation has been presented in detail in section

IIC.
The energy of the core states were estimeted from the following

equation

. 2
E~E +E  + 3 (a7, +1)er, + VW335 5 3, )05 (& - E)
c 12 J 2c

2c

(89)

The energies of the 3~ and 5 core states E; were taken as the

c

ePb. The tern E was taken as
Tio _

zero since our calcuiation assumes the weak coupling of the 3 and 5

experimentalg) energies observed in 20

core states to the t'J+ and 2+ states in 21‘."Po. The velues EJ used for

2¢
2093:1 proton-core configurations are shown in Table 7.

the various
The 3~ collective state (coupled to the 0% ground state) is

predicted from Eq. 89 to be at 2630 keV which is consistent with other

observed 3~ states :n the lesd region (see sention G). However, the

experimental value s 2386.8 keV which is significently depressed. The
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Teble 7. Spin and energy assignments®) used for 20°Bi 3~ and 5 core
states coupled weakly to the 1119/2 rroton.

Spin and: Parity Energy ‘
J+ E ' Probable
2¢c Jc Configuration
(keV) )
3/2* 2492
9/2* 2563
172" 2582
11/2" 2599 (2% 37 ® lhg,,]
13/2" 2601 e
5/2% 2616
15/2% 271
13/2" 2987
3/2% 3038
572" 3091
11/2% + 192" 3135 1% 5™) @ 1by,)
17/2% + 772° (+ 1/2%) 315h - e
15/2" 3170
* 3212

9/2
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. R . 63,65
250 keV depression may be indicative of particle-vibrational coupling )
&3 discussed in section G (i.e. configuration mixing between the two-
proton configuration ﬂ(h9/2 113/2)3_ and the collective 3 state).
The energy of the neutron core state v{g p"l ) is caelculated
9/2 *1/2 5=
a3 3058 keV which 1s within 150 keV of the 5 member of the Tr(h9/2 113/2)
2 31
configuration celeculated by Hoff and Hollander 5), Newby and Konopinski~™"),
apd Kim and Resumssen2). Configuration mixing of the two 5 . states at
nearly the same energy is expected., The result is that iwo configuration
admixed 5 states should ocour in the 3 MeV region. Kperimentally two
5" states are observed at energies of 2910.0 and 3026.2 keV. We have
been able to determine {from analysis of the B-decay) the following
experimental wavefunctions for each of these 5— states by assuming that

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

the calculation).

1

v _ (2910)

-1
. 0.53b [1r(h9/2 14/2) )5_ + f).8!+6|v(39/2 Py /o) )S‘ (90)

W

v _ (3026)

-1
5 0.8h6|1r(h9/2 114/0) )5_ F 0.53h|v(39/2 Py fp) )5_ (91)

Thase experimental wavefunctions show that configuration mixing does
zake plece with the lower 5 state at 2910.0 keV having the dominent core
ceamponent. This is comsistent with our wesk coupling calculation.

The energy of the 3  core state coupled to the 2+ gtate at 1161.4
%el wvas also computed with eq. (89). The energy of this 5 state is

px-dicted as 3822 keV. This level occurs at an energy where other S
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-1 -1
states [("(hg/z 51/2), v(59/2 f5/2), ﬂ(f7/2 113/2)] are belleved to
exist so that a simple description mey no longer be possible. Perhaps

coulomb excitation of a 21°Po target would reveal such states as well

as the collective 3~ state.
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I. Electron-Clpture Decay Rates and Particle-Hole
210,

Core Excitation in

1. Introduction

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

210Po below 3400 keV have been obtained with the expanded nomogram of

22’58). For higher-lying levels log ft values have been

Moszkowski
obtained by using the method discussed by Konopinski and Rosesg) for
allowed transitioné.(see Appendix B.for the method). The K-to-total
electron-capture ratios were taken from the graphs given in the Tsble of
Isotopegzz). The Q-value for the electron-cepture decay was taken as
Qg = 3877126.keV60) and electron-capture branchiﬁg ratios were obtained
from our y-ray intensity date corrected for internal conversicn.

In the;r early paper Newby and'Konopinski31) discussed the
importance of particle-hole core excitations in the level spectrﬁm of
210Po. Experimental evidence fbr such effects was first pointed out by
Hoff.aﬁd Holianderes) tﬁrough-analysié of the electron-éapture decay
rates of 2lQAt to the odd-parity levels in 210Po above 3 MeV, .Specifically,

(25
they pointed out that the decay of “10At (assumed ground-state configuration

3 -1
(ﬂ(h9/2) v(p1/2)) to levels of the two proton configurations w(h9/2

n(h } should a.ll be highly forbidden due to the

or2 T172) o Thyyp d13/p
large change in orbitel angular momentum required for conversion of an
9/2 proton into a pl/2 neutron. Experimentally, highly-hindered
electron-capture transitions ere evident for the allowed decay to all
even-parity levels below 2.9 MeV. Above this energy, however, unhindered

transitions of the first-forbidden type to the odd-parity levels at

Ve
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2910 and ‘3026 keV were observed end were attributed to contributions
1~i'n these states from neutronv excitetion of the 20‘8Pb core.

. Recently a fairly compiete plcture of core-oxcited gtates in
208}”b has been obtained in the energy range below about L.l MeV through
numerous reaction studies. The observed lcvelss3) are shown to the left
in fig. 46 and their dominant configurationa6l) are given in Table 8.
The lowest -levels due to core excitation (3198 and 3475 keV) are the
pre;lominantly two components of the neutron excitation

v(g9 /2 p;}z) - respectively. Although a number of the levels in the
energy. range 3706-14100 keV have unknown parentage, at least four levels

arise predominantly from the neutron excitation v( ) and the
82 * 5/2 5

proton éxcitation 1r(h9 /2 8, /2) _+ Configuretion mixing 'betveen

components of these excitations :I.s evident from the wavefunctions for
61)

these states calculated by True et al.
In the case of 2101,0 these core excitations occur in the
vicinity of the odd-parity levels arising from the two-protoh config-

urations 1r(h9/2 13/2) e and “(f7/2 13/2) - as is evident from the

level spectra calcula.ted by Hoff and Holla.nder25) and Kim and Rumxlun'?'a)

(ﬁg. Lk, sect:.on F). Although the effect of the a.dd:l.t:lona.l 83rd and.

84th protons on the gero-order energ:les of the pa.rticle-hole core

excitations is unknown, energy shifts should be st.'I. a.nd strong con-

R

figuration nixins between these states and: those a.r:l.l:lng trom the

proton configura.tionl is expected. As & result a.lthou;h eleetroneclpture;'_ i

decay of OAt to the two-proton componentt of levels in oPo ohd(t?:ld."‘be' '

h:.ghly-hindered, decay to odd parity levels vhich contain eonponentn of
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Fig. U6. Comparison of the experimental odd-parity levels of 208& and 210,

The configurations shown for the 208pb levels represent the two largest

components in each state as calculated by True, Ma, and Pinkstons‘).



208l’h 0dd parity ievels below 4.1 MeV as calculated by True, Ma,

Table 8. Dominant configurations of
and Pinkston®).

Ehery' Spin . Configurationsb

(Mev) J

2.487 3 (collective)

3.350 5 ~0.92 {gg,Py/,) + 0.20 Flby,,877)

-l -1 -1
3.509 L ~0.94 vlgg, o0y ;,) + 0-25 ey ,T5,,) + 0.23 Vlgg, by)s)
3.680 5 . =0.57 Vg, /af;}a’ + 0.52 n(hy /2'1}2) +0.36 (i, lepz}a) +0.29 (g /2p£]/'2)
~ ol

L.066 b ~0.87 7(hg j5877,) - 0.bT n(h9/2 37 i
bookT T =99 "(‘9/2"5/2
®Energies were those calculated in ref. 61).

bOAJ.y those configurations with emplitudes (ai) greater than 0.2 are listed.
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~1
the neutron particle-~hole excitation v(39 /2 P /2) and/or the proton
particle-hole excitation 'rr(hg /2 51}2) will be relatively unhindered. 1In
the first case, unhindered 1lst forbidden decay is due to conversion of

an lh9 /2 proton into a 259 /2 neutron. For the proton excitation, decay

210
of a 3!1 /2 core proton in At to a 3pl /2 neutron is similarly
unhindered. From the experimental and theoretical data available, we
can conclude that unhindered B-decay to odd-parity levels in 21°Po is
due primarily to components in these states arising from excitation of

the 2081’!: core, and that the B-decay transition probabilities to levels

in 2101’0 above about 3 MeV should be a measure of the total amplitudes
, -1

in these states of the neutron wavefunction |v(59 /2 P1 /2)> and the

proton wavefunction |1‘r(h3 /2 8;}2)>. This is of particular importance

to the characterization of the more highly excited levels in 21°Po.

since the complimentary information on amplitudés of two proton com-~

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

2. Electron-Capture Decay to Levels at 2010.0 snd 3026.2 keV

Both of these levels are populated by relatively unhindered

electron-capture transitions, and they are identified with the two states

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

2105, (predominantly w(h i ) ) and the first 5 level in 2°8P'b

9/2 "13/2 5=
{the two-proton wavefunction undoubtedly contains a small componeant of
ot ect the
the configuration ‘lr(r7 /2.113/2) 5_. but this does not aff
following argument). The wavefunction for the first 5" state in 2°an

hes been caleulated by True, Ms and Pinkston (TMP)%L) as
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¥ _(3198) = -0.923|v(gg ), P70 + 0.200{n(ny, 877,)>
s ‘
+ o.1h7lv(ill/2 p1/2)> + 0. 1hh|1r(n9/2 3/2)> (92)

- 0.122',,@7/2 3/2)> + 0. 0199|\’(89/2 5/2)

and the emplitudes of the two principle components are in agreement with
the experiﬁ:ental data of McClatchie, Glashausser, and HondrieGa) and
Bardwick and Tick1e63). With the sssumption that the ground state wave-
function of 210t 1s |1r(l:l9 /2) v(pl /2)> 4+ the electron-capture decay to
the two 5 levels will be dominated by amplitudes of the first and second
components of the above wavefunction ‘tha.t contribute to these states.

As an estimate of the relative amplitudes of core and two proton
components in these states we follow the analysies of first-forbidden '
f-decay given by Damgaard and W:I.nther6h), and Damgaard, Broglis and
Ried3165). Their analysis has shown that in the region around 29e'i’h,
the values of ft for 8~ trausitions of this type betwsen single-particle
or single-hole states can be estimated to a good approximation by the

relation

2

ng '
= WER = o) + 30 = 10T (93)

vhere D = 6250 sec and the B(A) are given (in units of gf) a3

BA) = ot < do(ala> (2 (9h) .
1 .
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In particuler; the decay of 2°°T1 to the first two 5~ levels in 2°0pp
was shown to be dominated by the components in these states of the core
-1 -1
excitations \3(59/2 p1/2) and 'n(h9/2 31/2). 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 relatjve ft values in the
electron-capture transitions involving the same particle configurations.
In the present case we haye made the simplifying assumptions that
the wavefunction for the ground-state of 2ml\t can be written as -
3 -1 -
|1r(h9 /2) v(pl /2)> , and that the wavefunctions for the two 5 levels in

5
2101,0 can be approximated by the two component vectors

ws_(2910) = o, [n(ng ), 113/2)>5_ +‘b1|\J(39 /2 pI}2)>5_ - (95)
¥, (3026) = e,[nny/, 132 - * v, lvigy/p Pﬁays‘ (96)

If we choose the phases so that the a's are positive, then
2,1/2
b = (1 - a])"%, 8, = |b1| and |b2l = a,. Ve cen them rewrite our

second wavefunction of eq. (96) up to a phase & as
-1
: ws_(3026) = [v, | Intng,, 113/2)>5_ + 2,8 |v(eyn p1/2)>5_ (97)

It is further assumed that the full strength of the two proton and neutron
core excitation components are accounted for in these states. With the
final assumption that decay via the highly f-forbidden transition

'(hgla) EC v(plla) can be neglected, the ratio (“)2910/(“)3026 gives
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2 2 2
(re) a al
ﬁ:gglo_ 12‘ "12= 12 (98)
3026 1 - a; lbll |a2|
Using our measured ft values in the decay for these two levels we find
2
.i:l_F.g-'-%-a—lﬁ-o.ho (99)
b . .
2

Thus we may construct the experimental two component wavefunction (up to
phase §) for the twc 5 levels. Using our arbitrary phase convention

b, = (1 - a.f)]'/a). the two-component vectors become

-1
ws_(2910) ~ o.53hl1r(h9/2 113/2)>5_ + 0.8h6|v(59/2 p1/2)>5_ (200)

- -1
vps.(aoas) ~ 0,846 Iﬂ(hg /2 113 /2)>5_ + 0.534 |v(39 /2 P /2)>5_ (1201)

These results can be compared directly to the relative two-proton
ampltiudes obtained from the 2°9i(a,t) and 2%%1(3e,d) reaction
atudies of TB20) and Lenford®). In both studies the 5~ level at 2920 keV
vas excited and well resolved from members of the w(h9 /2 11370}
multiplet. Since the 11  member of this sultiplet is expected to arise
only from this two-proton configuration, the ratios I _(2910)/I _(2945),
corrected for thg {23 + 1) dependence of the reactionscrou»secﬁonl,
dircctiy ¥ield experimental values for the amplitude ci. By assuming that
tbe remainder of the two proton strength 1s located in the level at 3026
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keV, the ratios « £ the two protocn components ir these states are

estimated from tiese data as

2
I81|2 = 0.l (102)
eyl (r5)28+48) '
and
[a, |2
|’1'2 = 0.8210.20 (103)
a,
2 (Lanford)??)

The agrecment betvieen these values and that derived from analysis of the
electron-capture t.ransition rates (eq. (99)) is good, in spite of the
many simplifying cssumptions required in the calculations, and is
suggestive of the correct interpretation of tre character cf these levels.
Unfortunately the lack of experimental data and the complexity of the
wevefunctions for other odd-parity states invelving core excltations
precludes extension of this analysis at present. The fact that only the
tvo lowest energy core excitations are expected to contribute signif-
icantly to unhindered B-decay does however permit the qualitative
discussions given in the following paragraphs.
3. Electron-Capture Decay to Levels st 3075.1 and 3428.2 keV

The experimental results of Bondorf, von Brentano, and nichard“)
have indicated that the wavefunction for the first 4~ level in 208,

(at 3475 keV) can be written
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¥ _(3575) = (0.9620.02]v( 1y
¥ ey, 217,

- (0.2620.03) [v(gg, 237,)> + (0.0720.16) |vley,, £57,)>  (10)

vhich is in good agreement with the calculated wavefunction of '61).

The extent to which this coafiguration mixes with the 4 level arising
from the '(h9/2 113/2
observed in the 5 levels because of the larger difference in zeroth

) configuration should bhe reduced rslative to that

order energies of these states. Unhindered electron-capture decey is
then expected only to the relatively pure core state and it is 1eason-
able to associate this state with the (k)™ level at 3428.2 keV

(log £t = 6.9). Decay to the (4)” level at 3075.1 keV is highly
hindered (log £t = 8.9). While no quantitative estimates can be made,
the reaction studies indicate that the greater part of the strength of
) configuration is located in the latter level since

9/2 ha3f2 ¥ .
the other member of this peir was apparently not excited to a measurable

the w{h

extent.

4, Rlectron-Capture Decay to Levels at 3525.2 b, 3711.2, 3727.2
and 3779.5 keV

The electron-capture decay to these. levels is also rele.tivel;f
unhindered which reflect strong admixtures of particle~hole core com-
ponents in_ the wavefunction of these states. Of the possible core
components that are expected here, the most probable admixture that cen
glve rise to these fast trensitions is the proton excitation

‘l(hg /2. 8, /2) b5 in addition to the neutron excitation discussed

210

above. The decay of the 3s proton in At to the 31:1 /2 neutron in

1/2
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210?0 might be expected to ceccur with a somewhat greater absolute rate
than for the similar decay of a lh9!2 proton into a 239/2 neutron
because of better overlap of the wavefunctions of the initisl and final
states. Thus the low log ft values assigned to transiticas to the two
1ighest energy levels of this group may be due to strong admixtures of
this proton core excitation. The inverse of these decay processes,
observed in the decay of 2°BT1 to the core states of 2°8Pb. proceed with

similar (but somewhat lower) log ft.
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J. Gamma-Ray Transition Rates Between the Even Parity Levels

The data available from reaction studies and B-decay of 21°At
now give a falrly detalled pictures of the lower-lying levels in 21oPo.

All levels of the Tr(h9/2)2 ground state multiplet are well characterized
and except for the low spin members of the ﬂ(h9/2 f7/2) multiplet, the
major transitions in the decay of these levels are now known. Comparison
of the shell model level sequence calculated by Hoff and Hollanderas),
Newby and Konopinski3l) and Kim and Rasmussen32) with the experimental
spectrum (section F, fig. 42) indicates general agreement with energies
and level spacing. With the decay properties of these levels known, thLe
experimental data may serve as a strong guide to future calculations.
In particular the Ml branching ratios in decay of the odd spin members
of the 1'r(h9/2 f7/2) band to the low-lying even parity levels may serve
as a sensitive test of the “(h9/2 f7/2) admixtufes in the ﬂ(h9/2)2 band
since Ml trgnsitions to the major compénents are forbidden (AL = 2).
For the purpose of testing the accuracy of 21°Po wavefunction33l’32’33)
shown in Table 9, we have calculated (using the formalatiqn pregsented in
Appendix A) the total absolute gamma-ray transition probabilities T(A)
for decay of e number of levels of the ‘rr(h9/2 f7/2) multiplet.‘ For the
effective charge which is necessary for the celculation of T{E2), we used

the value of 1l.5e for the proton ms was discussed by Astner gg,g;.67)

The oscillator parameter Vv for the calculetion of E2 matrix elements was

fixed &l 0.165 from the relation v = 0.98/A1/3.

The gyromagnetic ratio
gJ used for the T(ML) calculations wes obtained from the tabulated

' 68,69 . .
measured- megnetic moments ~’°) for the 1h9/2, 2f7/2 apd 1113/2
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proton orbitals and from the Schmidt (free space) values for the 2f5 /2
3pg/p and 3py ), orbitals occurring in the wavefunctions of Ma and True™d),
Table 10 shows the effective magnetic moments used to odbtain 53' The
Schuidt values (used in the calculations in Appendix G) for all proton
orbitals are also shown.

Listed in Table O are the vavefunctions of Ma and True M)”),
Kin and Resmussen (KR)3%) and Nevby and Konopinski (m)3") used to cal-
culate the absolute gamma~ray transition probabilities shown in Table 1l.
The experimental level snergies have been used to calculate the values of
T(A) rather than the theoretical level energies. With our rather limited
data ve can not state that one particular set of wvavefunctions yielded
calculations in better agreement vith experimental data thar any other.
Tnis can be seen more dirsctly from the date given in Table 12 vhere we
have listed experimental and theoretical E2-Ml gamme-ray mixing retios 8
for several transitions. A limit of §° was set vhen the transitions were
measured as pure Ml (62 = 0). The Limit corresponds to the maximm ¥2
admixturs vithin owr rather large error limite. Clearly, more experimentsl
nixing ratios are needed in order to make any definite test of the wave-
functions using the transition probabilities.

The calculations also point to relatively intense lov-ensrgy
intraband transitiocs in competition with the more energetic iuterband
decay to the levels of the dominant w( o ,2)2 configuration. This lends
some support to our plscement of the 77.2, 92.1 and 112.2 keV transitions in
the decay scheme. (The theoretical results also predict the Ml charscter
of the T7.2 and 112.2 keV transitions.) A similar intraband trensition
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Table 10. Magnetic momants used to obtsin the _sromagnetic ratiocs.

Shell Effective :clcnt. Used Schlid: Value
1h9 /2 4.08 2.62%1
21'7 12 k.l 5.T9275
1,472 1.9 8.79275
2!‘5 j2 ¢.862 0.8623
3?3/2 3.793 3.79275

p, j2 =0.2643 ~0.26425
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Table 12. E2-Ml Mixing Ratios (6°)%

Angular Trensition 2
Momsntum Energy s Theory
39, (keV) (exporinntll)b MI KR NK
7,+ 8, 250.5 <0.32 0.00028 0.0002k -
8, 8 630.9 <0.19 0.0328 0.078 -
6,+ 6, 852.7 o.19’_g:is 0.215 0.687 0.173
+0.47 _
7,+8 881.7 0.58%0" 29 0.167 0.673
5, + 6, 929.9 <0.32 0.012 0.0295 0.008
"2 + "1 955.8 <0.29 0.155 1.898 0.746
5.+ "1 976.5 <0.19 1.7k 0.8 0.62
2
%ne mixing ratio 62 is defined as 62 = JSAERI2L & HT E2) |
s |< ol >2 TOQ

bmo experimental 62 vere obtained from comparison of our X-convarsion coefficients with the

theoretical values of Hager and Seltzer'c).

ch and Jr refer to ths spins of the initial and final states respectively. The subscripts 1 and 2
refer to the first and seccnd levels {increasing energy) of a given spin.
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may be responsible for the weak 125.2 keV transition reported by Hoff and
Hollander??). In general agreement between the calculated and experimental
gamma-ray branching ratfos in the decay of members ef the 'lr(h9 J2 T ,2)

band is also rather inconsistent. This is seen more directly by the data

given in Table 13 vhere we have ligted the experimental and theoretical

210,

gamma-ray branching ratios. It should be noted that a sccond set of Po

vavefunctions calculated by ur33) using different force parameters gave
slightly better agreement in the gamma-ray branching ratios vhile not
wignificantly changing the agressent in the mixing ratios. m'33) are
currently investigating this point. Qualitatively, however, the theo-
retical results do account for the lov intensities of transitions not
observed experimentally. For example, the transitions 6, + 8§, (769.2 kev),
6, > b, (899.3 keV), 2, =+ &, (863.3 keV) and 2, » 2, (1188.6 keV) are
predicted to have susll intensities compared to the competing transitions
observed experimentally.

All of the above calculations were repeated in Appendix G using
all values of &, vhich were obtained from the Schaidt values as shown in
Table 10. The T(Ml) values seemed rather sensitive to small changes in 8-
For example, s 20% change for the f,/p orbital changed several (ML) by
more than two orders of magnitude. This point is discussed further in
Appendix G.

Finally in Table 1k we have listed the experimentsl and calculated
absolute values of T(E2) for the w(hg ,2)2 configurations. The results
are in agreement vhich supperts the value of 1l.S5¢ recommended by Astner
et 5.67) for the effective charge of the proton in the lead region.
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Table 13. Gamma-ray branching ratios for some transitions in 210!“0.
Transitions Ratios® A A

Energy (!tperi.nent)b Theory

(xev) MT KR K
861.1/964.9 1.38::3 8.59 1.45 -
861.1/250.5 1o 3 1.88 0.82 -
881.1/112.2 T (~(6.75)¢ 31.3 5.53 -
929.9/976.5 0.94%:08 3.63 0.7 0.98
929.9/77.2 (~(28.7)° 25.6 1.3 15.9
955.8/909.2 2012212 25.4 6.72 0.657
955.8/1201.2 1.3 2.m 0.78 0.514

Srhe Y-ray btranching ratios are defined as
Y,/v, ® (P(0) + T(E2)),/(T(M) + T(E2)), from Table 11.
b!ﬂn experimental ratios vere cbtained from our gamma-ray intensity date.

°Intmity vas estimaved from the conversion electron line intensities in
the spectrographic plates obtained by Hof? and Honuderes)-




Table 1k.

Comparison of the observed transition probabilities for the X2 tranaitions between the %(h

2
)
configurations with the calculstef transition probabilities for the wava functions of Ma and True (ll!%g).
Kim and Rassussen (XR)3?) and Newby and Konopinski ox)3). e uuleapnrueh.uu-tuzz) are also glven.

T meansttion Total Experirentsl Theoretical V
N Goerictant Bt Late | T(22) el T(E2) e

3 3, (xeV) sec sec T KR ¥K  Single Particle
2,~0 | nau — — - 8.310 | 6.9 10" | 7.8 20| .65 20
o2 | 23| oem (aae) 200 | 30 20® | 35 20® | 3 108 | 3mac® | aaad®
6+ ve.6| o1z |38s) 0 | 6.7(9) 10" | 6.120% | s a0 | s.920% | m.k 20

8 5 83.5| 16.2  [11008) 207 | 3.7(3) 10° | 8.620° | 2 20° | 8.1 10°

-Lg'[..
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K. Firal Remarks

The best summary of this study can be made with usec of a figure.
In fig. 47 we have shown the two-proton theoretich level structure of
2108, calculated by Ma and True33 ) and the experimental level structure
of 210Po amxd 208“ The two-proton model does not include core exci-
tations and the "extra" 3~ and 5  states in the region of € 3.2 MeV
have been identified in sections G, H and I as due to core states.
~bove 3.2 MeV, the situati-n is not so clear. There are six states which
are fed directly in the decay and these presumably have spins of 4, 5 or
6. The sum of the number of 2°8Pb core siates and the number of two-
proton states of spins 4, 5, or 6 in the energy range of 3.2 - 4.3 MeV
is sevan. It is tempting to speculate that the experimental states
which are fed in the decay have admixed configurations due to the two-
proton states and core states with the electren-capture decay proceeding
via the core components as discussed in section IV I.

It has heen established from this study that the next generation
"shell model” calculation for 2mPo should include configuration mixing
of the two-proton configurations and core sfa‘ces. In order to aid such
calculations several additional experiments could be performed. An
angular correletion measurement of the gamma-rays from the decay of 21°At
might determine the spin of the odd parity states at 3428 and 3727 keV.
Higher resolution 20931(3He,d) reactions might be used to lock for
fragmentation of the n(h9/2 113/2) configurations over the ﬂ(f,”a 113/2)
and/or the core configurations. In particular mixing of the {4)” states

210

&t 3075.1 and 3428.2 keV cowld be investigated. A Po target might be
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0.0 [ U TR |

) 2ePo - w FPo 10 2
Theory’ Experiment Experimer

-

LIS LIRS

Fig. U7. Comparison of the experimental level scheme of 1% (b) with a

shell model ca.lculation 1) (a) and with the’ experinental level scheme
208 35) (c). The dotted lines connect levels believed to have
compones g due to the same configuration. The zero-order energies of

the two--proton configuretions in 210P° are shown to the left.
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used to investigate the collective states vie inelastic gcattering.
Configuration mixing of the 3~ collective state with the ‘n(hg/2 113/2 )3_
configuretion alsgo could‘be investigated. This experiment might explain
the 3~ depression in energy from that observed in 208Pb as discussed in
section G. The configurations due the coupling of the 3" core state to
the 2+ first excited state might also be obserrable. (The 5 state was
predicted at an energy of 3822 keV in section IVH.)

Ouwr gamma-rey decay transition probabilities discussed in section
J showed that a sensitive test may exist for the wavefunctions calculated
with various potentials. One might be able to ad)ust the parameters of
the calculation until agreement of energy levels and gamma-ray branching
ratios is achieved. The transition probability calculations predicted
thet low energy intraband transitions can compete among the higher energy
interband transitions. However, we were not able to directly observe
these transitions but rather make essigmnments to previously reported
unegsigned conversion electronszs). Thus a high-resolution reinvestigation
of low energy electron spectrum might allow other transitions to be
observed and with a better intensity measurement.

It seems clear that this nucleus because of its structure cen
serve as & useful gulde for future theoretical celculations in lead

region to test phenomenological and realistic potentials representing

the residual interactions.
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V. THE ELECTRON-CAPTURE DECAY OF At TO LEVELS IN Po

A. Introduction

This nucleus is of theoretical interest because it has two
protons more than a closed shell of 2 = 82 and one neutron less than s
closed shell of N = 126. The electron-cepture decay of 2°9At(5.5h) to
209?0 populetes levels of 209Po and hence provides a means of studying
the nuclear level structure.

The ground-state spin and parity of 2°9At hus not been measured
but is predicted on the basis of the shell model and experimental datag)
in the lead region to have the configuration
(ﬂ(h;/2 55/2)9_/2 \)(pg/2 fg/2)0+)9_/2. ‘The spin assignment of 9/2 gains
some support from the measuredll) spin of 9/2 for the ground-state of

2l4t. The ground-state spin of 20945 hes been measured72) as 1/2 and

. 2 2 -l 6
has the probable configuration (w(h9/2 81/2)0+ v(Pl/Q f5/2)

17/2)1‘/2‘
Thus states of spin 7/2, 9/2 and 11/2 should be directly populated in the
decay and states of spin 1/2-5/2 and 13/2-15/2 by the gemme decay of
higher—ljing levels.

Electron-capture decey transitions from the odd-even nucleus
209At to the -even-odd nucleus 209?0 should favor populetion of single
neutron (particle or hole)} states if such transitions are not hindered.
Direct decay to the ground~state would involve the conversion of an
lh9/2 proton to a 3pl/2 neutron which requires a change of four uﬁits

(A% = L) in the orbital angular momentum (i.e. "(h9/2) TN v(pl/Q)) and

should be hindered. 'Thus population of excited states is expected.
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No previous studies of the decay have been made with high
resolution Ge(Li) detectors so that a detelled investigation has been
performed. In this se~tion we report on the investigation of the
transitions following the slectron-capture decay of 2°9At.. The energies
and intensities of 87 y-rays between levels in 209?0 have been measured.
The multipolarities of 27 transitions have been determ.ned by measuring
relative internal conversion coefficients. Sixty-three of the transitions
have been placed into a decay scheme with the sid of y-y coincidence
measurements defining 20 levels. The levels of ml’o have been compared
with & weak coupling calculstion using exnerimental date from the levels
of 20831. 2‘wl-"o, 20931 and 2°7Pb to represent the neutron hole-proton

and proton-proton interactions using the formalism prasented in section

IID.



173

B. Previoys Studjes

M%pt(5.5n) vas first identified by Barton, Ghiorso and Ferlsan'>)
ir 1951 vho reported decay by alphs enission and ehctm-up\‘.m.. (‘The
per cent alphs branching of 209, per decay has been nessured’’) as
5.120.585.) The conversion elestrons frow the “OIAt decay were roported
¢n 19%h by Mihelich, Scharde, and s.grt‘:?i) sithough no decay sclieme vas
proposed. In 1956 Stoncrx) raported in deteil the 209t converaion
electron, gammi-ray and alpha spretre. He roported intense Zamma-rays
at 90.8, 19%, $%5 and 780 keV in coincidence and propossd the decay
scheme showi in fig. WBb. The mm(u.&n)m.\t reaction vas used by
Swoner to produce intense electron sources vith sppreciable axounte of
20,, present from the competing (a,3n} resction. An alternste method
of production involving protor spallation of thorius metal to produce
2‘13!; vas used to {sclate much saaller guantities of mmr. after an
appropriste deca) periocd. This produced lov intensity sourcez free of

Z'IOM for meisuremtnt of the gemme~ray specirs.

209

In 1965 Yamaaski and nmuam'"') tnvostigated the levels of < “Po

vith the mﬁ(c.n)mpo reaction ard GelLi) detectors. ‘They established

the spin sequence 9/2(782Q) 5/2(S45%) 1/2 for the lower levels of 2091,0
“) alsc reported & 100 ns

210

skown in rig. 486, Yemuzaki and Matthias

isomeric level at an energy simflar’ to the 8‘ level of Po. They

suggested the possivle tvo particle-ons hole configurations

2 -1
{n{hs,.} . vip,5.)) for the isomeric level.
9/2'gs "L 4 a 15772
During the course of our study, preliminery reports have been

mede by Alpsten, Appleqvist, and Astner"s) and Alpsten and Astner%) on
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Fig. 48, Summary of previous studies of 2°9Po level strueture,

(a) Level scheme of 209?0 proposed by Yamazaki and Matthie:
36
).

Tlo)'

(b) Decay scheme of 210M proposed by Stoner
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the electron-capture decay. Bergstrom gg,g;-77) issued a preliminary

report on a reinvestigation of the 208?b(u,3n)2°9Po reaction.
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C. Source Preparation
Sources ugsed in this study were obtained by the 29931(u.hn)2°9At

reaction in the Berkeley 88-inch cyclotron at bombarding energies of
L9-51 MeV, with bismuth metal target thicknesses of 30-59 ms/cua. The
astatine was separated from the bismuth target by volatilizetion and
sources vere prepared as praviously dalcribed36‘38'39) in section IVC.

208At,

These sources contained, in addition to 2°9At. varying smounts of
210At and At from the competing (a,5n), (x,31) and {a,2n) reactions,
respectively, depending upon the cnergy of the incident alpha particles.

The (@,3n) and (a,2n) cross sections had besn previously
determined 0’ 1%) in the energy reglon of 20-h2 MeV. The (a,in) and
(x,5n) cross sections had not been studied in the energy region of L1-65
MeV. To determine the (a,kn) and (@,5n) cross sections relative to the
(a,3n), a measurement was made of the relative gamma-ray activities of
astatine isotopes produced in a serlies of four stecked foils with an
incident beam energy of T2 MeV. Measurement cf the relative gamma-ray
intensities of three transitions of 1181.hk, 545.0 end 686 keV and consi-
deration of the decay schemes alloved cdeterminatior of the relative atom
ratics 21°At/2°9At/2°BAt that were produced. These measurements yielded
the relative production cross section ratios of three astatine isotopes
at mean bombarding energies of 68, 61.7, Sh.6 and 47.7 MeV. These
results are shown in Table 15.

In order to qualitatively compare these gamma-ray ratios to
previous cross sections memsuvements 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 varicus astatine produced W mlt(.l-.n)
resctions based on measyred gemms-ray transition intensities. The 1181.4, 545.0, end 683 keV y-ray tramsitione
in 210Po, 20990, and &Po vers messured (relatively) to srrive at these values after corrscting for alpha-

branching and approjriate decay times.

felative croes section (berns)

Alrha Energy“ GCuma~ray ratios
MoV 20, (210, 209,210, 208,210, 209,208, s(a.m)® ola,n)®  ola,s5m)®
68 1.0 2.9 18.95 0.15 0.07 0.226 1.32
61 1.0 3.k 2.8 0.4 0.12 0.4S5 2.98
5k 1.0 5.45 n.7 0.465 2.0 1.2 2.3
k7 1.0 b2 0.785 5.35 5.2 2.43 0.408

®The error (estimated 22.5 keV) reflects uncertainty in the iarget thicknesses apd corrections for snergy losses
within the targets and alumimum backing toﬂ.aeo).
b’IMs cross section value is based on earlier ruulu”'”) st lover enargy and the extrapciation procedure

~LLT~

described in the text.
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as & dotted iine in fig. 49. This extrapolated shape of the (a,3n)
cross section vas used only to provide a normalization point for the
measured relative cross section ratios of Table 15 and these results
are included ir fig. 49. All data points of fig. 49 in the region 45~70
MeV are results of our measurements based on this exprapolation pro-
cedure. Because of the uncertainty in the validity of this extra-
polstion procedure, no errors in the absolute cross ssction are shown.
However, errors in the measured relative cross sections ratios (due to
uncertainty in half-life, relative photon intensity determinations, and
counting times) were estimated as *8%. Errors shown in fig. 49 for the
helium-ion energy reflezt the uncertainty in the target thicknesses and

correctionaao) for energy losses within the targets and aluminum becking

feils.

To identify mﬁt, the energies and intensities of the major
radiations reported by Treytl, Hyde, and Yamazaki&) were remeesured.
We note that the 208}\?. sould be minimlzed by bombarding below the thres-
hold energy (~ 48 MeV) for production of detectab e amounts relative to
the 209}\‘(.. The "impurities" from 2Wst 1n spectra were identified by
comparison of the energies and intensities of geamma-rays and conversion
electrons reported in section IV.

It should be noted that this production method limited obser-
sation of the weasker transitions following the decay of 209At due to an
increased background. Typically, at the end of bombardment, the largest
ratio of the relative gamma-rays of (2°9At) to (EloAt) was approximately

h-% to 1. In order to check the relative y-ray intensities obtained

Iz
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from mixed sources, some data were taken with appreciable amounts of
208At in the sample becanse of the higher Iy(eogAt)/Iy(zloAt) ratios.
Toward the end of our study, we were fortunate to obtaln a iow
intensity mass separsted astatine source from M. C. Michel and the
(virgin) Berkeley Isotope Separator in crder to further check on

intensity assignme;.cs with mixed astatine sources. The sample was

essentislly free of 210At (< 10—35 relative to 2091{1‘:.)’. The portion of
the 5 ma aluwninuu collection foil from the mass separator containing the
mass 209 deposit was used directly as s source for obtaining gemma-ray

and conversion electron spectra.



-181-

D. Experimental Resul.s
1. Gamma-Ray Singles Spectra

The data for 2091&1: gamma-ray singles mecasurements were collected
as previously described in section IITA. Mixed sources of astatine

(210At, 209 2°8At) were used (see section IIIC) and data were

At and
collected over a period of N 20 hours after end of hoxbardment to
minimize the 210.4\1: background. PFigures 50 and 51 show srectra taker with
the 35-cm3 (active volume) coaxial Gc{Li) detector over the energy
ranges of 1170~1609 keV and 630-2760 keV respectively. Protopeaks froe
208“ are present in the spectrum of fig. 50. A guma-ray spectrum sf
the lower energy range of 16-240 keV cbtained with the Si{Li) detector
is shown in section VD3 in the bottom of fig. T5. This spectrum was
obttained with a Teflon absorber covering the source to distinguish
between gamma-rays and conversion electrons.

To investigate weak gamma-ray transitions, a mass saparated mlt
source of low intensity was obtained ané the resulting activity seasured
with the Ge(Li) spectrometer. ‘The spectrum ocbtained is showm in fig. S52.
The low intensity source coupled with the large volume of the detector
produced many sum peaks. However, several nev transitions vere iden-
tified from this spectrum and several cther transiticns bdarely cbser-
vable above the high compton background with mixed sources vere confirmed.

tht trensitions.

Four occured at the same energy as some intense
Table 16 lists mdditionsl transitions observed with the mass separated

source brt which could not be defiuitely assigned to 299“ decay. Clearly
a more intense sourcse is needed to extract more definite information fvom

such a spectrum.
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Teble 16. Weak transitions observed from & low inteusity mess separsted
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209,

source. The assigament of these transitions to 2005 decay is uncertain and
these are not placed in the cwrrent level scheme. :

Absolute
Garma-ray ganma-ray
Energy intensity
keV % or 2094 EC decays
515.1 (3) .05 (2)
523.0 (3) ol (2)
1084.0 (k) 0.037 (5)
1112.9 (6) 0.022 {6)
1202.3 (k) 0.022 (6)
1210.2 (k) 0.047 (10)
1295.8 (&) . 0.026 (6)
1299.0 (5) 0,022 (6)
13€1.7 (6) - 0.0092 (4o0)
1419k (%) 0.041 (9)
1421.5 (5) 0.023 (8)
. 1529.% (5) 0.016 (5)
1706.1 (T) 0.013 (2)
2102.0 ()

0.008 (3)
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The energies and intensities of the y-rays were obtained by

ho,hl). Eneray

snalysis of the spectra with the computer code SAMPO
calibrations were obtained using the standard energies compiledlg) in
Appendix D. The relative photopesk efficlency was determined with an
IAFA calibrated intensity set and 180me as described in Appendix E.
Uncertainties in the relative photopeak efficiency measurements are
estimated to be #5% in the erergy range of 100-600 keV and 4% in the
range 500-2800 keV. In Table 17 we list the energies and absolute
gamme~ray intensities per electroh—capture decay of the observed photo-

209At. The assignments were based on

peeks assigned to the decay of
helf-1i1fe measurenents for the more i;tense transitions and by comparison
of spectra taken with different ratios of astatine isotopes. The errors
quoted include the calibration and fitting errors.

In Table 17, below 500 keV where transition multipolerities were
assumed or measured, the total transition intensity is also shown. The
b2,

theoretical conversion coefficients of Hager and Seltzer h3) were used

to derive theée results. The multipolarities of the 113.2 and 151.5 keV
transitions were asgumed toibe'pure E2 and the 195.0 keV trensition was
determined in section VD2 to be M1 + 20% E2. The 90.8 keV gamma-ray not
resolvabie from the K x-rays with the detectors employed so that the
reported gamme-ray intensity 1s based on our measured relative L-conversion
electron intensities and the theoretical E2 conversion coefficlent (see
section VDB). The multipolarity of the 104.2 keV transition could not

be determined from this study and we have listed the transition inten-

sities in Table 17 for both Ml and E2 multipolarities.
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Table 17. Gamma-rays observed in the decay of 209At.
Absolute® Absolute®
Garma-ray ganma-ray transition
Energy intensity intensity
(keV) (% of 2%t BC decays) (% of Pt EC decays)
90.8 (2) (1.69 (12))* (29.8 (15))%
104.2 (2) 2.50 (25) (ég:ﬁ fﬁfg)
113.2 (3) 0.16 (1) (0.85)°
152.5 (3) 0.055 (20) (0.13)¢
191.1 (3)¢ 0.41 (7) -
195.0 (1) 25.0 (1.2) 65.0 (32)°
233.7 (1) 1.1k (9) 2.33 (18)
239.2 (1) 14.25 (50) 15.05 (65)
321.1 (2) 0.71 (3) 0.72 (4)
342.8 (2)¢ 0.57 (3) 0.67 (5)
388.9 (2) 0.56 (3) 0.70 (5)
15,8 (6)° 0.06 (2) -
433.8 (3)° 0.08 (2) -
W7.7 (2) 0.28 (2) 0.32 (3)
Avsolute® Absolute®
Gemma-rey Camma~Tay Gamma-ray gamna-ray
Energy intensity Energy intensity
{keV) (% or 24t EC @ecays) (keV) (% of 2%t BC decays)
545.0 (1) 97.4 (30) 1272.9 (2)* 0.22 (2)
551.0 (3) 5.21 (2k) 1311.7 (3) 0.056 (6
552.4 (4) 1.36 (20) 13h2.9 (3)%1 0.070 (6)
554.6 (L) 0.61 (11) 1357.0 (2) 0.18 (1)

{continued)
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Table 17 (continued)

Absolute® Absolute™
e insensiey e Eavenaity
(keV) (% of 24 EC decays) (keV) (% of 2%t BC decays)

596.h (2) 0.72 (%) 1409.0 (6)° 0.019 (8)
630.3 (2) 0.75 (3) g (n)3e 0.057 (8)
666.2 (1) 2.01 (7) 1270 (3)° 0.030 (6)
19.6 {3) 0.08 (1) 1446.15 (10) 0.56 (2)
750.9 (2)4 0.07 (1) 1456.4 (2) 0.12 (1)
781.9 (1) 87.0 (26) 1478.9 (3) 0.0kL (b)
790.2 (1) 66.3 (20) 14847 (3)° 0.10 (1)
199.1 (2)¢ 0.11 (2j 1490.8 (2) 0.28 (2)
809.8 (3)3:8 0.036 (8) 1533.1 (2)¢ 0.16 (1)
815.6 (3) 0.24 (3) 1537.7 (1) 0.51 (3)
817.7 (3)%° 0.18 (1) 1575.6 (2) 0.89 (L)
826.8 (3)%8 0.05 (1) 1581.6 (1) 1.87 (1)
8sk.b (2) 0.62 (4) 16224 (2)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)2 0.40 (2}
910.7 (5)478 0.078 (11)" 17320.0 (4)° 0.6i2 (2)
922.0 (3)%:8 0.077 (10) 1765.8 (3) 0.086 (%)
932.5 (3)° 0.05 (1) 1767.0 (1) 0.5 (3)
985.2 (2) 0.8 (1)B 1786.5 {2)% 0.13 (1)
999.6 (2)% 0.17 (1) 1803.8 (2)® 0.056 (%)
1008.4 (4)38 0.038 (9) 1810.0 (2)% 0.039 ()

{cortl nued )
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Table 17 {continued)

Absolute” Absolute®
Gamma~ray gamma~ray Gamma-ray ganma-ray
Energy intensity Energy intensity
(keV) (% of 2%%¢ EC decays) (keV) (% or 2%t EC decays)
1037.8 (4)V8 0.030 (6} 1861.4 (5)%+9 0.008 (2)
1074.8 (2) 0.21 (1) 1947.7 ()2 0.01% (2)
1092.8 (4)2 0.09 (7) 2109.5 (3) 0.0k2 (4)
1103.46 (10) 5.5 (2) 2245.8 (6) 0.007 (1)
1136.5 (3) 0.075 (10) 2292.3 (5)%8 0.0tk (4)}
1181.4 (3) 0.34 (2) 2319.6 (k) ' 0.007 (2)
11474 (3) 1.37 (20) 22,9 (4)% 0.017. (5)
1148.8 (3} 0.85 (10) 2357.7 {6) 0.007 (2)
1170.75 (10) 3.1 (2) 2363.7 {(b) 0.015 (2)
1175.4 (2) 2.0 (1) 2368.3 (4)¢ 0.012 (2)
1183.0 (3)%° 0.16 (2) 24334k (20) 0.015 (2)
1192.9 (3) _ 0.16 (7) 2528.1 (6) 0.0025 (10}
1213.8 (2)8 0.46 (k) 2555.4 (4)% 0.002 (1)
1217.2 (2) 1.13 (8) 2588.9 (1)% 0.017 (3)
1243.9 (2)¢ 0.16 (2) 2645.6 (3)2 0.010 (3)
1262.6 (1) 2651;.14 (L) 0.0021 (9)

2.00 (8)

Babsclute intensity per electron capture decay is based on the nevw level scheme.

The theoretical conversion coefficlents of Hager and Seltzer ) were used to

derive these transition intensities,

ssignment to QogAt decay is based on the observation of the transition in a

low intensity 209At mass separated source.

(continued)
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Tgble 17 (continued)

d'I’hese transitions are unplaced in the present level scheme.
°The multipolarity of this transition wae assumed E2.

1-'1.'he multipolarity of this transition was assumed ML + 20% E2 based on our
measured o, o, and a values (see section VD3}.

21°At and 209At sources so

that assignment to 209At decay 1s uncertain. This was also observed in the

€This transition was observed very vweakly in mixed

low intensity 2°9At mass separated source.

h'l!he intensity was corrected for a 205

i

Bi component.
The intensity was corrected for a 226Ra component from room background.
JAssignment to 2%t decay is uncertain (205B11). .

kThesé intensities were extracted from the relative conversion electron
intensities where the $0.8 keV transition was measured as 100% E2,

1Ass:l.gnment: -to 209At decay is uncertain.
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2. GCamme-Gamms Coincidence Spectra

Three parameter gamma~gamme coincidence measurements of two
mixed sources were taken with two coaxial Ge(Li) detectors opersted
"on line" with a PDP-T multiparsmeter date acquisition systemls’lT’lB)
(see section IIIB). The second source was chtained approximately midway
through the 32-hour evperiment to enhance the ratio of 209At to 210At0
The axes of the two detectors were positioned at 90° with respect to the
sources and were separated by a graded lead-cadmium-copper shield to
minimize scattering between the detectors. A fast-coincidence electronic
arrangement (see Appendix C) similar to that described by Jaklevic EE_EL.ZI)
was used. The width of the distribution (shown in fig. 53) for the
experiment was about 46 ns (FWHM). (Coincidences recorded for the

210

population of delayed states in At and 209At are primarily responsible

for the (delayed coincidence) shape of the iime spectrum of fig. 53.)

T three parameter (El, E2, AT) events were stored

A total of 3.9:10
serially on magnetic tape for later sorting and enalysis on the LBL
CDC-6600 computer system using the methods described in section IVD2.
(The sorting routine employed permitted subtraction of random events and
events associated with the neigﬁboring compton distributions from each
energy gate.) The gross coincidence spectrs collected for each of the
coaxial de£ectors are shown‘in figs. S4 and 557 The coincidence sorting
was performed by setting gates (for photopeak and compton backgr;gnd
coincident events)} on the energy spectrum of fig. 55 and the time

spectrum of fig. 5% Zhown in Table 18 are the gates set in the spectrum

of fig. 55 for the sortiug of the tapes. Approximately sixty sorts were
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Fig. 53. "Gross" time distribution for *he 209!-\1:. Y-Y coincidence data.
The 150 nsec gates were used to obtain the coincidence events shown
in figs. 56-Tk.
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Table 18.

these gates were set.

Pesk and compton background gates used.

With reference to the gamma-ray spectrum of fig. 55,

The coincidence events
from the spectrum of fig. 54 (with these gates) as returned by MSORT are shown in figs. 56-Th.

The time distribution gates were set ac shown in fig. 53.

Energy Peak éate Background gate Energy - . Peak gate Background gate
keV channels channels keV channels channels
90.8 136 140 1kl 145 85k .4 1146 1153 17T 1184
10b.2 153 160 176 183 864.0 1160 1166 171 1183
113.2 163 170 176 183 903.1 1210 1220 1221 1231
191.1 261 269 290 295 985.2 1321 1328 1349 1356
195.0 269 219 290 300 999.6 1340 1348 1349 1357
233.7 39 325 345 351 ~ 1022 1368 1376 1380 1388
239.2 325 334 345 354 1207k.8 kb1 1hko 1450 1458
321.1 433 L2 L5 Lsh 1103.5 W77 1488 1189 1500
o 3k2.8 62 k1 k72 481 11414 1530 © 1537 1549 1556
| 388.9 525 533 - 534 542 ~ 1148 1537 1546 154%9 1558
L7 -_'7 601 613 615 627 1170.7 1566 1575 1640 1649
5k5.0 732 h 75 763 1175.4 1576 1582 1593 1599
551.0 . Tha. Th5 160 765 1192.9 1595 170L 1643 169
sk Th5 48 760 763 1213.8 1624 1631 1642 1649
5546 T 15 756 762 1217.2 1631 1641 1641 1652
596.4 802 808 809 815 1262.6 1689 1700 1716 1727

{continued)

-G6T-
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Teble 18 (continued)

Background gate

Energy Peak gate Background gate Energy Peak gate
keV channels chenrels keV. channels channels
~ 623 83k 8k0 8sh 860 1311.7 1753 1762 1763 1772
630.3 8l 853 85k 860 = 1337 1785 1795 1796 1805
666.2 895 903 90k gl2 1357.0 1816 1825 1826 1835
19.6 96k 975 976 987 1446,1 1933 19L% 1959 1970
T50.9 1006 1018 1019 1031 156.4 1946 1957 1959 1970
781.9 1046 1058 1079 1091 1490.8 199% 200k 2005 2072
790.2 1059 1071 1079 1091 1533.1 2049 2055 2066 2072
799.1 1073 1081 1119 1127 1537.7 2056 2064 2066 207k
809.8 1087 1095 1119 1127 1575.6 2106 2114 2124 2132
815.6 1095 1100 1108 1113 1581.6 2114 2123 2124 2133
-817.7 1101 1106 1107 1112 © 1687.3 2252 2265 2266 22719
12k3.9 1666 1675 1676 1685 |
1272.9 1703 17k 16 1727
1767.0 2354 2369 2370 2385

_961_
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performed at a resolving time of about 150 ns. Prompt colncidence
spectra (from the spectrum of fig. 54} are shown in figs. 56-T4. Gamma-
ray photopesks of 2104+ were not present to any "significant" degree in
the sorted spectra. The 209At coincidence results are discussed in

connection with the construction of the decay scheme in section E,
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We show in pages 199-217 the complete set of prompt y-y

209At. Due to

incomplete background subtractions, some photopeaks due to the 210At

coincidence spectra (figs. 56-T4) from the decay of

decay occur in the spectra. These peaks are denoted on figs. 56-TL by
the symbol e. The reader may continue at page 218 ﬁithout a loss of

content.
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3. Internal Conversion Electron Spectra

Sources for electron meesurenents were prepared as described in
section VC. Spectra of conversion electrons were obtained with a
S5-mm x 0.785 em (active volume) Si(Li) detector operated at liquid
nitrogen temperature coupled to the same data acquisition system and
pulse electronics used in the gamma-ray singles measurements. This
system gave a resolution of 1.2 keV (FWHM) for 100 keV electrons end

207

2.2 keV (FWHM) for the 1063 K-electrons from the decay of Bi. The

electron spectre were analyzed for energies and intensities with the

l"0'1‘1). The K~electron lines of the stronger

computer code SAMPO
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
1200-1T700 keV using the methods described in Appendix F.

The conversion electron spectra obtained for 209At decay with a
low intensity mass separated source are shown in figs. 75 and T6.
Because of the relatively high compton beckground end complex spectra
obtained with mixed 2°9At and 210Ax sources, the conversion coefficients
of only the more intemse (or highly converted) transitions could be
determined. The conversion coefficients for many weaker transitions were
determined witp the mass separated 209At source because of the reduced
background. Other spectrs obtained with mixed astatine isotopes were
used to extract conversion coefficlents of the stronger transitions where
pulse summing of the x~rays and electrons ceused interference in the

spectrum of fig. T76. We have used these date along with the gamma-ray
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intensities to determine the X, L and M conversion coefficients relative
to that for the 545.0 keV (5/2° + 1/27) ground-state transition (assumed
to be pure E2) and these are given in Table 19 along with the multi-
polarity assignments deduced by comparison with the theoretical values
of Hager and Seltzerha’hsi. The theoretical K-conversion coefficients
for the 1767.0 keV transition ere those of Sliv and Ba.ndaa). The K-
conversion coefficients are also shown in fig. 77 with the theoretical
curves constructed from the values of ref. l‘2). We comment on two of
our results.

90.8 keV transition: As mentioned in section VD1, no gamma-ray
photon intensity was determined for this transition. However, our
measured (al‘l + GLE)/GLS ratio determined this as an E2 transition. The
measurement of the total L-electron intensity relative to the 545.0 keV
K-electron intensity determined the 90.8 keV transition intensity as
19.8% thru use of the theoretical E2 conversion coefficient. This
established our estimate of 1.6910.12% for the 90.8 keV garma-~ray
intensity.

195.0 keV transition: The mixing ratio M1 + 20% E2 for this
treansition wes determined from the ratio of our measured K and M con-

version coefficients. The experimental ratio was 193:21 and the theo-~

retical ratio for M1 + 20% is "K/“H = 193.5,



Table 19. Experimental and theoretical internal conversionL coefficients: 2°9At.

a
Experimental” conversion
hﬁ::” coafficient 'rhooxioucuie conversion coefficient m:::m“,
eV (103) n1073) E2020°3) wm(10™Y  me2073)
90.8 (o + o Moy = 1.34 (10) 1.304 E2
1 2 3
195.0 oy = 1170 (120) 70.9 178 1k20 5910
a, = 220 (20) 13 256 250 1800 M+ 208 X2
ay, = 62 (7) 3.06 67.4 58.9 456
233.7 a = 760 (50) 46 119 855 3230
a =136 (10) 8.22 120 151 910 M
(o = 28 (10))* 1.93 3.5 35.5 229
239.2 oy = 37 () 43.5 13 801 2950
o = 5.0 (20) 7.715 | 109 L1 83k B
3211 (ay = 26 (25))° 22 58 351 2150 (m)*
342,8 ay = 110 (10) 19 30.1 299 935 M +B2
388.9 ay = 190 (20) 1h.b 28.1 213 631 ]
Lu7.7 @ = 130 (20) 10.7 21 146 410 M
523.0 (o = 320 (80))* 1.73 20k 9.6 257 (w2)*®

{continued)

-géc~



Table 19 (continued)

a
Experimental” conversion
h:::t_:;“ eocfﬂt.:hnt Theoretical® conversion coefficient -l:::;g::“’
KeV (z079) 110 r0107%) w0 w107
545.0 ay ¥ 18.7° 18.7 pure E2
596.4 ag =3 (5) 5.9k 15.6 68.4 175 ML + E2
630.3 o = 13.5 (ko) 0.859 3.83 .10.2 Nl M.
666.2 oy =13 (2) 4.79 12.6 51.2 128 -
a, = 3.0 (8) 0.768 | 3.29 8.79 | 26.3
]
N
79.6 (ay = 130 (%0))* 1Y 10.9 k.9 103 (u2)* ":3
781.9 ay * 9.1 {n . 3.54 9.26 33.8 .k g2
a, = 1.9 (2) 0.560 2,10 5.62 15.7
790.1 ay = 3.3 (3) 3.7 9.08 2.9 9 -
a, = 0,50 {(7) 0.549 2.04 5.46 15.2
85.6 (ay = 29 (8))* 3.2 8.55 30.3 72.3 00)*
817.7 (ay = 26 (8))* 3.26 8.51 30.1 .8 (o + z2)*

(continued)



Table 19 (continued)

'l‘r:u":gon kpori::::.;i.:isgtnvulion Thecretical® conversion coefficient m:::;::::ny
Kev (1073) 0™ 20073 w073 w0107
8s5h.4 ay ® 26 (5) 3.00 7.84 26.9 63.7 Lt
903.1 ay = 3.3 () 2.n T.97 23.3 54.8 n
1103.5 ay = 9.0 (9) 1.90 | 4.® 13.9 32.0 M+ 22
a, = 1.6 {b) 0.29% 0.95h4 2.36 6.03 -
113%.5 ay = 37 (12) 1.8 4,63 12.9 29.3 u2 l
1k.h oy = 19 (6) 1.79 k.59 12.8 28.9 wm ':m:-l
1170.7 oy = 4.6 (6) .n b.39 12,0 27.k -
a = 0.5% (32) 0.264 0.838 2.03 5.12
1175.4 ag = k.9 (8) 1.70 .35 1.9 27.1 B2
1213.8 () = 6.8 (20))" 1.6 L2 10.9 25.0 oa + x2)*
1217.2 (ay = 72 (20))* 1.60 k.09 19.9 2h.8 o+ 2)*
1262.6 ag = 1.8 () 1.50 3.82 9.89 22.5 n

{contirmed)



Table 19 (continued)

!‘r:::::;on wrml:ﬁ:' eradon Theoretical’ .convcni.on cosfticlent nﬁ:.:.;s::ity
keV (1073) 21073 E2(1073) 1001073 we(r07d)
W61 ay bk (10) 1.19 2.99 7.0 1.59 Mo+ x2
1581.6 ay = 0.87 (o) 1.03 2.55 5.57 12.7 n
1767.0 ag » 9.6 (20) 0.85h 2.00° 3.96° 9.3 w

*M™is value vas extracted from s complex (donblet)' peak and {s only suggestive due to poor resclutioa.

b'!.'hi.c theoretical conversion ccofficient wes obtained by extrapolation from the tables of Sliv end Maa).

-Gze-

c‘mloru:lenl values vers obtained by computer 1ntcrpolation"3) from the tables of Hager and Bolt:orhz).

%me ¥PG method (see Ap;ondix ¥), sasuming the 545.0 keV transition (5/2° + 1/27) ves pure E2, vas used
to axtract these relative interpel conversion coefficients.

®Ihe assigmment of this converasion coefficient ia uncertain.
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E. 294t Decay Scheme

1. Introdu:tion

Before discussing in detail the level scheme in the next sectioms,

a brief qualitative description of the expected level structure of 209Po

is given. A schematic representation of the 209Po ground state con-
figuration is given in fig. 78 based on experimentalg) gingle-particle
states in the lead region. A series of states which are single neutron
{particle or hole) in cheracter are expected to be observed in this
even-odd nucleus. Zero-order energy estimutes of these states may be
made from the even-0dd nucleus 2°'Pb. The addition of the 83rd and 8Lth

protons in 209Po is expected to alter the energy of the single-neutron

20Tg,.

states from those observed in In particular the 3pI}2, 2f;}2,

-]l -1 1 1 .
3p3/2. 1113/2i 259/2 and 1111/2 neutron particle or hole states are

observed at energies of 0, 570, 898, 1633, 2340, 2803 and 3581 keV in

207Pb. Similar states are expected in the level structure of 209?0.

The 83rd and 8hth protons of 209p5 are also expected to produce

a series of two-proton states similar to those observed in section IV for

210Po +o which the odd-neutron of 2°9Po can couple to produce states that

are of two proton-one neutron in cheracter. If the couplings involved

are weak, these gtates should occur at energies similar to those observed

in 21°Po. For example the pz}2 neutron-hole can couple to the 2+ two~

210

proton state {at 1181.4 keV in Po) to produce two states of spin 3/2

and 5/2 near 1181.4 keV. The'configurations would be

2 -1

[n(ag7s) ., ¥(27)

] .
/2" 3/27,5/27
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For energies 2 2 MeV the level structure should become very
complex since the number of posaible configurations for the even~-odd
209P° nucleus becomes very large.

2. The Level Scheme

Coincidence measurements and the sum-difference relationships of
our y-ray energies have been used to construct the level scheme shown in
fig. T9. Twenty excited states of 2091’0 are proposed as populated in
the decay of 2°9At. 9pin and parity assigrments are based on previously
reported data and our internal conversion electron measurements. Levels
shown with broken lines are relative uncertain and should be taken as
only tentatively identified. Several weak transitions obgerved with the
mass separated source for which no coincidence relations were esteblished,
but which fit between known levels from energy sum-difference relations,
are ahown as broken lines indicating a tentative placement. The levels
are discussed below in rela;ted groups.

a. 0dd Parity Ground and Firast Excited States at 0.0 and 545.0 keV

The ground state spin has been measured as 1/2 by Vander Sluis
and GriffinTg) and it 1s reasonable to associate this state with a 2 /2

neutron in anology with 207P'b. The configuration of the ground state of

29985 would then be [Tr(h9/2) v(pl/z)] .

The first excited state at 545. 0 keV was assigned a spin and
parity of 5/2° by Yamazaki and M.atthias,r } from angular distribution
measurements of gamma-rays from the 208P’b(a,3n)2°9Po reaction. The
shell model predicts & low-lying fs /2 neutron hole state and the

experimentalg) levels of 2°7Pb show such a v(f5 /2) state at 570 keV so
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that the spin and parity assignment of 5/2° for this level is reasonsble.
Our measured log ft » 8.3 is consistent with this sssignment as direct
decay to this state would be a second forbidden transition.

We assume in the following discussion of the decay scheme that
the ground state and first excited state are 1/2° and 5/2°, respectively
vith a 545.0 keV E2 transition connecting them. The Si5.0 keV E2
transition vas used to msasure relative conversion coefficients of other
transitions (see Section VD3). Assignments of spin and parities to other
levels vere inferred directly by our rilative conversion coefficients
wvith these assumptions.
b. Zven Parity Level at 23i2.2 keV

This level receives wbout 78% of the electron capture decay.
The weak 1767.0 and 1136.5 keV M2 transitions to the 5/27 levels at
545.0 and 1175.4 keV establish the parity as even and limits the spin to
1/2 or 9/2. %The spin 1/2 can be rulsd out by the log £t value and by
transitions from the 2312.2 keV level to other high-spin levels wvhich
then establish the spin as 9/2. Wa favor the sssignment 9/2* vhich can
be associated with the probable dominant configuration
(t(hgiz)o’ "(‘9/2)) ' The electron-capture decay would be of the first
forbidden type (t(b, /z) - v(g, /2)) and the lov log £t is simfilar to
other valuss for first-forbidden bets dacays in the lead region®S).
c. 043 Parity Levei st 8Sh.b keV

This level wvas established from the Y-Y coincidence data on the
85k.4 and 554.6 keV cascade. Our coincidence messurements also shoved
that the 321.1 keV transition should not be placed between the 1109.) and
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854 .4 keV levels. The Ml multipolarity of the 854.L keV transition
establishes the parity of the 854.U keV level as 0dd and limits the spin
to 1/2 or 3/2. The ordering of the transitions used to establish the
level at 85L.L keV is due to an anology with the v(p;}a) state at 898 kev
in 2pp, our log £t » 9.5 is consistent if this level had the dominant
neutron-hole configuration v(p_.;}z). Also the 309.4 keV transition
connecting this level to tha 5/2” level at 545.0 keV is missing as in
20Tp,, We favor the susignment (3/2)° for this level as due to the
dominant configuration ('(h;a)o" v(p;}e))yz_.

d. Odd Parity Levels at 1175.h4, 1326.9, 1409.1, 1417.8 and 1522.0 keV

The parity of the 1175.4 keV level is sestablisned as odd and the
spin is limited to (3/2, 5/2) vy the 1175.k keV E2 and 630.3 keV M1
transitions to the 5/2 states at 0.0 and 5i5.0 keV. The weak 1136.5 M2
craneition from the 9/2’ level at 2312.2 keV then establishes the spin
as 5/2,

Yanazaki and Metthias'') established the 1326.9 keV level as 9/2°.
The 781.9 keV B2 transition to the 5/2° level is consistent with their
assignment.

The level at 1409.1 keV was esteblished from y-y coincidence
relations of the 903.05, 233.7, and 1175.4 keV transitions. The 903.05 keV
El transition from the 9/2’ level at 2312.2 keV establishes the parity
as 044 and iimits the spin to (7/2, 9/2, 11/2). The 233.7T keV M1
transition to the 5/2° level at 1175.k keV establishes the spin of the

lavel &8 T/2.
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The 50.8 keV transition wvas determined as pure E2 from our
measurement of the ratio (0’.1 + aLe)laL in section V3. This agrees-
vith the E2 assignment made by Stomﬁa) and by Alpsten, Applegvist and
Astner'>). The spin and perity of the level at 1417.8 keV can cnly be
limited to (5/2, T/2, 9/2, 11/2, 13/2)" on the basis of the 90.8 keV E2
transition since no other multipolarities of transitions involving this
level were determined. However, if the 90.8 keV transition was pure B2
with no Ml component, the limits for the spin can be reduced to 5/2 or
13/2 . There are several arguments for favoring the high spin
assigmment of 13/2 . Pirst, the strong intensity reported in the 203” )
(a,3n) reaction studies by Bergstrim et al.’!) for the 90.8 keV transition
indicates population of this (high-spin) level. Second, the lack of
transitions from this level to low-spin states belov is ancther argument
for the bigh-spin assignment. We favor the assigmment of (13/2)” which
requires the 90.3 keV transition to be pure E2.

The 1522.0 keV level is of odd parity because of the T90.2 keV
Fl transition from the 9/2% level at 2312.2 keV. The spin can only be
limited to (7/2, 9/2, 11/2). The population of this levsl in 2"sx’b(c;,:an)
resction studies!') and the lack of trmit:lo’nl to the 5/2° levels are
weak arguments for choosing the higher spin (11/2) which we favor.

e. 0Odd Parity Levels at 1715.8 end 1991.2 keV

These level!s vere established from coincidence data. The parity
of the 1715.8 k- / level is established as o0dd by the 1170.75 keV E2
trensiticn. Tae spin can be limited to 7/2 or 9/2 by the 388.9 kev M1
transition to the 9/2 level at 1326.9 keV,
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The parity of the level at 1991.2 keV is established as odd by
the 321.1 keV E1 transition. The 1446.15 keV M1 + E2 transition to the
5/27 level at 545.0 keV and the 321.1 keV El transition from the 9/2+
level at 2312.2 keV limit the spin assignments to 7/2 or 9/2. Weak
evidence that the 815.6 keV transition to the 5/2° level at 5i5.0 keV is
of ML multipolarity favors the assigmeunt (7/2)".

f. Even Parity Level at 1761.1 keV

The parity is estab®lished as even by the 239.2 keV E1 transition
to the odd parity level at 1522,0 keV. The 239.2 keV transition was alsc
observed in the in-besm work of Bergstrbnm ot 51__.") 30 that & high-spin
assignment is likely. Our conversion dats only limit the spin to (9/2,
11/2, 13/2). A shell model e;lcuh.t:‘.ona3) predicts a low-lying even
perity 13/2" state at 1910 keV due to the dominant configuration
9,2)2 13/2))13/2*. 20Tpp also has o low-lying 13/2% state at
1633 keV due to the 1y3/2

(1372)* for tnis level.

{w(h w4

neutron-hole so that we favor the assignment

8. Even Parity Levels at .8, 2864.6 2, . d 2978.5 keV
The level at 2759.8 keV vas established from our coincidence
data. The measured Ml multipolarity for the LL7.T keV transition
determines the parity as even snd 1imits the spin to {7/2, 9/2, 11/2).
The parity of the levels at 286L.6 and 2902.5 xeV is established
as even by the 1103.46 keV M1 + B2 and 121Li.t keV M1 transitions to the even
parity level at 1761.1 keV. The spin of the level at 286k.6 keV can be
limited to (11/2, 13/2, 15/2) by the 1103.46 keV ML + E2
transition to the (13/2)* level at 1761.1 keV. The low log ft of 6.4 for



-235-

decay to this level and the weak 2319.6 keV transition to the 5/2° level
at 545.0 keV make the assignment (11/2)" more likely. The 2141.4 keV M
transition to the (13/2)* level at 1761.1 keV limit the assignment of the
2902.5 keV level to (11/2, 13/2, 15/2)". The weak 2357.7 keV transition
to 545.0 keV 5/2° level coupled with the relatively low log ft of 7.1
argue for the essignment (11/2)*.

The 1561.6 keV El transition to the 9/2 level at 1326.9 keV
limit the spin and parity of the 2908.5 keV level to (7/2, 9/2, 11/2)*
vhich is consistent with cther transiticns from this level and the
log ft value of 6.6.

The perity of the level at 2978.k keV is estadlished as even by
the 1262.6 k¢V E1 transition to the odd parity level at 1715.8 keV. The
spin can be limited to (5/2, 7/2, 9/2, 11/2). The strength of the
1217.2 keV transition to the (13/2)" level at 1h17.9 keV coupled vith
veak evidence of the 1217.2 keV multipolarity as M1l + E2 argue strougly
for & (9/2, 11/2)* sssigmment. The log £t of 6.4 and other trensitions
from this lovel ere consistent wita thase assignments.

h. Levels at 265k.2, 2836.0, 2072.8, apd 3251.9 keV

The level at 265k.2 keV was placed from our enirgy sum~difference
dats for the three transitions of 26%54.k, 2109.5, and 1478.9 keV.
Allovwing M2 and E3 transitions, teatative spin and parity sscignments of
(5/2%, 5/2%) are suggested for this level.

The level at 2836.0 keV vis established from the 1074.8 keV -
239.2 keV Y=Y coincidence relation. The spin and multipolarity remain
undetermined but the probable assignments of (7/2°, 9/2%, 11/2%, 13/2*) cen
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be 3ade dased on the gamma-ray branching to the 7/2” and (13/2)* levels
at 1326.9 and 1761.1 keV.

The level at 072.8 keV vas established from energy sum-difference
relations. Transitions to the 5/2° level at 545.0 keV and the (13/2)*
level at 1761.1 keV coupled with the log ft of T.3 argue veakly for
tentative assigiments of (7/2°, 9721, 11/2%) for this level.

A tentative level vas placed at 3251.9 keV from energy sum-
difference relations. The 939.5 and h15.8 keV transitions were obsarved
vith the mass separated source but not in mixed astatine sources
indicating this weakness cf the transitions involved. Our log ft 3 7.1
linit vas set assuming that no feeding of this level occurred from
“igher-lying states. We can not meke & definite spin or parity assign-
ment for this level although (7/2%, 9/2%, 11/2°%, 13/2%) are lixely

estimates.
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F. Riectron-Capture Decay Rates (log ft values
The 2°9At electron-capture branching ratios to the various 209?0
levels vere estimated in our work from the total transition intensity
depopulating each level using our y-ray intensity data corrected for
internal coanversion. PFor decay energies > 700 keV, the expanded version
of the nomograr. of Iloukowskisa’ae) vas used and for decay energies of
< 70C keV the method discussed by Konopinski and Rose>?) for all.wed
transitions vas employed. This metliod is discussed in detail in
Appendix B. The Q~value was taken for the electron-capture decay ”60)
Qe * 3485 + 15 keV and the half-life was trken as 5.5 hours. The
transition intensities were corrected for fractional decay by K-capture

using the graphs in the ref. 22).
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G. 2(:'91’0 Level Structure in Comparison with Levels of 2°7Pb and 21°Po

The low-lying states of -C'Pb are determined by the odd neutron

and of 2%, by the 83rd and 8Lth protone. It is of interest to compare
the experimental and theoretical level structure of JOQPO witk the

210Po. The comparison can be used to

exper:l.mentalg) levels of 2071"0 and
qualltatively describe the low~lying levels of 209Pc in terms of neutror
{hole or particle) states and neutron states weakly coupled to the two-
proton states. A shell model calculation for 2°9Po by Baldridge, Freed
and G:I.bbons83) using a semir.alistic core polarizationah) approach can
serve as a guide in making the comparisons. They have calculated the
level spectrum of 209?0 up to 1910 keV using a non-local Tabakin inter-
action plus pairing forces (Po, P,, and P)) which simulate ihe core
polarization.

Tc wake the comparisons we discuss the 209?0 level structure in
two sections uging the experimental results and the theoreticsl calculstion

to group the states according to their dominant configuration.

1. Neutron-Hole and Neutron-Particle States

We have plotted in fig. 80 the experimentallyg) observed states
of 207?!: due to the odd neutron and four of these states in 2°9Po as
calculated by Baidridge, Freed and Gibbon983 ). Also shown are five
experimental states of 209?0 vhich we believa to :orreapond to ctates
arising predominately from the odd neutron as in 207Pb.

The correspondence for the first four levels is quite good and
the 3p;}2. 21';}2, 3p;}2, and 11;% /o neutron-hole states in 2095 ace thus

believed identified. The theoretical vaverunct:lona83) for the 3pi}2,
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, and 1i7 neutron states had amplitudes a; 2 0.94 for these

2572 T3/2
neutron components. The 31:;:/'2 state was not as pure (with a P3/o
amplitude of only 0.863) because of configuration mixing with other
near-by 3/2 states arising from the coupling of the neutron-hole states
with the two-proton states coupled to other than zero. The main con-
tributor 1s the configuration [ﬂ(hg 12 \)(pl /2)] 32 at 1181 keV as
discussed in section VG2. Ouwr experimenta.l log ft values involving these
four levels are relatively high ( 8.3) and are consistent with these
neutron-hole states assignments. The 9/2+ level was not calculated
theoretically but we can argue for its identificetion as the dominant
259 /2 neutron-particle state from our experimental observations. The
209

ground state of At presumably has the configuration

v(f and in the electron-capture decay a ].h9 /2

(=(n,> )]
9/2'9/2 5/2 g% g/~

proton would undergo the transition to a neutron. Transitions from the
odd-even (neutron) nucleus 2°%At to the even-odd (neutron) nucleus 2°Po
should favor population of single neutron states (or states with such
large compcnents) where the transition is not hindered. Transitions to
the four neutron states previously discussed would be of the type
'(lbg/z) x, v(3p1/2), or 9(21’5/2). or v(3pl/2), or v(lils/a). These
transitions are hindered because of the relatively iarge AR or AJ changes
involved snd ocur values of log ft support this. The log ft for the 9/2"
level is lov (log ft = 6.15) indicating an unhindered transition. It is
reasonable 1o identify this level with spin and parity of 9/2% as the
dominent 2g, , neutron state where the transition 1!(1119 /2) €, v(239 /2)

would be of the first-forbidden type and relatively unhindered. A
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210 210

similar log ft value has been obsei  « in the decsy of At to Pc

and explained in section IV as due to the same transition. The 9/2’

209 7Pb 18

level in Po compared with the experimental 5/2* level in 20
depressed about 500 keV in energy. This could be due in part to con-
figuration mixing with other 9/2* states in the approximate same energy
region as discussed further in section V I.

In summary, we favor identifying the levels at 0.0, 545.0, 85k.4,

1761.1 and 2312.2 keV as the 3p;}2. 2:;}2, 3p5}2, 11;;/2 and 239}2

neutron states, respectively.

2. Comparison with the Zero-Order Weak Coupiing Model

7Pb and 2101,0 to obtain

We will use the experimental levels of 20
zero-order estimates of the level energies for a series of odd parity
states of 2%%Po in the energy region & 2 MeV. A model for states in
209?0 can be constructed by considering the couplings of neutron (hole
or particle) states to the (h9 /2)2 two-proton configurations. For this
model, ve take the first three levels at 0, 570, and 898 keV in 207!’!7 as
the single neutron-hole states Bp;}'e. 21;}2, and 39;}2. respectively, snd
ve consider the zero-order coupling of these states the 2+, 16+, 6" and 8+

1054 ot 1181, 1427, 1473, and 1557 ke¥,

{two-proton) excited states of 2
respectively. The resulting band structure is shown in column {v) ot
£ig. 81. The residual interactions between the neutron-hole and the
two-protons, if included, would remove the degeneracy of the coupled
states., This zero-order model predicts nothing about the order of the
states once the degeneracy is removed but the density of leve's at 2 MeV

is predicted fo be very high.
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Tre experimentsl levels of 2005, are shovn in column (a) of
rig. 8l. Shown in column (8) are the levels from the theorstical cal-
culation of Baldridge, Freed and Gibbone '), and fn coluwm (4) our
expsrimental lavels of m?o in this energy region. This simple modsl
is in very good qualitative agrssmuat vith the level structure of the
available experimental data and the more complex theoret¢ical calculation
vhich included configuration mixing. It seems probable that the
experimental levels of 5/2°, 9/27, 7/2°, (13/2)", (11/2)” at 1275.4,
1326.9, 1409.1, 1417.8, and 1522.0 keV have the dominant configuration
v(p;}z) coupled to the 2’. v*, ana ¢* configurations of the 83rd and
AlLth protons, each in the J.I:A,l2 orbital. The level at 1715.8 keV
assigned (7/2, 9/2)" may belong to the states arising from the ‘.';}2
neutron-hole coupled to the 2° two-prutca state. Pinally the {7/2)"
level at 1991.2 keV may be one of the f;}a neutron~-hole states coupled
to the 4*, 6* » OF et tvo-proton configurations; howvever, the possibility
that this state may have & large anplitudse of the single~hols config-
uration v(2r;}2) dus to configuration mixing csn not bs exclwded. In eny
event this level, and others occuring higher in envrgy, should be very
highly mixed due to the many different configurations possidle from such

an odd A nucleus.


http://l4l7.fi
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H. Comparigon with the Weak Coupling Model

The description of the 11° and 13~ states of 21Ql’o at approx-
imately .3 MoV by Blomquist st al.3>) in terms of weak particle-core
coupling has met vith limited success. Briefly, the two levels vere
treated as the veak coupling of the 8+ tvo-protcn configuration with the
3 and §° 2°8Pb core states. In section IID a formalism was extended to
estimate level energies of 209?0 by including the coupling of the odd
neutreon with angular momentum '5n to the two-proton angular momenta
(31 and 32) coupled to an angular momentum (J1J2)J . We assumed that the
proton-proton interaction could bde approximated from experimental data
on the levels of 2‘ml’cs and the neutron hole-proton iateractior from
evaileble experimental date on the levels of 2°°Bf in the following vay.
We defined the mass {or energy) of a state in 20%4 with angular
momentun T as ME(?¥%p0). (The mass of MY™X) of excited states of
angular momenturm f of & nucleus "x includes the grounc state mass plus
the energy of the excited state.) Rec. .pling of two-proton anguler
mosente 31 and .52 in terms of Racah coefficients lead to the following

expression to estimate the msss of 209?0.

( ) J +
W (®%%po) « il (%) + u® (OTp) - 0 (208,

. w2 '
+ Z (23 + 1)(2r* + 1)|w(41,12 13,979 A Aid‘;lJ
Jl

n

gt . " 2 "
+ ; (23 + 1)(23" + 1)Iw(‘12.11 Iy;d9 | AMgEJn {(105)
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vhere

TaF+3 L Fel e, . e o el G06)

We have defined the term representing the neutrcn hole-proton inter-

action in terms of experimental masses of 20831, 20931. me?h and 2°7Pb

' (J)
aft w208y, 0% (208, (20931) “u(2°7Pb) (207)

For the evaluation of eq. (105), we used the tables of ground-

73)'

state masses of Wapstrz and Gove and the experimental level energies

and spin assignments for 2°7Pb. 2°BB:L and 20931 recommended by Nuclear

Datag). These values have been given in fig. I and Table T for
and 299B1 wnile Table 20 shows the values used for 200Bi, The results
of the calculastion are shown in column (¢} of fig. 81 and in Table 21.
The agreement of this weak coupling calculation with the experimental
results is quantitatively very good up to 1552 keV. The correct order of
the v(pI}e) couplings to the " ana 6* two-proton configurations is
predicted. {(Our previous zerc-order calculation could not predict the
ordering as the states were degenerste.) An epparent discrepancy of the
rirst 3/2° state in columns (c) and (d) seers to exist. However, the
weak couplin/ calculation did not allow for any configuration mixing with
the nearby (~ 150 keV) (ﬂ(h9?2)2+ v(p;}e))ala_ state. Configuration
mixing of the two 3/27 states would lower the energy of the first 3/2°

state into better agreement with the experimental value., The effect of
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Table 20. Spin, parity, and energy usimnt)) used for 20831 states.

8pin and Parity Energy Configuration

J" XeV

(s)* 0.0

()‘)"' 63.5 ’(n‘9/2) “(3,1/2
(6)* 510.3

[N 602.3

(5)* 629

@ 6344 ling)p) Wa2t,)
m* 650.1

(2)* 925.6

(s)* 887

+

m+ >0 w(1ng,,) v(3p55,)
(3) 1070 /2 3/2

(6)* 1096
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Table 21. Energy levels of 2290 calculated vith the wesk coupling model.

Spin snd Farity Energy® Spin and Parity Energy®
J* eV >t keV
(¢’ 1/27) 1/2” 0 * s/27) w2” 2068
(0* /27) s/2” 633 (" 5/27) 3i2° 2126
(0" y27) 32" 1082 o s/27) 72" 2150
(x* 5/27) 912~ 2020
(2* 1/27) s/2” 1169 " 5/27) n/2” 2092
(2* 1/27) 32" 1200 (" s72°) 132" 1999
w7y w2 1305
& 127 e 1458 (8* sr2™y 1" ars
(6* 1/27) 13/27 1k35 (6" 5/27) 912" 2284
t6* 1/27) 11/2” 158 (6" 572"y n/2” 2as3
(8* 1/27) 1172” 1496 (6* 5/27) 13/2” 214
(8* 1/27) 1572~ 1614 (6% s5/27) 15/2" 217
(6" s/27) 1172~ 2058
2% 5/27) 12" 179k
(2* /27y yz" 1692 (8* 5727y 11/2” 2bkk
(2* s127) s72” 1946 (8* s/27) 13/2” 2303
(2* s/27) 172" 1866 (8% 5/27) 15/2” 2150
(2* ss2”y 912" 170k (8* s/27) 11/2” 2161
(8* s/27) 19/2" 2200
(" 3/27) 1727 2088 (8* s/27y 2a/2” 2181
(2* 3/27) 372" 2204
(2* 3/27) 5727 23k
(2* 3/27) 172" 2203

She ground state mauys of 209?0 vas subtracted from all valuer calculated
vith Bq. (10S) in order to give the ground state energy as 0.0 kaV.
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coaliguration mixing on the 3/2" ctates, as ve.l as others, can be
cbserved fron the theoretical®d) level structure of column (e) which
included mixing. Perhaps the good sgresment of the remaining levels in
column {c) vith (d) is indicative of the purity of the states and is
proof that the weak coupling model is s very good approximation for
explaining the low-lying nuclear structure of this nuclewe.

It should be noted that this weak coupling calculation depends
strongly and rather sensitively ou the level ensrgies and spin assign-
ments to other nuclei, namely, ”‘n. Perhaps & further consistency of
data in tie lead regicn can be tested with this weak coupling approach
as more detailed dats becomes available for other nuclei, and hopefully
the lover-lying states prodicted for nuclei for which detailed spectro-

scopic information does nc3 axist.



With the present data rot much can be said with certainty of the
remaining levils in the energy region gr=ater than 2.3 MeV. Hcowevaer,
wve note the rather low values of log ft to sevaral of the even parity
atates at a~proximately 2.8-3.0 MeV which ar: fed Airectly in the decay.
Applying the zero-order weak coupling model to 2091’0 in this energy
reglon, & high density of luvels at 3 MeV was predicted. In particular,
even parity states of spina 3/2-23/2, tvo each except for 3/2 anl 23/2,
are expacted due to the configurations (11’(1:9 /2 113/2)\)(1)1/2)) (A com-
parison of the 210?0 configurations w(h, /2 113 ,2)'_ discussed :l.n gsection
IV provided the energy 2aticate as 3 MeV.) Popul:t:lon by electron-
capture of any "pure" state in 2098 of the above configuration requires
the transition n(h9 /2) X, \s(p1 /2) and should be relatively hindered
because of the large change in orbital anguiar momentum (AL = 4).
However, configuration mixing of the two 9/2* stetes with the config~
uration (n(h9 /2 v(g9 /2 o/2* 9/2* would allov an whindered decay
through this adnixed component. The transition would be via a first-
forbidden decay of the type r(lh9 /2) x, v(239 /2) which is also
believed to be mainly responsible for decay to the 9/2( level at
2312.2 keV.

Unhindered electron-capture decay could also populste staies in
the 3 MeV energy region with small components of the type

3 -1 -1 208,
n(h9/2 31/2)\’(1’1/2) due to proton excitations of the Fb core. (States

210 . 3 -1 2
in “"“Po at 3.8 MeV of the configuration 1r(h9 72 81 le)v(pl /-2) ware

believed rcsponsible for the low values of log ft in the decay of 21°At
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in section IV.) e 7/2%, 9/2%, 11/2% states of 2%9po aue to the con-
rigurations ‘rr(h9?2 nI}a)v(pI}a) are predicted with a zerc-order wesk
coupling model at an energy of ~ 3.8 MeV which is greater thun the decay
energy (3.5 MeV) of 2091,0' Such states would not be directly populated
in the electron-capture decay and this might expla.n why no higher-lying
levels of 2091’0 were observed as dirsctly fed with any apprecisble
strength in the decay. Howaver, conf:guration mixing with lower-lying
T/2+. 9/2+. ll/2+ states would provide a second component to be populated
in the decey via a first-forbidden transition of the type

m(38, ) <> v(3p, )

In susmary the 3py/p» "’f;}z’ 303/p0 M7y, 2‘9}2 states in
mPo arising from the odd-neutron have bheen identified. The effect of
23rd and 84th protons on these states, when compared to 2°7Pb. vas to
depreas the energy of the 239 /2 neutron-particle state by 500 keV. This
is probably 3due to configuration mixing with other 9/2+ states which
occur in the same energy region. The energies of the 31:;}2. 2f;}2, and
li;; /2 neutren-hole states were not. sltered appreciably sr'rom those
observed in 2°7Pb and these results were summarized in fig. 80. 0dd
parity states due to the weak coupling of the two-proton configurations

n(h, ;)2 vith tha v(pf/“a) neutron-hole also have been iduatified. A

9/2
veak coupling model was found to descrive the 209?0 level structure for
energies of less than 2 NeV with the exception of one serious discrepancy
in the energy of the v(pgfa) neutron-hole state. This discrepancy
between experiment and theory was removed in a detsiled shell model

ealculntion83) with configuration mixing which was not included in our
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weak coupling calculation. The experimental, veak coupling model, and
shell model level structure in the energy region ol legs than 2.3 MeV
are summarized in fig. 81 where the agreement was found to be very good.
The absence in our study of a series of odd parity statas of the
configuration n(h9 /2 T /2)“(1’;}2) (vhich a zero-order weak coupling
model predicts at 2.1 NeV) does :  alter our coaclusions about the
validity of wesk coupling to describe the 2°7Po level structire. Direct
decay of 2092t to these "pure" states would be hindered in the sume way

21°At to configurations ic 2‘1°Po of the type

as direct decay of
w(h9 /2 T 12)“(1’132) vhere values of log ft were observed to be @ 8 (see
section IV). Ko odd parity states evigt in the izpwdiate energy region
for configurati.n mixing vhich could allow en unhindered decay. Thua
these states in 29Po should be populated only by gemma dscay of higher
lying levels. The fact that T8% of the decsy "bypasses" these states by
populating the lower-lying 9/2% level at 2.3 NeV could explain the
absence of these levels in our decdy scheme. Th= mahi(a.t)mh
reacticn, if possible, should populata such states and would help coanfiram
or refute the veak coyupling model at energiez greater than 2.3 MeV, evan
thoughk the density of levels expected is very hizh.

The study of 2%Po through the electron-capture decay of “O°At
has ravealed only a limited aumber of statas. All of the states dus to

5
heve not been obsarved. These and many other stateas wot populated im the

-1 =1 2
the 2f 72 @nd 3P40 neutron-holes coupled to the configurstions t(bgn)f

beta decay covid be populated and studied by different reeacticns. In
particular, further 20&?0(0,&1) studies and possidly a high resolution
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208Bi(a,t) or 2OBBi(aﬂe,d) reaction study would be very informative. It

is now knownas) that the 2loPo(p,d)‘ogPo has been investigated and the

data are being anelyzed. The results of this rzaction study should be

most interesting as the week coupling model can be further tested.

States of the configuration [{m(h,,,) v(pdl )]  should be populated
9/2 I 1/2 I

very weekly, (only through small edmixtures) compared to the neutron-

hole states,
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APPENDIX A
GAMMA~RAY TRANSITIQK PROBABILITIES

The transition probability for gemma-ray transitions within a
nucleus has been formulated by several authorsl’2’3’h). We shall outline
the methods for calculation of M1 and E2 transition rates for the one and
two proton models after a general fprmélism. El, M2, and E2 transition
rates will not ﬁe considered. The transition probability T(E(t)LM; J; > Jf)
(in units of [sec]_l) for the emission of & given gemma radiation of
multipole type E(t) (e.g. Ml or E2) carrying off orbital angulsr momentum

L (with projection M) for a nucleus going from some initial excited

state ji to some final state Ef is given by

( 8r(L + 1) 1 (Ex(MeV))2L+l (
T(E(t)IM; J. » J,) = ——F—"le B(E(t)IM; J, + J
() 17 T e+ 1112 B O\197.3 ®) 179

(1)

vwhere B(E(T)IM; 3 Jf), the reduced transition probebility, is defined

by

B(E(t)IM; Ji# Te) = 2 | (oM [By(Ee)) oM, ) |P (2)
MM
£

The Wignzr-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 be rewritten as the square of a reduced

matrix element.
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Ji L Jf i : ~L 2
B(E(E)L; 5, + 3 =9, | | (T MG (E(s DR ) |

g, Yy MM
1
o AL 2
= -————QJi 1 | (oMo (E(e g, ) | (3)

The multipole operator aﬁ(E(t)) in eq. (3) has dlfferent forme
for electric and magnetic trangitions. It is assumed that it can be
written &8s a sum of single particle operators involving the coordinates

of each nucleon p, i.e.,

On(E(2)) = 3 Gp(E(t),p) (4)
P

summed over all p particles involved in the transition. The magnetic

multipole opersators 6{2(1\41) have the general forml)

AL eh : +  28y(p) i L
OM(ML) = anpc Z [gs(p)sp + mzp] ) ﬁ rp YM(Qp)
. .
. _eh 2go(p)y ,  2g,(p) , L
x> [(SS(P) R A RS- TR

P -5

where Y}I;(szp) are sphericel harmonics and rp is the radial coordinate of
the particle p which is assumed to have the orbital angular momentum IP
and spin ;p coupled to a totul angular momentum jp' The factors 8y and

g, are the g factors for the free-proton (or neutron). The second form
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of eq. (5) was obtained from the relation fp = Eb - gé. The M1 operators
are rather compliceted functioans with different forms for the various
M components. As an example the megnetic dipole operator has the form

tur the M = 0 component2)

6L0n) = V37 af;c 3 8 (p) s, +gylp) &, (6)
P

However, to calculate the gamma-resy transition probabilities, reduced
matrix elements of these operators are needed and the explicit forms

for all components will not be considered further. The reduced matrix
elements for the M1 and E2 operators will be defined'later. (See eq. (10),
eq. {11), ea. (23), Eq. (25), and eq. (26).)

Tre electric multipole operator has the form

Ou(E) = 3 e xnnu@) (1)
P

The operator for E2 transitions has the form for the M components.

AR 2 .2
0y(E2) = 37 e v V(@) o (8)
P
Having given the forms for the multipole operators, the transition
probabilities of eq. (1) (is units of [sec]™) can be rewritten in terme
of the evaluated constants, the trangition energy Ey’ and reduced

trensition probabilities asl)
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T(EL) = 1.59 - 1017 . 33 . B(E1)

T(E2) = 1.22 + 107 - Ez . B(ER)
T(E3) = 5.67 - 102 . E;’r . B(E3)

T(EM) = 1.69 * 10"‘ . E$ + B(EkL)

9)

13 3

R

. E$ . B(M2)

rr(iu) =1.76 + 10 + B(ML)

T(M2) = 1.35 + 107

6.28 - 10° - E/ - B(M3)

7
Y
p(Ms) = 1.87 - 107° . E$ . B(Mb)

7{M3)

The units of the quantities in eg. (9) are-EY in (MeV), B(EL) in 2

2
[fm]L, and B(ML) in (af‘c) [n]2(E-1)
P

I. SINGLE-PARTICLE MODEL
This model applies to an odd A pucleus in which the odd nucleon
is assumed to undergo the transition from a ztate of initial angular

momentum 3; to a final state 3}

. - v St

this model the angular momentum of the nucleus J is assumed to be the same
. . . i . M e o
88 the angular momentum of the nucleon undergoing the trdnaitién; If the

as the nucleus emits a gamma-ray. In

initial and final states of the nucleus involved in the transition are

pure single—particle states, the expressions for the rsduced trans:tion
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probabilities can be simplified to terms involving & Clebach-Gordon

coefficlent and a matrix element of radial wavefunctions. For the
special case of :ff = 31 + Z, the magnetic reduced transition probability

of eq. (3) takes the forml’3)

2 .
. _ - eh _2 2 (oL + 1)
Bs.p.(}'i:l"" Jy e =L+ Ji) - (Empc ;"L +18) L 7

2
J, L J
[i _{] SRR LIS (10)
2 2

with the selection rule 'z’f = Z’i + T - 1. The Clebsch-Gordon coefficient

I U dp 3

1 i |in eqa. (10) has the phase conventicn of ref. ).

50 5 > >

2 %f the more general restriction lJf - Jil < L for magnetic

trensitions is sllowed, a more complex expression (but of the seme form
as eq. (10) results with the additional selection rules)) that

:9.; - ff + f - 1 must be even. The detailed expression of the reduced
transition probebility for this case is given in ref. l) end ref. 3) (in
full half-page gloryl). The reduced trensition probabiltiy for single-

particle electric multipole transitions is

2
: 2 J, L J
o -8 i f L 2 2L
B 'p.(EL, 3> J.) =gz (2L + 1) [1 . l] l(Jflr |9, N [fm)
2 2 :

B
(11)

. -+ -+ -+ 3
with the selection rule that zi + L = ﬂ.f must be even”).

The transition probabilities of egq. (9) may be calculated in

terms of eq. (10) aend eq. (11) once the radial matrix elements
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(JflrLlJi ) have been determined. The radiel wavefunctions needed to
compute the matrix elements mey be obtained from various potentiels., It
should be noted that the calculations of the Ml transition rates is
triviel as the matrix elements are unity. A pertial ligt of computed
matrix elements near closed shells is given in ref. l) for e Woods-Saxcn
potential. These allow evaluation of matrix elements for most E2
transitions. Hence Ml and E2 transitions probabilities for odd A nuclel
maey be calculated relatively simply within the framework of the single-
particle model.

In order to standardize the comparison of transition rates for
different nuclei, the Weisskopf single-particle estimates are often
employed. These estimates involve some further approximationsz’h) of
eq. (10) and eq. (11) which remove the model dependence for the cal-
culation of radial matrix elements. There are four additional basic
assumptions'made over the previous formalism. The radial wave fuﬁction
for both the initial and fiﬁal states is assumed constant throughouf the
nucleus (for r < R) end to vanish outside (fof'r > R)., This leads to

the two approximations

L - 3R .,
\EA A 3 ua

where the nuclear radius is taken as
R=1.24"3 [fa] . - (13)

Third, the transition is assumed to go from an initial state 3; =1 +1/2
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to a final (1s ) state with 3} = 1/2. This fixes the Clebsch-Gordon

1/2
coefficients as unity. Finally for ML transitions the following

approximation is made

2
12 (s, - £2) = 30 ()

These four approximations give the Weisskopf estimatesh) for the reduced
transition probabilities. Replacing the appropriate quantities in eq.

(10) and eq. (11) we obtain

2
B0 = 12 (3,2)2(0-1) y2(1-1)/3 (2_%“;) ()21 )
P

B (kL)

2L 3
1.2 3 2L/3 2 2L
Sﬁ}—)- (L = 3) A e [fm]

The units of eq. (15) are referred to as Weisskopf umnits.

II. TWO-PROTON MODEL
This model calculates for even-even nuclei the gemma-ray

transition probabilities between states which are composed of mixed
configurations of two identical nucleons. Consider a pure state formed
from two pfotons of angular momenta ji = g and 32 = b coupled together
to the anguler momentsa 3 (i.e.'; + % ='3). The two-particle wavefunction
P = |a{ab)IM) for such a state must be properly antisymmetrized which is
denoted by the curvei ket | ). Explicitly the pure two-particle wave-

function can be written as3)

loebsh) = N_ [ loala)b(2)i ) ~(-)%PTjon(r)ale) ] (16)
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where the normelization factor is

N, & —3— (17)

® R e,
21+5ab

We have used in eq. (16) the notation a(l) to represent the particle of
angular momentum 'jl located et the radial position ry. Any additional
quantum numbers needed to specify the states are represented by a. Since
states of tﬁe same J" can ronfiguration mix, the actual wavefunction of
a state will be a linear combination of two-particle states of the same
(ap)3". The wavefunction for an initial state (with Cab(ui) representing
the amplitudes of various two-particle components) can be written in

terms of two-particle antisymmetrized components as

loggm) = D3 c e, )]esbs o, - (28)
(ab)

where the summation is only over sllowed two-particle configurations not
prohibited by the Peuli i:nrinciple. : _

Consider the gamme transitioﬁ between an initiel state |aJiMi)~and
a final state [a'J fo). Only angular momentum (coordinates or) quantum
numbers can change in the emission of a ganma-réy. Two nucleons in the
initial state with the spatial coorﬁ@tes a(1) and b(2) will have the
same spatial cocrdinates in the final state but may have different values
of angular momenta e{1) and a{2). This allows single-particle

transitions of the type a(l) + c(1) and/or b(2) + d(2). The reduced



-266-

matrix element of eq. (3) cen be computed using the form of eq. (18) for

the wavefunction of the initisl and final states.

BE(t)L; J, + J,) = 2J1 T 2 Cupley) Coglap)(apa 18%(E(E))a,a,) |2

(abed)
i 2J11+ 1 20 Caploy) Coglap) mam [(“' e(1)a(2); I h6a, a(1)n(2); 3, )
(abed)

a.+'b-Ji AL _
-(=) Cay e(1)a(2); 7 0670, B(1)a(2); I,

c+d-J AL
-(-) (u' a(1)e(2); I, 16 lu. a(1)p(2); 7, ?

a+b=J, +o+d~T R 2
+(~) i f (a;, a(1)e(2); JfloLlai b(1)a(2); 3 ) ]] (19)

Equation (19) can be simplified by recoupling the angular momenta of the

two particles. The two-particle bra and ket vectors of the fourth term

when recoupled have the following relationships:

d+c-Jf
(-) Iaf'. e(2)a(1); g M, ?

(20)

log a(1)e(2); T M,

b-l-a.-Ji
(=) oy a(2)v(1); T )

iai b(1)a(2); J,M, )

Replecing these forms in the vectors of the fourth term shows that the
first term snd fourth term are identical (because thé double intergrations

involved in the matrix elements are over dummy parameters
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{i.e. dF, dr. = dr, dr, = dx d%, ...) and the phage factor vanishes).
172 271 1 2

Hence the first and fourth terms maybe combined into a single term equal

to twice the first. The same method may be used to combine the second

and third terms. The result is that eq. (19) can be rewritten as the

first two terms with an additional factor of two.

B(E(t)L; J, + J,) = EiTi_ [Z Cab(a )c, (a PN N

(ab)
(ed)

[{aje(1)a(2); JflﬁLlaia(l)b(E); 3, )

‘ a,+b-Ji ALI 2
-{2) (ai',c(l)d(e); Jf|0 ai'b(l)a.(z); J5 b

(21)

To evaluate the reduced two-particle matrix elements of eq. (21), we use
the fact that 3L is a sum of {two) operators each involving only the
spatial coordinates of r, {or (1)) and r, {or (2)). This allows eq. (21)
to be rewritten in terms of two single~particle reduced matrix elements.
We use the assumption that the gpatial coordinstes of a{l) and e¢{1) are
the same but different than those of b(2) and d(2) (i.e. the allowed
transitions are a(l) + c(1) and/or b(2) + a(2)). Consider only the
first term of eq. (21). The two-particle reduced matrix element may be

rewritten in terms of two single-particle'reduced natrix e:l.‘ementea’5 ).
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L

(aze(1)a(2); JfIIGL(J.) + §42)lasa(1)n(2); 9, ?

a—c+Jf-Ji AL
(=) 25+ IY(eJi + 1) W(banL; J.e) (ai.c(l)lo (l)laia.(l) Y

)

+ 8, Vl2r, + 1){as + 1) W(abd L; J,d) (B:'fd(2)|aL(2)|Bib(2) ) (22)

The second term of eq. (21) may be evaluated by simply replacing a(l) with
b(l) and b(2) with a(2) in eq. (22). We note that the form of eq. (22)
requires that only one particle contribute to the transition. As an
example, consider the tramsition a(l) + b(1l) which is represented by the
first term of eq. (22). The delta functiog adb requires that b(2) = a(2),
but if a(l) + b(1) # a(l) the 2nd term vanishes. This is why only one
particle can be involved in the gamma-rey transition. All ciuantities
necessary to evaluate eq. (21) nave been defined in this model except

for the single-particle reduced matrix elements of the multipole operators
in eq. (22). The single-particle matrix elements rave been defined in a
paper by True and Ford6) for M1 and E2 transitions. Reduced matrix
elements of the Ml operators are 3enerélly divided into two groups which
are elther diagonal or nondiagonal jn the single-particle angular
momentum. Explicitly, the diagonal Ml single~particle reduced matrix

elements are given by5’6)

¢ (nc2c1/2)clall‘(lﬂ)|(nazal/E)a) = %r‘ va(a + 1)(2a + 1) &, El%c_ 6ac

(23)
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where g_is the g factor for the state (R,al/2).1a. The value of g, can
be obtained from the relation for the magnetic moment -ﬁ and the total

angular momentum _33

g =g -l (24)

o
=3

For calculations g, is obtained from eq. (24} with the experimental
value of the magnetic moment (in units of nucleon magnetona) which hes
been measured for many single-particles states. However, the Schmidt
values are used if the appropriate moment has not been measured.

The off~diagonal M1 single-pvarticle reduced matrix elements have

the forms’s)
-% =1/2 22 (4 + 1
al _ %e e'c eh
¢ (n,2,1/2)elG0)N(n 2 1/2)a) = (-) (g, - 8) \& HFT B
Gg ‘2 8, n (1- Gac) (25)
ca a c

with the additional selection rule ]33 - Ic] < 1. The single-particle
reduced matrix elements for the E2 operator are given in terms of e
Clebsch-Gordon coefficient and radial matrix in a form similar to eq.
(11)6)

<(nczc_l/z)clﬁﬁ(Ea)l(nazgl/a)a> = e \/(2c +1) f’i [

: 2.+
KelrPla) |2 21+ ()2 1 (26)

23.]
0o &

2

P~ o
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with the additional selection rule lj; - 3;[ €2, All velues 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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APFENDIX B

THEORETICAL LOG FT CALCULATIONS - ELECTRON-CAPTURE

I. INTRODUCTION
For 8, B+, or EC decay the nomogrem method of Moszkowskil) or

Verrall gg‘gl.z) is generally used for rapid calculations of log ft

)part.

values once the experimental partial half-lives (tl/2 for

expt.
the levels populated in the decay have been determined. These nomograms

are also reproduced in an expended version in the Taoble of.IBotopes3).
Hovever, when the decay energy Q, is less then about 300 keV (for z ~ 85),
the nomogram method fails to give the correct values of log {t due to the
negleet of the elortron binding energy BE(X) (of the daughter nucleus) in
the expressions used in the original calculations for f. It has been
notaﬂs) thuat log ft values obtained from the noﬁograms for first-forbidden
nonunigue transitions (53 = 0, 1 yes) often show deviations of 30% from
those calculated theoretically for B decay (which were then corrected
wvith the Kfﬁ+ ratio to obtain the value of f for electron-capture).
Presented below are a series of formulas which tske into account the
electron binding encrgy corrections. These.formulas were uged for cal-
euiation wf the log ft values in this work. This method gives the same
results {for Z = 85) as the nomogram method for 9 # LO0 ke¥ and log £t

values 0.1-0.8 units lower for BE(K) < 9 < LOO keV.

II. METHOD
Reproduct:d here are two equations from volume 2 of Siegbahnh)

{chapter 2) whica allow the user to get from his text to the actual case

e et
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of doing & calculation. The formulation was written by Konopingki and
Roseh) and the interested reader should consult the original article for

details. From the texth) we have the following equations:

. 3 ' .
Y- - f(tl/z)part- =22 g (1) (p. 1341 eq. (21))
AT expt. g
and
22 2
Ag = (E—‘lee ) g (R) 8.1 (2) (p. 135¢ eq. (TTA))-

The total allowed decay rate by & allowed modes (e.g. K, L, M, ...
capture) is defined as Ai, .ge is the coupling constant, and gK(R) is
the large radial wavefunction for the electron evaluated st the nuclear
radius. The K-electron capture rate is g;i.ven by AK and cq is the energy
available for the neutrino.

cq = WO + mc2 - BE(X) (3)

where the decay energy Qd is defined as

Q, = ca + BE(X) = W, + me® (4)

The units ¢ = h = m = 1 are used which implies

q = Q - BE(X) (5)

where the units of energy are in terms of electron rest mass (Mev).
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We now assume that the approximation SO = for allowed

transitions (Al = 0, 1 no) holds for lst-forbidden electron-capture

decays (i.e. SO 1 =), Substituting our approximation S0 1= £, we can
’ bl
combine egs. (1) and (2)
3 .
Ino2n’ _fn2 w 2 2 2 2
ft = 32 £ = AK ) SK(R) q 1/2(1() K(R) q (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 obtained from fig. la
for the Z (parent) of interest.

(db) q This can be evaluated from eq. (5) where the decay energy
Qq is obtained from the (Q-value) enersy aveilable for
electron—capture decay Q and the energy of the level

E
Rev
of electron mass):

to which the decay proceeds in the daughter (units

Q4 = ¢ " Egey (7

{c) tl’Q(K) This is the partial hslf-life if all decay went by K-
/ T
capture., This quantity is obtainable from the experimen-~
tally determined partial half-life (tl/Q)Part' thru use of

€xp
fig. 1b and the ratio of total electron-capture EC (total)

to K-electron capture EC(K) as follows:

_ t. EC{total :
ty /p(K) = (1;1/2)1""r __L_(TLEC % o (8)

expt.

where the total to K-capture rate is defined as

e n
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(a)

ol

0.00! : AL ; <
i0 20 30 40 S0 €0 70 80 .20 ‘ 100

(b) | E

XBL 719-1475

v

Fig. 1. (a) Large radial wavefunction gK(R) for the lm-eslectrons evaluated
et the radfus B 1),

(b) Subshell ra#ios for-electron capture3)
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B (total EC(K) + EC(L, + Ly +Lppy) *ECM + N + ..0) o)
EC(K) ) -

Using the approximation EC(Llll) 2 0 (which is valid for allowed and

approximately valid for first-forbidden nonunique 't:rama:l.t:i.ons3’5 1), ea. (9)

reduces to

EC(total) . , , EG(L, ) 1+EC(I‘11) L ECMe N e
BK) EC(K) PR EC(L)

(10)
For allowed and first-forbidden nonunique transitions3)
2
EC(Ll) Qd BE(L, )
wBE- - (2 _'—_T'TBE = (11)
EC(L, )
where k {2) is given by fig. 1». The values for '_C-(L—ui_ and EC(M ;CNL+ -

may be read directly from fig. 1b also. Finally rewr:.ting eq. (6) in
terms of egs. (5), (8), (10), and (11) we arrive at the final expression

used in our iog ft calculations
2
o part. Qd - BE(I‘],) ‘ Ecu‘u) ECM + R + ...
= (tl/2)expt. [1 + Ky (2) [qd “mm J |PrwEa) J T B
% g2(R)(q, - BE(K)? (12)

In summary, eq. (12) allows the calculation of log ft values for

allowed or first-forbidden decays thru use of fig. 1 and eq. (7) once the


file:///WkTJ
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decay energy is known. (The binding energies of the electrons and the

K/B* retios are tabulated in ref. 3).)
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APPENDIX C

DATA ACQUISITION SYSTEM

ABSTRACT
The electronic systems used for B and y-ray spectroscopy are
described in the form of a user's manual. The asselhbly and testing of
singles and coincidence logic circuits utilizing a PDP-T computer is

discussed.
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I. INTRODUCTION

It is the purpose of this note to outline the types, and the use,
of electronics and other hardware used in our lsboratory at LBL in
spectroscopy experiments in conjunction with a PDP-T computer data
acquisition system shown in fig. 1. This is intended to help ease the
minds of future graduate students faster after their first introduction
to the system end also serve as & guide in setting up the systems
initially. The text is in the form of a user's manual, and if details
are desired, one is referred to the available technical referencesl’2’3’h’5)
on which it is based. Singles and coincidence electronics é.nd methods are

k,5,6

discussed. The PDP-T system has been well documented and no attempt

is made here to expand on it.

II. GAMMA-RAY "SINGLES"
The electronics used with the PDP-T computer system to collect

experimental data is discussed with reference to fig. 2.

A. Linear Amplifier (LRL model #11 x 5501-FP1)

The a.mpl:lf:lerl) will accept by switch control either positive or
negative preamp pulses and it contains a pole-zero preamp compensetion
adjust sczlew. One sets the pole-zero compensation by bringing the output
pulse overshoots or undershoots to the baseline with a scope set on a
high gain. The final adjustment is best made with a long~time constant
on the oscilloscope. The unit has two outputs (1) slow: which has been
optimumaly filtered, gaussian-shaped, and pole-zero compensated for

pulse height anslysis (2) fagt: which has only differential shaping so
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Fig. 1. The PDP-7 data acquistion syst6)-
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that all optimum timing information is still contained in the signsl.

The input is internally terminated so that no terminator should be used.

B. Pile-up Rejector and Slow-Rise Time Inspect {IRL model #11 x 5551-P1)

The slow output signael from the amplifier, used for pulse height

analysis, passes thru thé linear gate to the anelyzer only when the pile-
up rejector produces a valid output pulse which opens the linear gate
(fig. 2). The pile-up rejectorl) hes two functions: (1) re‘ection of
pulses which occur too close in time (pile-up rejector); (2) rejection
or "slow-rise" pulses, which result from slow, partial charge collection
in the detector which occurs when & gamma-ray is absorbed Just. outside
the activé volume region. The pile-up rejectof input is obtained from
the fast output of the linear emplifier.

The pile-up circuit rejectz a pulse preceeded by another within
a variable {5-30 usec, "inspect-time" knob) preset time {e.g. 25 usec),
or one which is followed by another within approximately 0.5 usec. It
has two adjustments; an input discriminator and a "inspect—time" ae.tting.
Set the discriminator just above the noise-level by triggéripg the scope
on the discriminator output and observing the slow output of the linear
amplifier. Set the "inspect-time" by setting the output (of the pin-
Jack) to approximately 25 usec time durationm.

The slow rise-time inspect may be switched in with a toggle
switch and has three edjustments; an input discriminator (set it roughly
to the same disl-setting as the input-discriminator on the pile-up
inspect unit), a maximum rise-time adjustment; a.nd dead~time setting. .

The maxinmum rise-time is adjusted in one of two ways: +{1) with the
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linear gate input gated by the valid output of the pile-up rejector,
observe the output signal of the linear gate and decrease the maximum
rise-time screw until the highest pulses (near saturation) disappear
and then back the screw off one or two turns; (2)‘with the linear gate
opgen Lut the delay in, observe the output while gating the scope on the
dead~time pin-Jack in the maximum rise-time section of the pile-up
rejector (note: this pulse is negative). These pulses are the rejected
pulses due to excessive rise-time. Decrease the maximum rise~time
requirement screw until the highest pulses Just stert appearing with
increasing intensity and then back off one or two iturns. The dead-time
adjustment for the slow rise-time inspect should normally be set at
approximately 30 usec.

When a pulse passes all tests imposed by the pile-up rejector
vait, it emits a valid output logic pulse which opens the linear gate,
sllowing the energy signal (slow output of the amplifier) to pass.
Finally if the external coincidence toggle switch on the pile-up
rejector is engeged,ian external signal, occuring at the same time as the
valid output, is also required to produce a valid output to open the

linear gate. The input signals to this unit should be terminated (125 Q).

C. Linear Gate (LRL model #11 x 5510~P1)

In the trigger mode the linear gatel) takes two inputs. The
gete trigger signal (e.g. from the pile-up rejector) drives the gate
trigger which then allows input pulses (e.g. from the slow output from

the amplifier) to pass. There is also a special baseline restorer
P

circuit in the linear gate to insure that modulation of pulse-heights due (!
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to baseline errors are minimized. The final output of this unit has a
variable width "chopper" so that the width of the output puise to the
anelyzer can be varied in order to avoid an excessive pulse duration..
The width should be adjusted to obtain approximately symmetricel pulses.
Also, care must be’iaﬁgﬁ to match the voltage pedestal in this unit.

Set the pedestal by removing the (slow) input signal and ellowing only
the valid output pulses of the pilg—up rejector to enter the trigger.
Trigger the scope off the discriminator output {pile-up rejector) while
looking at the linear gate output on & high gain setting. AdJust the
pedestal'screw until the DC levels are matched. The unit also has the
option of mixing multiple inputs and a fixed delay (1.5 usec) switch
that can be engaged. Thus this unit can also be used as a signal mixer
and/or a linear delay box, whether or not used in the trigger mode. The
delay ie normally in when the unit is used with the pile-up rejector.

Again all inputs to this unit should be terminated.

D. ADC (LRL model #11 x L680)

The analogue-to-digital converter {ADC) used in all experiments

was of the high speed successive binery approximation type and is

described in detail in ref. 2) and was interfaced to the PDP-T 1}’5).

E. Conclusion
Hopefully, study of fig. 2 and the sections on the electronic
components will allow the "singles" experiment to be set up easily.
Figure 3 is a more detailed schematic drawing of the electronic components
1)

described above and is taken from ref.
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III. COINCIDENCE (MULTIPARAMETER) DATA SYSTEM
A. Colncidence Legic Zircuit

If one knows how to set the energy part of the coincidence
circuit in fig. b4 (see gamma-ray “singles" section for the amplifier,
pile-up rejector, and linear gate), only the methods of setting the
timing part of the circuit remain. With reference to fig. 4, the
following procedures based on experience are outlined:

(A) Set the gains of two of the four linear amplifiers to cover
the range of pulse heights of interest. These will be used to extract
the timing informetion, with the leading edge methed, by taking their
fast outputs. (In principle, pulse saturation should not matter since
leading edge timing is used aiter the x10 amplifier.) Only two linear
amplifiers are necesesary but four meke it unnecessary to readjust the
timing circuit (except for the energy-walk compensator) when the energy
range is changed.

(B) With no 1nputs. to the x10 amplifiers, set the x10 amplifier
DC level {output) slightly negative {or zero) so that the fast dis-
criminator level can be adjusted just above the noise level. These x10
amplifiers take negative signels and a pulse inverter {e.g. EG & G model
#IT100) must be used to connect the fast output of linear amplifier to
the x10 amplifier. An impedence matcher (125 Q + 50 R) is also used and

no termination is needed on 50 ) inputs to the x10 emplifier.

L ]

All fast circuits are 50 Q and siow ones 125 . A1l unused fast outputs
on the discriminators and TAC, as well as the negative signsl output of
the TAC, must be terminated.

Y
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(C) With the output of the x10 emplifier connected to the fast
discriminator DC input (negative signal), the gated switch "on", and the
attenuated switch = 1, set the fast discriminator level (10 turn pot)
Just above the noise level so that the slow rising puises (lov energy)
are detected with a minimum of "walk". Set the discriminator level by
triggering the scope on the slow output of the fast discriminator while
looking at the slow output of the linear amplifier. The discriminator
level is very sensitive to the DC level setting on the x10 amplifier so
if the fast discriminator cannot be set Low enough (i.e., down to the
noise level before "zeroing-out" the pot), set the DC level mcre
negative. The idea is to have some leeway for adjusting the discriminator
pot for any slight noise or DC level variations during the course of an
experinent. Put the delay board {e.g. 30 nsec) before the fast dis-
criminator to avoid any possible aticnuation of the signal thai may
cause a failure in driving the STOP signal on the time-to-amplitude
converter (TAC). The present output of the fast discriminator is “just"
enough to drive the EG and G TAC which requires input signals # 200
mvolts.

{D) Run the fast discriminators outputs to the START-STOP inputs
of the TAC. The TAC START-STOP inputs are internally terminated. Check
the system constructed so far by looking for the output signal of the

22\a witn 180°

START-STOP posts of the TAC with a source present (e.g.
detector geometry).
(E) Connect the valid 3TUF output of the TAC (negative signal)

to a BENC del-a-gate (negative input). Take the positive del-a-gate output (
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and run to both pile-up rejectors (external coincidence input) and set
the external coincidence switch "on" on both pile-up rejectors. Vary
the del-a-gate settings so as to make the signal time-coincident with
the valid output signals of the pile-up rejectors. This extermal
coincidence will reduce the valid outputs of the pile-up rejectors to
those pulses that are coincident in both @ and @ and have produced
a valid TAC signal. ( @ and @ refer to detectors START = @ and
HTOP = @ .} Rote however that it is still possible for one pile-up
rejector to not produce a valid output (due to pulse pile-up on one side)
so that a further coincidence test of valid outputs of the pile~up
rejectors still must be made. To do this final test connect the output
signal from the pile-up rejectors to the slow coincidence unit. (This
can be done by connecting the valid output to the rear "trigger" input
on the linear gate (1) and then connecting the front "triggar" input
(now producing an output) to the slow coincidence input. Taerminate
only once and at the slow coincidence input.)

(F) From the lineer gates (1), run the outputs to the rear
inputs of the linear gates (2) and do not terminate. From the fromt of
the same linear gate input' poste, take the signals (gemma-ray energy
pulses) and run them to the START and STOP posts of the TAC walk com-
pensator (terminated). (By splitting the signal in this menner, the two
coincident (gmmma) signals are available for energy analysis and for the
logrithmic 'I'AC vwalk compensator inputs.) We shall require a further

coincidence on the linear gates (2).
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(G) Connect the cutput of the TAC to a linear (delay) gate (3)
input (no trigger mode) in crder to delay the TAC signel (if needed)
which probably occurs before the energy signals at the output of the
gates (1). Connect the output of this gate to the energy-walk com-
pensator "TAC" signal input. In the end, the TAC signel = T and the two
energy signals = E(1) and E(2) must be coincident in time.

(H) Connect the TAC walk compensator output to the linear gate
(L) ipput. This signal, vhen gated, has the final coincidence logic,
and also selects the "clean" portion of the time signal (by varying the
delays and width of the "chopper") which contains the TAC and compensation
signals mixed together. The output of this gate = T should occur at the
same time as the energy signals at the outputs of gates (2), and be of
approximately the same width (see fig. a).

(I) Connect the slow coincidence output of section (E) to a dual
delay gate unit. (This coineidence output occurs only for events for
- which neither y~ruy was plle-up rejected.) Split the slow coincident
output and use as the inputs to both delay gates so that two variable
delay signals are now available. AdJust both delay signals to mske the
signals time coincident with E(1) and E(2) (at the input of the linear
gates (2)). A coincidence on (T, E(1), E(2)) can be required by taking
one of -these delay gate signals to fhe trigger input of the linear gates
(2) and (3). The second delay gate signal shoulé. occur at the same time
as the first and is used as & valid coincidence signal which starts the
computer processing the four coincident parameters (E(1), E(2), T, T4) and

is fourth parameter (dummy = TL) input to the unalyzer.

C
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(J) The four output pulses (E(1), E(2), T, Th) of fig. b sent
to the FDP-T should occur at the same time and lock crudely like those

shown in fig. a.

7enory signals = B(1), E(2)

Portion of compensated ,
TAC signal selected by |

linear gate (3) \

=7

d = 7l
(m‘z pulse)

fixed /™ § I variable width due to choppers
on delay gates

Fig. a
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B. Conclusions
The final signals (T, E 1), E(2), Th) must all start at the same

time on the scope. These are tie four coincident inputs to the FDP-T
computer and the multiplexer unit for the multiparameter datz (coincidence)
experiment..

Some patient Juggling of the deleys is usually necessary in order
t ; make the required coincidence ;. This is done most effectively by
adjusting the stretchers on the TAC, TAC walk compensator, and the dual
delay gates (timing and widths) .o match the relatively fixed time of
the energy signals.

The details on the use aid the need for the TAC walk compensation
urit were discussed by Jaklevic ot £.3).

A 1list of the model numb:rs for the equipment used for the
coincidence circuit of fig. 4 no. described in the "singles" section

fcllows:
Double x10 D.C. Amplifiers (LRL model #18 x 1281-P2)

100 MHz fast Discriminator (LRL model #18 x 1201-PL)
TAC {BG & G model Th 20C A/N)
TAC Energy Walk compensator (LRL model #11 x 6891-FP1)

BNC Del-a-gate {BRC mcdel FCT-1A
Dua) Delay Gate (LRL mode). #11 x 6361-P1)
Slow Coincidence Box (LRL model #1l1 x 5591-P1;

The coincidence system (resolving time) can be optimized by

pl cing & 2°Na source between two 180° detectors to utilize the 511-511
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keV gamma-ray prompt colncidence. The timing spectrum is then optimized
by adjusting the TAC walk compensation unit until the spectrum is made
as symmetrical as possible and the width (FWHEM) and the tailing (due to
different pulse rise-times) is the smallest possible for thz detectors

being used.

IV. ANALOGUE MULTIPLEXER UNIT AND FDP-T COMPUTER

The FPDP-T peripheral hardvareé) used is shown in fig. 5. The
multiplexer (LRL model #11 x LhLO-Pl) accepts the four coincident input
signals (T, E(1), E(2), Th) and stretches them individually in time so
that one 4096 ADC can anslyze all four signals. Analysis is started by
receipt of a valid coincidence input (Th). The totel time to process all
four pulses is approximatzly 200 isec and ia constant for each event due
to the guccessive binary approximstion ADC un:lta). Thege four processed
parameters (E(1), E(2), T, T4) then gc to the buffer storage area of the
18 bit PDP-7. When the storsge buffer (512 words) is full, the data is
vritten by an Ampex tape unit (modezl #C208), 3 words per coincident event,
(512 words equal one record) on an IPM magnetic tepe. The IBM tapes are
2400’ in length and can hold approximately by 20.5 million cheracters
each. They require 2-6 hours to £ill depending on the input rate of
colncident events. The data is thus written, 170 coincident events at a
time, for later sorting and analysis on the CDC 6600. The time left over
between processing coincident events iz used to. generate a 614k channel
displn& of the data being collected. The following is & representation

of the area and parameters diaplayed by the PDP-T7 during the experiment.
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The PDP-7 peripheral herdware used in acquiring multiparameter

Fig. 5.

6.

coincidence data
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Detector Detector T Th Buffer Window Window Window

®©@ 6 1 2 3

(1024)%  (1024)% [(256)% (256)% (512)%1 (1028)%* (1024)%*  (1024)2

b b
b b A2 A3 b b
AO Al z0b z1b z2 Z3
BN b
umber of Channels Display Switches
NOTES:

Detectors @ and @ refer to the full 4096 channel spectra compressed
to a display of 1024 channels for the START and STOP detectors,
respectively.

T is the time distribution of the (gama—gamma) coincidences.

T4 is the dummy parameter. -

Buffer: it looks like snow--don't panic!

Windows are events coincident in Detector @ with 3 gates (2 display
markers for each gate) set on the gpectrum of Detector @ (e.g. pick
three peaks in the first (1024) display sroup (A0) and then coincident
events between selected windows are displayed as three (1024) groups

(71, z2, z3).

One can -refer to the PDP-T users mts.nulsl.lsh’5 for more detalled
operation of the computer and multiparemeter programs. MULTIS is the
program used for sorting of date tapes and MULTID R is the program for

the acquisition of multiparameter data on the PDP-T.
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AFFENDIY. D
*
GAMMA-RAY CALIBRATION STANDARDS

ABSTRACT
A collection of Y~ray energies and intensities is given that are
suitable for use in the calibration of high resolution y-ray spsctromsters.
The energy range included in this tabulation is 25 keV < ‘Y < 3k52 keV.
Adopted vu.h;el are given for gamya-ray energies based on veighted averages
of the uncertainties reported in the literature. Relative y-rav
intensities are also giver. for 1333-, 1821': and 56co. No attempt ves

made to establish weighted averages for the intensity values.

»*
This appendix appearsd as a Lavience Radiation Laboratery Report
UCRL~-20hT76 (April 2971).
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1. INTRODUCTION

With the development of high resolution Ge(Li) detectors
coupled vith highly stablized iinear electronics and computer photopeak
analysis of data, it has become possible to measure gamma-r&y energiea
to a precision of hetter than 0.1 keV. However, to do this, it is
neces:ary to have availeble a large number of standards vith enargies
known to better thaon tens of eV. Mnrionl) compiled a list of such
standurds in 1968, but since that time there have been improvements in
the moasurements of standards, and their number has incressed sub-
stantially. Because the newer information is scatterad iz the literature,
it is the purpose of this report to collect and tadbulate those measure-
ments and references for staxdards that are routinely being used in our
nuclewr spectroscopy research. In the recent literature, the most
exten:iive work has been that of Gumnink et a1.2°13),

Gemma~ray energies ars listed by source in Table 1. The original
date ure shown along vith the reference. The "adopted values" that are
given represent veighted averages (veighted inversely as the square of

the author's stated uncortainties). The errors given are the larger of

the 0 valuss as definsd belov. 31 and 0, are the author's stated energy

and er'ror, respectively.
2
2.8,/
1 i

2. 1 02- 5 3—32 E =
o lldf n~1 § (l :l) [ ] z:lldf

luri.ou':l) values, vhich are also tabulated, often represent veighted
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averages of several measurements. In these cesos the original measure-
ments reported by ref. J') were used in obtaining the new veighted set of
adopted values.

Table 2 lists gamma-ray snergy and intensity msasurements for
133, 382p, 403 300, Mo attempt vas made to establish a veighted set
of intensity values. The energy values of Cunaink et !_1_.2) are used for
5600 vhile veighted sets are given for 1333; and 182’1‘..

The 102pq 10w energy (84-265 keV) y-ray intensity musurmntlla)
vere made using a calibrated 1O-cn3 Ge(Li) detector. Details of these

messuraments are to be published latar. (See Appendix E.)



Table 1. Gemma~-ray energies used as calidration standards listed by source.
y-Ray Energy
Teotope ::::“ eV Refs. Adopted
a,, ¥32.9 ¢ 0.8y 26,348 + 0,010 1
26,345 ¢ 0.010 12 26.3465 ¢ 0.007
59.543 ¢ 0.015 1
$9.536 ¢ 0.010 13 $9.538 ¢ 0.008
170, 1204 84.2572 + 0.0026 1n
84.257 ¢ 0.003 12 84.257 £ 0.002
109¢4 k534 88.034 & 0,010 13
88.035 ¢+ 0.006 9
88.036 + 0.008 n 88.035 + 0.00k
5T¢e 271.6 ¢ 0.54 122.046 & 0.020 13
. 122.061 ¢ €.010 ¢
122,04 : 0.02 14 122.055 £ 0.013
136,465 & 0.020 13
1356.471 ¢ 0.010 9
136.kT 2 0.02 14 136.470 £ 0,008

(continued)
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Table 1. {continued)

Y-Ray Energy
Isotaope e eV Refs. Adopted
203, ¥6.8 £ 0.24 279.191 + 0.008 1
279.179 ¢ 0.010 13 279.186 £ 0.009
L35, 115.2 + 0.84 391.688 : 0.010 9
391.71 & 0,02 23 391,692 ¢ 0.018
198,, 2.7a 411.795 ¢ 0.009 1
111.792 + 0.008° 13 511,795 £ 0.009
B 30.5 ¢ 0.3y 661.635 + 0.076 1
661.615 * 0.030 2 661.613 * 0.028
™ 2.6 ¢ 0.3 834,81 : 0,03 1
834,84 + 0.05° 2 834.81 ¢ 0.03
83y "07.h & 0.82 898,04 + 0,04 1
898.023 + 0.065 13
898.010 = 0,030 10 898.021 + 0.023
1836,13 * 0.040 1
1836.127 = 0,050 2
1836.030 : 0,030°*° 10  .1836.129 & .0m.

(continued}



_3o§..

Table 1. (continued)
Y-Ray Enargy
Isotope byl keV Refs. Adopted
60, 5.28 + 0.0ly 1173.23 2 0.04 1
1173,231 % 0.030 13 1173.231 * 0.02%
1332.49 + 0.0k 1
1332.505 ¢ 0.025 2 1332.501 ¢ 0.021
24 2.602 1 0,005y  511.006 2 0.002° 1
511.00h1 : 0.0016 15 511.00b1 + 0.0016
127h .55 + 0.0h 1
1274,550 + 0.040° 13 127h.55 * 0.04
2y 150 1368.526 = 0.0Lk 1 1368.526 * 0,04
1731.91 3 0.12° 1
1732.130 & 0,060% 2 1732.130 ¢ 0.060
2753.92 % 0.12 1
754,142 £ 0.060 2 2754.098 * 0;183

(continued)
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Table 1. {contimued)

v~Bay Energy
Half-
Isotope Life keV Refs. Adopted
ko, 1.26 - 1% 16075  0.06 1
1460.9 2 0.3 16
2460.95 : 0.07T 23 1k60.636 : 0.11
1860.75 ¢ .06° 18
20T 30y $69.653 t 0.020 10
569.62 ¢ 0.06 1 569,650 ¢+ 0.030
1063.63 t 0.030 10
1063.5% = 0.060 1 (1063.611 z 0.172)
1769.71 2 0.13° 1
1770.22 # 0.040° 10
1770,06 ¢ 0.07 7 1770.06 ¢ 0.07
192, h.2a 295.938 ¢ 0.009 1
295.938  0.010 2 295.938 2 1.007
308,429 + 0.010 1
308,440 ¢ 0,010 2 308.435 & 0.008
316,486 : 0.020 - 1
316.490 & 0.010 2 316.408 + 0.007

(continued)



Table 1. (continued)

Y~Rey Energy
Isataope :ﬁ’.:’ XeV Refs. Aopied
1921:' (continued) 468.052 & 0.014 1
468.060 ¢ 0.010 2 468.058 2 0.008
588.557 ¢+ 0.017 1 588.557 £ 0,017
60b.385 & 0.0L7 1
604,378 + 0.020 2 60k.382 + 0.013
612.435 * 0.0107 1
622,430 2 0.020 2 612.433 & 0.013
110w, 2538 446.7T £ 0.0k 5
L46.790 & 0.020 10 446,786 + 5.020
620,22 ¢ 0,03 5
620.310 + 0,020 10 620.282 + 0.068
657.71 £ 0.03 5
657.720 & 0.020 10
657.75 + 0.064 b 657.722 + 0.022

(~ontimed)
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Table 1. (continued)

Y-Ray Energy
Isotope ::::' keV Refs. Adopted
110m, . (continued) 677.55 + 0.03 5
677.580 » 0.020 10
€77.58 + 0.05 L 6T7.572 ¢ 0.037
686.80 + 0.03 5
686.950 + 0.030 10
€86.95 + 0.05 1k 686.886 +» .o88
T06.68 + 0.0 5
706.650 + 0.020 10
706.63 + 0.06 Y 706.65% » 0.025
Th%4.19 3 0.0k 5
754,260 » 0.030 20
7hh.23 = 0.07 1Y T™.23% = 0.006
763.88 & 0.0% 5
763.920 x 0.030 20 A
15393 » 0.07 1% 763.908 » o.02T

(contimmad)
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Table 1. (continued)

y-Ray Energy
Isotope g?i:- keV Refs. Adopted
120m, . (continued) £18.00 £ 0.04 5
817.995 % 0.030 10
817.95 2z 0.08 1 817.993 £ 0.031
88L,67 £ 0.0b 5
884,650 % 0.030 10
884.68 + 0.0b 6
884,69 = 0,05 1k 864.667 + 0.019
937.48 + 0.04 5
937.450 £ 0.030 10
937.48 + 0.0L [3
937.54 * 0.07 by 937.472 + 0.0k2
1384.22 + 0.04 S
2364.240 £ 0.040 10
1364.26 + 0,05 [3 138 237 & 0.025
1475.73 + 0.04 5
1475.710 = 0,040 10
1475.76 £ 0.07 (3 175,726 + 0.027

{continued)
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Table 1. (continued)

Y~Ruy Energy
Isotope gﬁ:" kev | Refs, Adopted
110m, . (continued) 1504.9 & 0.08 5
150L.945 &+ 0.0LO 10
1505.01 ¢ 0.07 6 150k.951 £ 0.055
1562,22 + 0.06 5
1562.255 + 0.050 10
1562.35 &+ 0.08 6 1562,261 + 0.069
memﬂs 127 £ Ty 4340  0.20 5
433.94 & 0,06 ik - 133,956 * 0.051
614,37 + 0.10 S
722.95 ¢ 0.08 5
722,87 + 0.06 1k T722.899 + 0.059
228, 1.910y% 39.85 ¢ 0.0 1(%%)
238,624 : 0,009  1(Z%m)
" 510.723 £ 0,020  1(2%m)

(continued)
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Table 1. (continued)

Y-Ray Energy
Tsotope v keV Refs. Adopted
28y (continued) 583,139 & 0.023  1(2%m)
1271 £ 0.1 1(3%y)
T27.08 £ 0.07 727.09 + 0.06
785.37 ¢ 0.08 1(1%p)
76313+ 0.08  7(%%m)
860.37 ¢ 0.08 'r(mn)
893.43 ¢ 0.09 7(%1%)
1078.62 ¢ 0.10 7(%2p4)
1592.696 ¢ 0.050  2(2%m)
1620.50 ¢ 0.10 7(%22)
261447 ¢ 0,10 1(2%%n)
2615%.708 = 0.050 2 261h.66 ¢ 0.20

{continued)



Tadle 1. (coatimed)

Ssince these values are for doudle-esesde pair peaks, care, & varsed by
Ounatak ot 3].°), should be emplaysd if using them.

'fle» calibretion is from the doudle-gacape peak. 3ae ref.
Cfhis 18 not included in the adopted value glven.

19y,

dﬂﬂn ehergies listed ars fros daughters in ”ql'h decay chaia.




Table 2. Comze-ray energles and intensities used ax calidration standards listed by scurce

Y-Rey Energy y-Ray Intensity
Isotope ‘;ﬁ:‘ keV Refs. Adopted Relative Refs.
133pa 7.2y 53.18 £ 0.0% 1 378 2 0.09 19
53.17 ¢ 0.01 [} 53.171 2 0.010 3.01 ¢ .10 8
79.60 & 0.05 1
79.63 & 9.03 8 5,50 2 4D 8
80.997 &+ 0.008 1
80.99 & 9.00 8 55,32 3.0° [
80.998 ¢+ 0.008 ° 9
160.66 ¢+ 0.06 b 1.21 & 0.0% 19
260.63 & 0.02 8 1€0.633 & 0.027 1.12 ¢ 0.05 8
223.37 ¢+ 0.23° 1 0.803 £ 0.0%2 19
223.12 & 0.01 8 223.12 & 0.0 2.7 ¢ 0.0% 8
276,46 ¢ 9.2° 1 11.61 2 0.17 19
276.45 & 0.02 8 11,62 0.2 8
276.397 ¢ 0.012 9 276,511 ¢ 0.0ML -

{contimed)
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fahle 2. (continued)
v-Ray Energy Y-Ray Istemsity
Isotope rroy xo¥ Pafs. Adopted Relative O
133y, (crntioned) 203.98 = 9.2° 1 29.75+ 0.29 19
302.93 ¢ 0.€3 (1 29.5¢ 0.3 8
902.851 ¢ .15 9 302,067 £ 9.065
356.27 £ 0.14° 1 100. 19
355.00 £ 0.04 1 100. 8
355,005 £ 0.017 8 356.018 £ 0.073
384.10 ¢ 0.12° 1 1h.18 & 0.26 19 &
383.83 2 0.03 8 1.1 ¢ 0.3 L] A
383.851 ¢ 0.020 9 383845 ¢ 0.007 !
182y, 1154 B.257 ¢ 0.003 12 16404 18
8L.678 2 0.003 1
100.306 ¢ 0.003 12 w2210 1]
100.10% ¢ 0.002 3 100.105 ¢ 0.002
152,435 & 0.003 ' 20.5 ¢ 0.52 18
156.387 + ©.003 3t 1.63 £ 0.19 18
179.393 £ 0.00% 2 .M & 0.22 18
198.358 £ 0.¢03 17 k152 0.1 b1.]

{contimed)
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Teble 2. (continued)
Y-Rey Energy Y-Bay Intensity
Isotope Mﬂwul 1734 Refs. Adopted Relative Refs.
182p, (contimued) 1221.399 + 0.013 " 79.3 ¢ 1.2 L
1221.%2 & 0.10 3
1221.42 ¢ 0.0 6 1221.401 &+ 0.019
1231.010 + 0.013 4 33.% ¢ 0.5 ]
1257.512 & 0.013 u 4.33 2 0.07 A
1273.725 + 0.013 k 1.90 &+ 0.04 4
1289.1L7 + 0.013 1A 4,05 + 0.07 &
1342.714 & 0.051 4 0.75 &+ 0.02 i
1375.825 + 0.013 i 0.66 + 0.02 L
1387.396 + ©0.013 1" 0.217 ¢ 0.01 4
1410.100 & 0.100 b 0.117 &+ 0.008 i
1453.115 & 0.013 4 0.123 + 0,010 4
56co 174 BY6.79 + 0.030 20 100. 20
246,782 + 0.060 2 : 100, 22
846.76 + 0.05 1 100. 1
8L6.741 & 0,025 2 846,782 + 0.060° 100, 21
1037.91 + 0.030 20 1h.302 & 170 20
1037.851 + 0.060 2 13.08 + 0.35 22
1037.97 ¢ 0.07 1 13.62 £ 0.35 . 1
1037.84 + 0.05 7 1037.851 + 0.060°  12.9 ¢ 0.5 21

{continued)
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Table 2. (continued)
y-Ray Energy Y~Ray Intensity
Isotope gf;:‘ keV Refe. Adopted Relative Refs.

5660 (contimed) 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 ¢ 0.070°  2.26 + 0.23 21
1238.30 ¢ 0.020 20 67.638 t 0.680 20
1238.200 * 0.0L4O 2 68.3 ¢ 1.4 22
1238.34 & 0.09 1 69.35 + 147 1
1238.28 & 0.06 2 1238.290 & 0.00°  67.8 % 1.5 2
1360.22 ¢ 0.030 20 %.340 £ 0.0L5 20
1360.219  0.040 2 L.15 £ 0,12 22
1360.35 * 0.090 1 4,38  0.16 1
1360.26 + 0.0k 21 1360.215 + .o4o" k.16t 0.21 2
1TT1.51 & 0.030 20 15.778 ¢ 0.160 20
1771.33 £ 0.06 2 14,95 ¢ 0.40 22
1771.57 + 0.20 1 15.30 # 0.53 1
1771.38 £ 0.15 2 1771.33 £ 0,06° 16.5 £ 0.8 2
2015.36 ¢ 0.030 20 3,095 ¢ 0.031 20
2015.33 ¢ 0.07 2 2.78 t 0.24 22

{continued)
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Tsble 2. (continued)
Y-Ray Energy Y-Ray Intensity
Isotope m:' keV Refs. Adopted Relative Refs.
56co (continued) 2015.59 ¢ 0.20 1 2.93 £ 0.16 1
2015.24 + 0.12 2 2015.33 ¢ 0.07° 2.99 & 0.20 a1
2034,92 ¢ 0.030 20 7.952 ¢ 0.080 20
2034.90 + 0.06 2 7.56 ¢ 0.21 22
2035.03 £ 0.12 1 7.33 £ 0.30 1
2034.82 & 0.10 2 2034.90 ¢ 0.06° 8.2 % 0.6 21
2598.58 = 0.030 20 16.851 £ 0.170 20
25568.52 & 0.05 2 16.55 + O.Lb 22
2598.80 + 0.12 1 16.77 £ 0.57 1
2598.53  0.06 2 2598.52 £ 0.05°  18.0 ¢ 0.9 2
3202.30 ¢ 0.080 20 3.030 ¢ 0.030 20
3202.18 + 0,07 2 3.03 ¢ 0.14 22
3202.25 ¢ 0.19 1 3.15 £ 0.16 1
3202.1 ¢ 0.2 21 3202.18 ¢ 0.07° 3.2 ¢ 0.35 21
3253.62 = 0,0L0 20 7.392 ¢ 0.074 20
3253,61 ¢ 0.06 2 7.35 % 0.2 2o
3253.82 ¢ 0.15 1 7.70 £ 0.3k 1
3253.5 ¢ 0.2 21 3253.61 ¢ 0.06° 7.7 £ 0.9 21

(continued)
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Teble 2. (continued)
Y-Rey Energy Y-Ray Intensity
Isetope m:' eV Rets, Adopted Relative Refs.
“co {contimied) 3273.26 £ 0.08 20 1.756 ¢ 0.028 20
3273.36 = 0.07 2 1,72 £ 0.13 22
3273.30 ¢ 0.18 1 1.55 ¢ 0,11 b1
3273.08 £ 0.20 2 3273.16 2 0.07° 1.71 & 0.25 2
355,56 ¢ 0.20 20 0.875 t 0.009 20
3461.29 ¢ 0,10 2 0.85 £ 0.07 22
3Ls2.18 ¢ 0.28 i 0.88 £ 0.10 2
W51.5 ¢ 0.3 a 351,29 ¢ 0.1° 0.93 t 0.20 21

1576.563 & 0,050%

2180,17 + 0.07"
2231.60 2 0.06"
2251.1% ¢ 0.07"
2429.28 ¢ 0.30%

L I I I I

“sinse thece values are for dovble-escape pair peaks, care, as varned by Cunnink st g.z). should be employed '

if using them,

‘me not & weignted value, but that of raf. a).

“This is en adoptod value from previous vorks. See ref. a) for detajls.

Srnese energy valuss ere averaged results of refs.

“This mot included in the adopted value gives,

17,2b

) as esiculated in rof.

3).

—oas—
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APPENDIX E

*
RELATIVE INTENSITY CALIBRATION OF A Ge(Li) GAMMA~RAY SPECTROMETER

ABSTRACT

82

Portions of the gamma~ray spectra of 1 Ta and 180me have been

remeasured with a Ge(Li) spectrometer system to determine accurate
relative intensities. For 182Ta the eleven strongest transitions in the
energy range of 100-1300 keV were measured, The relative gamma-ray
branching ratio Iy(hh3)/IY(501) in lBOme was remeasured to be

5.70 * 0.15. The intensity values derived from these measurements asre
recommended for use with an IAEA standard Intensity set in the ecalibration
of relative photopesk efficiencies for Ge(Li) detectors. An overall
accuracy of 4% for the relative intensity calibration nver the energy

range of 100-1300 keV can be expected and +3% for the 500~2800 keV

energy range.

)
This appendix appeared as a Lawrence Radistion Laboratory Report
UCRL-20435 (Mey 1971) and in Nucl. Instr. Methods 96, 259 (1971).



-324-

I. INTRODUCTION

The development of energy calibration standards for Ge(Li)
detectors has advanced to a state where many standerds in the energy
renge of 60-2800 keV are determined with errors of iess than 0.1 keV.
However, the absolute or relative gamma-rsy intensities of these
standards afe often uncertain by as much as 5%. In a few exceptional
cases relative intensity determinations have been performed with errors
of less than 2% by ceareful considerstion of gemma-ray cescades corrected
for internal converaionlo). The criteria of either simple cascades with
no cross-over transitlons or highly accurate decay schemes place a
severe restriction on both the availability und on the use of absolute
transition intensities for intensity calibrations. However, relative
transition intensities for complexvdeca& schemes can be determined
accurately, and these data are generally more easily applied.

laaTa and 180me as

It is the purpose of this paper to éuggest
isotopes spanning the energy renge of 100-1300 keV to supplement the
IAEAl) or similar standerd intensity source sets for relstive photopesk
efficiency determinations of Ge(lLi) detectors. Relative intensity

182

measurements have been performed on Ta in the energy range of 100-1300

3’h’23). The sbsolute gamme~ray inten—

keV and are compared with others
. lBOme : ..
sities for are presented and compared with values reported ia the
1iteraturelo’30’33) based upon the remeasured IY(hh3)/IY(501) gamma-ray
branching retio. Relative intensity velues for isotopes are included in

the tables in order to collect the best sets of data necessary tc cal-

ibrate Ge(Li) detectors over the energy range of 100-2800 keV to :L%.
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ITI. EXPERIMENTAL

The 115.14 182Ta was produced in the Berkeley Research Resctor
by irradietion of 1.0 and 0.5 mil foils of natural Ta (99.9877% 181Ta.)e)
vhich hasla large thermal neutron cross-section of 21 barns. The small
0.07 bern cross-srction to produce the 16.5 m 182mTa did not interfer
after a short decay period following irradiastion. The intensities of
the eleven strongest gamma-reys were measured on a callbrated 10écm3
Ge(Li) detector. This detector had been calibrated with two sets of
absolute intensity sources obtained from the IAEA. IBOme was elso used
to define thé efficiency curve in the critical 100-335 keV reglon. The
accuracy of the photopeak efficiency determination was checked by
measuring several radioisotopes whose relative intensities aré'kncwnlo’ll)
to 2%. These measured intensities agreed to within 3% with those in
Kane and Msriscottil®) ana Donnelly gg_gl.ll). The efficiency curve for °
the 1O-cm3 detector obtained in this way is shown in fig. 1. The

detector resolution ranged from 1.4 keV at 122 keV-to 2.3 keV at 1332.5

keV. The areag of photopeaks were determined using two geparate

W

computer codes,.SAMPOG) end SPECT7), which use gaussian functions with
exponeatial tails to epproximate the experimental photopeak shapes.
Photopeak areaé from the codes agreed to within 1% in the selected peaks.
Measurements of photbpeak infensities were'made for each of the twg 182Ta
folls which were correcfed for attenuationhs) due to source thickn;ss,
and these were verified with an lgotopically separated {"mass free")
source, The results are given in Teble 1 and are compared to other

resultsh’s’zh).
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Fig. 1. The relative photopeak efficiency curve for the 10-cm> Ge(Li)

detector as a function of gemma-ray energy.
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Table 1. Energies and Relative Intensities of 18-2,25 in Energy Range 100-1300 keV

Edvardﬂ White Sapyta Preasent
et al. k) et a1.3) et al,23) Work
a b c [ [

E, :[Y IY IY IY
100.10%9.002 " 40.2 ' 40.7k.1 40.2$1.0
152.%35:0.003 20.5%0.8 21.3%1.0 19.522.0 20.5¢0.5
156.387:0.003 8.0L20.4 B.0T0.% 7.520.75 T.620.2
179.393£0.004 9.220.4 9.57+0.5 8.7+0.9 8.8+0.3
222,10940.005 22,510.9 22.6x1.2 21.2¢2.1 21,3£0.55
2£9.322¢0.005 11.1%0.5 10,90.5 10.5¢1.1 10.3:0.3
264,072£0.009 10.820.5 10.610.4 10.3%1,0 10.1%0.3

d
Ey
1121.296¢.013 100, 100. 100.
1189.046x.013 47.420.7 h6.3¢3.2 46.510.7
1221,399+.013 79.3%1.2 T7.35.% 77.3%1.2
1231.010¢.013 33.14%0.5 32.7:2.3 32.8:0.5

e"E!nergies listed in keV are those reported by Edwards _eggg._.h).

t’Im:em:lt:le’sk) are renormalized to the 100 keV tra‘:sitibn of present work.

®Intensities are mormalized to 1121 keV transition.

dThe energies listed in keV are those reported by White and Birket£3).
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The measured 182Ta relative intensities should be accurate to 3%
over the energy range of 100-1300 keV, Previovaly, Edwards g;_g;.h)
quoted errors of L4-5% over the energy range of 100-264 keV. White EE.E&'5)
measured the relative intensities of 182Ta garme-~rays in the energy
range of 152-1300 keV with errors of U4-5%. Over the smaller energy
range of 1000-1300 keV, errors quoted were in the range, 1.5-2%.

lBOme was produced by reactor irrediation of the separated
isotope 179Hf. 180me is very convenientlo’ll) in the energy region
between 93-501 keV where celibration peintes for efficiency curves are
sparse. The decay scheme3l’33) of lBOme (fig. 2) allows absolute
gamma~ray intensities to be derived by correcting for internsl conversion
if the IY(hh3)/IY(SOl) gemma-ray intensity branching is accurately known.
With reference to fig. 2 and the lBOme decay scheme the following

equations apply.

1.(93) = I.(215) = I,(332) = I (kb3) + It(501) (1)

and

It(hhs) + It(5°l) = {1+ a(hhs))IY(hhs) + (1 + a(501))IY(501) (2}

It and IY are the transition end gammg—ray intensities, respectively; o is
the total internal conversion coefficient. Thebly(hHBJ/Iy(SOl) relative
gamma~-ray branch was measured to be 5.T0 + 0.15 on the shove detector in
agreement with ref. 31). The mixing ratio of 3.5% M2 and 96.5% E3
reported by Bodenstedt gg_gl:3h) for the 500.T keV traneition was used in

calculating absolute gammae-~ray intensities from the transition intensities
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Fig. 2. 'The Omhf decay scheme used in the photopeek efficiency

determination. The energies (keV) are based on the measurements

of Gujrathi and D'Auria3o). The absolute gamma-ray intensities

expressed in per cenf from this study sre shown in perenthesis.
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of e3. (1). The other tranaitions are of E2 multipolarity. Theoretical
conversion coefficients used were those of Hager and Seltzer35). The
calculated sbsolute gamme-ray intensity results obtained from eq. (1)
are shown in Table 2 with other resultslo’30’33). Included are the 93.3
and 500.7 keV transiticns not given by ref. lo). The calculated
14,5 * 0.4% gamma-ray intensity Ior the 500.7 keV transition is in
agreement with the values ~ 15% given by Gvozdev g&_g;.37) and
14.8 ¢ 0.8% of Goldhaber and McKeownS-) and Paul g&_g;.32).

Table 3 suows the absolute gamma-ray intensity values used for
the IAEA calibrated set and tha. The intensity values are those
recommended by the IAEA. They are given to collect the ﬁecessary

82Ta and IBOme, into one peper to be

intensity velues, along with 1
uzed for the efficiency calibration of Ge(Li) spectrometer systems. tha
is algc listed since it is useful for extending the curve to higher

energies.

III. CONCLUSIONS

The 182Ta intensities determined in this work were used to derive
the relative photopeak efficiency curve of a ho-cm3 coaxial detector
together with *0®ume Zpo  a1a the TAEA calibrated set for which the
results are shown in fig, 3. A third detector has been recently cal-
ibratedg) at this laboratory using this method and showed similar results.
These isotopes and intensity values, when combined with the IAEA
intenaity sources and 2hNa, should determine the relative photopeak
efficiency of Ge{Li) spectrometers to 4% over the energy range of

100-500 ke¥ and +3% over the energy range of 500-2800 keV,
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Table 2. Gamma Energies and Absolute Gamma-ray Intensities of IBOan in the
Renge of 57-501 keV*

a a b [ d
Ey , Ty Iv Iy Y
5T7.542 47.5£3.1 48.610.86
93.263 18.40£0,16 16.7+0.33 17.4740.17
215.24 B1.1£2.h B4 83.422.3 81.440.8
- 332,272 ob. btk 0 ob.L20.8 ok b2k, 0 94.4£0.9
443,168 8.8 83.0¢1.2 81.9:4.3 82.821.5
500,702 15.741.3 17.055.2° 14,5:0.4

a'Gu',ira:l;'h:l. and D'Auria.so) results with stated energy errors of $0.015 keV. The
measured gamma intensities were renormalized to 332 keV.

bKane and Mariscottim) renormalized results.

3
®Edwards and Boehm“3) results using & bent crystal gamma spectrometer,

dPresent work where ~ 1% error was arbitrarily essigned for the 93, 215, and
332 keV transitions due tn uncertainity in the theoretical E2 conversion

coefficients,

“his was deduced from feed.ng and not measured directly (ref. 33).
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Table 3. Energies sand Intensities of the IAEA Standards and 2hRa
Isctope Half-Life® EY‘ Ivb
AP 132.9:0.8y 3%139) 50.538:0.008 35.9£0,6 13+13:14,15,
Teo 271.6:0.5 1% 122,055:0.013 85.012.7 8+16,27,28)
136.17£0.008 10.65:0.% °)
136,47£0.008 11.4¢1.3 16+27:28)
20333 46.8:0.24 h0’,‘1) 72.87320.001 9.7£0.5 17.18)
82,5102 2.8:0.2
279.18610.009 81,55:0.15
e 2.602:0.005y *°) 511,004240,0016 181.1:0,2 19+30)
1274 .5520.0k 99,95:0.02
137¢, 29.90£0.05y *2) 32,120,1 5,7:0,2 12,21)
36.5:0.1 1.330.1
661..618+0,028 85,1£0.%
M 312.6:0.3a 151943y a3u,8140,03 100.0 22
%o 5.27500.005"1 424y 1273,23100,02 99.8720,05 23

1332,5010,021

992,59920.001

(continuad}
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Table 3. (continued)

b [ b
Isotope Halr-Life E, I,
88y 107.4¢0.8a “043)  898,02120.023 914,17 24425,26)
1836,12510,030 99.420.1
gy 15.00£0,02h 1368,526£0.0k4 : 100.0
2754.09820. 100.0
‘Ehergy values are adopted values from Jurdinej6),

bAblolute intensity and half-life values recommended by Nuclear Date and the
1 .
IAEAT).
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Fig. 3. The relative photopesk efficiency curve for s ho-cm3 true
coaxial Ge{li) detector as a function of energy obtained using the

isotnpes 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 relative efficiency calibration
of & 5 mm X 0.'?'85-cm2 {active volume) Si({Li) electron spectrometer to

8% over the energy range of 1001700 keV is digcussed.
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I. INTRODUCTION

81(Li) spectrometers can not compete with the best magnetic
spectrémeters for resolution, but their speed of data acquisition coupled
with a much higher collection efficiency for conversion electrons has
proven useful for making conversion electron measurements. A Si(Li)
spectrometer hes been conetructedls), calibrated, and used for measuring
relative internal-conversion coefficients.

It is the purpose of this paper to suggest isotopes and methods
for determining the relative electron detection efficiency of a Si(Li)
spectrometer to 8% over the energy range of 100 to 1700 keV. We have
used the Normalized Peek-to-Gamna.—Peakl) (NPG) method for measurement
of relative internsl conversion coefficients. For the NPG method, the
electron and gamma-ray intensities of a source are measured relative to
a transition witn a known coaversion coefficient. This transition is
then used to normalize the electron and gamma~ray intensities for use in
determining other relative conversion coefficients.

The isotopes employed bad simple decay schemes or well determined
muitipole mixing so that appreciable errors due to mixing were minimized..
07y

The primaery isotopes we have used for calibration are IBOme and 2

Three El transitions of 2 At in the energy range of 1436~1600 keV are
recormended as possible calibration standards of future Si {1i)

spectrometers. Conversion electrons from the electfon-capture decay of
21°At have been measured with this calibrated gpectrcmeter and the reau.'l.té ‘

are given as an example.
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II. DESCRIPTION OF APPARATUS

Figure 1 shows a photograph of the 8i(Li) spectrometer and a
schematic of the Si(Li) cryostat region is shown in fig. 2. An unusual
feature of this apparatus is that the cold finger-detector assembly is
mounted on a2 movable tract with the distance between the source and
detector variable from 1-195 mm. This is accomplished thru the use of a
collapsable bellows to maintain the vacuum chamber and the movement is
controlled thru the use of an electric motorized machine lathe tract.

The mcvable detector feature allows the geometry to be changed which can
be useful as short-lived igotopes decey.

The ' chamber can dbe separated into two parts by e large gate
valve with the detector end essoclated electronics on one side of the
valve under vacuum and the source chamber on the other side. Sources can
be changed by means of a screw-held cap ("o" ring seal) without releasing
the vacuum in the detector region which would take hours to warm and then
cool back down if the gate valve were abseqt.

The detector was a 5 mm deep x 0.785 en® s1(Li) crystal (made by
the semiconductor group at this 1q.bora.tory) and was mounted at the end
of a liﬁuid N2 cold-finger end was maintained at ~ T7°K during operetion.
The FET {ras also in contact with the cold finger and the prea.mplifierz)
was of conventional design made at this laboratory.

The output pulses from the preamplifier were fed to the same
conventional high-rate electronics3) as being used with our Ge(Li)
spectrometer systems. A PDP-T7 systemh’5 ) and a 4Q96-channel successive
binary epproximation anelogve-to-~digital converter ADCs) were used for

memory storege and pulse-~height enalysis.
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XBB 719-4244

The Si(Li) electron spectromrter.

Fig. 1.
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The resolution of the system was measured with several isotopes
The resolution was approximately 1.2 keV (FWHM) for 100 keV electrons

and 2.4 keV (FWHM) for the 1G63 K~electrons of 207

Bi. A resolution vs.
energy curve is shown in fig. 3 with the best resolution found at -1450
volts bias. The system regsolution was somewhat reduced due to boiling

liquid N, in the long cold finger which produced bad microphonics.

2
The Si(Li) crystal had an approximete 500-800 A gold-costing for
electrical contact vhich alsc allowed the crystal surface to be cleaned
off gently with a soft Q-tip and ETOH when the surface become chated with
oil or source ma.ter_ials. Ocassionally an apparent surface coating was
indirectly observed by an increasing tail of electron peaks with the
20713:[ source. Cleaning removed the tailing and restored the resolution.
To minimize vapor or material condensation on the low temperature Si{Li)
surface, no mechanical pumps were used on the system. A cryosorption
pump developed at this laboratoryT), u.’%ilizing 15 1bs. of molecular sieve

at liguid N, temperature, was used as the only chamber roughing pump.

-6

2

When the pressure was below ~ 10-5-3.0 Torr, an 9-liter ion-pump was

used to reduce and maintein the vacuum. A total pumping time of
8

approximately 5 minutes was normelly required to attain the ~ 210 Torr.

of %he ion-pump with most sources.

III. SOURCE PREPARATION

207

The Bi electron source used was obtained from a previous /__

studya). 180m.ﬂf was produced by a four-hour neutron irradistion of I mg

ngHfO in the Berkeley Research Reactor. The 791-[1‘ wae a.n

2
enriched isotope from Oak Ridge and the irradiation was in a sea.ued_ quar

powder of

i
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Fig. 3. Resolution of the S8i(Li) spectrometer for electrons. Points are

experimental.
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tube. After irradiation the Hf02 was dissolved in 50-50 solution of

48% HF and conc. HNO_ and the excess HF and HNO_ were destroyed by twice

3 3

taking to dryness with conc. HC1l to make the halfium chloride. Heating
in a water bath with an air Jet blowing speeded dissolution and
evaporation to dryness. The final residue was dissolved in 3M HC1.

ﬁlectron sources were made by flash evaporation of the HC1
solution from a tungstun boat onto a coliminsted aluminum mylar film
(~1 mg/cmz) which was located 5.5 cm dlstance sbove the boat. The
aluminum mylar had been stretched wrinkle-freé‘onvsource ring mounts
designed for the Si(Li) spectrometer.‘ Sources with no visible mass were made
using this technique and the total time to prepare such a source was
about one hour.

21

oAt electron sources were described in another paperls) and in

section IV of this thesis.

IV. METHOD
Tne electron efficiency € for the Si(Li) system can be determined
relative to one known standard transition using the NPG methodl) and the

following equatié“.

Ace IY ast
e = X st (1)
I Ace o .
Yx st
A is the area of the conversion electrons in & peek in a spectrum, :

ce

not corrected for detector efficiency.
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I is the area (intensity) under the corresponding gemma-ray photo-
peak corrected for the Ge(Li) detector efficiency.

[+ is either an accurately determined experimental or a theoretical

conversion coefficlent.
st refers to a standard or well-known transition in the source to
which the NPG method is applied.

X refers to the trangition being measured relative to the standard.
The NPG method relies on an accurate knowledge of the conversion
coefficients and gemma-ray intensities, and if known, € can then be
measured relative to s 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 20731 and lSOme isotopes are shown in Table 1. The
' 207

gemma-~-ray intensity values of Bi were determined by a remeasurement
on two separate Ge(Li) detectors which hed been calibrated with a IAEA
standard intensity setlh), and the values in Table 1 represent the
average of those measurements. The intensity velues of lSOme 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 lSOme collected over a
thfee-hour pericd., The efficiency calibration wes mede by normalizing
the 207Bivrésults to the 569 keV E2 transition and the 180me results to
the 215 keV E2 transition. The resulting electron intensities are shown
in Table 2. All photopeak areass were determined with the computer codes

1O). Summed areas for the L-conversion lines were used

SAMPO® ) and SPECT
for the areas. To minimize detector edge effects and insure the same

solid-angle, both sources were counted at the same (50 mm) distance.



Table 1. The theoretical conversion coefficients and gamma-ray intensities used in this study for 180me and 20731.

Isotope EY Type Oy o oy %potal It Iy
eV ' » : % %
180my0 93.3 2 1.10 273 0.679 472 100. 1747 £ 0.7
215.2 E2 0.137 0.0684 0.0167 0.227 100. 81.5 2 0.8
332.3 E2 0.042 | 0.0229 0.00309 0.0590 100. 4.k ¢ 0.9
443.2 . 622 0.0201 0.00489 0.00115 0.0265 85.2 82.8 ¢ 1.5
+965 E3
500.T { 3 0.04097 0.0157 — — 4.8 k.5 + 0.4
.035 M2 .
20Tgy 569.65 E2 0.016 0,00445 —_ —_— —_— 100.
. 3 1
1063.6 Mh 0.097 ° 0.0245 _— —_— —_— 75.5 ¢ 2.2 L
993 ML . . 7
i770. + 0.0033h 0.000585 —— —_— — 6.9 + .2
.007 E2

Al'hese values are from the tables of Bliv and Ban 15),. uL was obtaired by extrapolation of the ratio

el
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Table 2. The measured snd theoretical electron intensities and the relative
electron efficlency for 180mpf and 20TBL on the 5 mm S£(Li) detector.

(v)

- Line expt Theory Relative
Isotope EY Type Ie- I, Efficiency
keV s s . s
180wy¢ 93.3 X 95.7 (58) 172.2 $6.2¢ 6.0
L 409.3 (1.8%) u27.% 95.86 ¢+ 2.1
215.2 'K 100, (1%) 100. 100.0 £ 1.5
- L 50,43 (1.8%) %9.92 101.0¢ 2.1
332.5 K 36.05 (1%) 35.52 . 10152 1.5
L 10.97 {4.2%) 10.91 100.6 £ L.1
Lh3.2 K 15.16 (1%) 1%.87 102.0 + 1.5
L 3.62
99.8 z 2.1*
500.7 X 5.32
L 2.03 (108) 2.0l 101.3 ¢ 11.
207gy 569.65 K 22.35 (1%) 21.686 100,51 2.0
L 6.225 (28) 6.95 100.5¢ 3.0
10A3.6 X 100.0 (1%) 100.0 100.0¢ 2.0
L 25,5 (2%) 25.25 101.0¢ 3.0
1770. K 0.21 (2%) A 0.314 86.82 3.2
L 0.04h (L%) 0.0552 79.8 % 3.9

®The 443.2 L end 500.7 K-lines vere not resolved and their aress were summad to
calculate the efficiency. '

b’l‘he fit error is given in the paventhesis in %.
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Normalization and extrapolation of the 20731 and 180m.ﬂf sets of
data (using eq. (1)) overlep enough to produce the relative efficiency
curve shown 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, {f any,
transitions with accurately known conversion coefficients are presently

210

known to the author besides four transitions from decay of At so that

included in the efficilency curve are four points due to 21°At. The
1181.4 keV transition was assumed pure E2 for the NPG method and the
1436, 1483, and 1599 keV transitions as pure El tran~itions in further
establishing the relative efficiency curve of fig. 5. The results of
these measurements are shown in Teble 3. These points fill the gap
between the 1063 and 1770 keV transitions from the decey of 2°'Bi and
probably establish the relative efficiency curve to +8% over the larger

energy range of 100-1700 keV.

V. APPLICATION
For an example of the usefulness of Si(Li) spectrometer systems

for the rapid determination of relative internal conversion coefficients,.

210

the results of K-conversion coefficient measurements of the 8.3 hr At

decay are sumnarized. Using the NPG method on the basis of the 1181 keV E2

210 13)
L]

transition in the At decay 30 K~conversion coefficients were

determinad. The results for the meesurements of 2loAt are ghown in fig. 8
together with the theoretical values of Hager and Seltzerll). The details
of the 210At measurements and decay scheme are the subjJect of section IV

of this thesis. In the decay, three strong El traneitions with the energy

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 cgnvcrlion coefficients,
and in addition the theoretical conversion coefficients for 210At. The S-mm
51(L1) detector {K-line) efficiency is also given.
o o expt expt _ K-line
Isotope| E  |Typel I, By(io7h) %1078y %(108) | %(107%)| mericiency
keV % ]
210
At | 1181.4 | E2 100, 3.1} 8.22 8.00.7 100,
1436.7( E1 | 29.242.3 12.1| 1.84 [11.3#1.0 } 1.79£0.20 93.3£10.
1483.3] E1 | b6.8t2. 11.4)] 1.7Th [10.6£1.0 | 1.66£0.20] 93.hi10.
1599.5] E1 13.5:0.61 10.1 | =—— |} 9.321.0 — 92.2111,
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Fig. 6. Relative electron detector efficienqy using the isotopes and
methods reported. '



-35k-

10
10 -
€
.2
L
e 10} ]
14
L3
o
e
e 0% -
[
(=3
o
)
b4
1031 El -
|O“4 | S TR TN VRS NUUN N NN IV T RN S SN M SHN NUN SAU SR S
100 500 1000 1500 2000

Transition energy (keV)
XBL?7110-4539

Fig. 7. Comparison of the experimental K-conversion coefficients from the
decay of 2%?1\1‘. with the theoretical values of Hager and Seltzerll).
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calibrations of Si(Li) spectrometers as previously discussed. The IY

and thecretical aK for those aloAt transitions are reported in Table 3.

Figure 9 shows & portion of the 21°At conversion electrons covering the

1000-1500 keV energy region.

VI. CORCLUSIONS

The relative efficliency was found to be constant over the energy
range of 100-1000 keV to *8% and this might be expected, ignoring edge
effects, because the mean rangelz) as shown in fig. 6 of eleetrons in
5 mm Si 1s approximetely 2100 keV. The probable cause for the epparent
decrease of efficlencey before the theoreticel range in the detector is
probably due to straggling and detector edge effects.

One might design future crystals with e larger surface area
and/or introduce colimination of the source to reduce edge effects

because of the short range of electrons.
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APPENDIX G
GAMMA-RAY TRANSITION RATES BETWEEN THE EVEN PARTTY LEVELS OF --CPo
The calculations of T(A) discussed in section IVJ were‘repeated

using Schmidt values of the megnetic moment to obtain values of gj for
all proton orbitals. In the recalculations all paremeters except gJ were
kept the same as in section IVJ so that only values of T(Ml) changed while
the values of T(E2) remained unchanged. Thege new results are shown in
Table 1. To determine the effect of changing the value of gJ on the
abgolute T(Ml) rates, these results can be compared with Table 11 of
section IVJ. The comparison shows that a small change in gJ changes
substancially (by three orders of magnitude in one cese) scme values of
T(M1). It should be noted that 8 enters the calculations only when
diagonal single-perticle matrix elements are involved while g and 8, enter
off-disgonal matrix elements. (Equations (23) and (24) of Appendix A
show this point rather explicitly.) An inconsistency in the previous
calculations of section IVJ may exist because of the use of an effective
{or experimental) value for g, in diagonal terms, instead of that obtained
from the Schmidt values which uses free space values of g and By and
free spaée values of gy and &g for off-diagonal terms. If an effective
gJ is used, perhaps some effective gy and gs should also be used. However,
present data prevent the determination of any effective values of 8y and
8y for the orbitals involved. Thus & more consistent set of 53 for use
in transition probebility calculations mey be those obtained from the
free space values of 8y and & (the Schmidt values). However, since the
Schmidt values do not prediet the experimentally observed magnetic

moments, a paredox seems to exist at the present for the choice of the

perameters gJ, By and gy



Tuble 1. Caleulated Transitlon Irobabllitles for Ml and E2 Lransiylons for ihe ',h9/? rm) and l(h9 2,2 configurations using Lhe vave functions of Ma

and True (m').‘ Kim and Hasnussen '.v.u).’ snd Nevby and Konoplnakl, lxk).;

gurms-ray intensities.

The Echeidt values vere used for,all magnetic moments of 2 Po.

The dlngle-particle estimates

are also tebulated in sddition to ke bserved

Tranaition oty 20)(eec™d) Teoretical
Perer 3’.3‘.‘.‘:::: :::‘2;“ wr ‘m L Bingle Particle
{xev) 3+ " riend®  rend®  r0nd®  weens® t0and®  r=nt® 700) 26
8.1 73,8 0.22(2) 2668.7 1.0 t2.2 60.1 -~ — 1.92 10%0a)
230.8 1,8 o.a(y) 16520 .05 161 0,003 - - Koot
9689 1,46 0.16(k) 585.0 6.9 643k "3 . 160 L 2.50.10° (M1}
u2.2 1,6 ~ 028 1829 L3008 2l 1.860% w6 2.53.10° 1hog)
929.9 56 0.16(3) 2631.0 0y 93,1 .0 2066.9 1,80 2.25010% (1)
e 56 ~ .0zt 126.1 26310 ama X BT Y 8) LR 1250m)
976.3 5l 0.01(¥) 516.7 66.9 150, 6.2 1%6.6 0.0 2.60:10°(0)
6x0.9 8,+8, 0.31(2) 99664 2.3 1509.2 16,3 - - 70300(M1)
neA 8,6 te.c8)® ] 1.39-20"7 ° o.h13 — - 1.02.10%(£2)
169.2 6,8, te.05)® 0 . 1.08 ° ,. n.e - - 538(£2)
852.7 66 1.29(9) 2182.3 109, 869.8 "6s.5 1971 e 1,73:10°0a)
69,3 6ol («.2) ° 26.3 o 6.08 0 it 110(E2)
1201.2 LN 0.16(2) o W ] 98.0 0’ 16 L990iE.)
921 b2, {~.co1)* ° 0.028 ° 022 ) 023
955.8 b by 1.81(6) 3346.8 158 FN ] 50.3 126.8 3.4 87130000)
909.2 b6 0.09(3) ° 8. o 107 ° 126 1240(£2)
2290.0 2,0 0.012(3) ° 1M o oo ° 6612 L2t
1108.6 2,+2 - h9ho.1 FE 14 1.4 u. 2.57 1.7810%00)
3.3 2,08 - ° .1 0 170.0 ° 9.1 951(£2)
"Zutisated from the conversion elect line & fus im the apsctrogrephic plates abtained by Nofl snd lounkr.s

Stavinated from prelininary deta takem vith &

supprassed Oe(Li) op {Rer. 6).

E"l and-Jp rafer to the spine of the {aitlal ead flnsl states respectively. The subscripts 1 and € refer 1o the first snd second lavels {lscressing

energy) of a gtvem spin,

-66¢~
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To further compare these results with our experimental data, we
recomputed the mixing ratios 62 and the gamma-ray branching ratios. These
results are shown in Tables 2 and 3 and can be compared with Tables 12
and 13 of section IVJ. The values in Table 2 of 62 obtained from using
the Schmidt values to obtain SJ were generally reduced by an order of
magnitude over the previous results. The gamma-ray breanching ratios were
not nearly as sensitive to these changes in 53 and remained relatively
unchanged. As in section IVJ, a cholice of a better set of wavefunctions
can not be made. More experimental data is needed in order to draw any

definite conclusions about these present sets of calculations.



Table 2. E2-M1 Mixing Ratiosd (62)‘ for 220pq,

Angular Transition 2
Momentum Energy § Theory
I+ J, (kev) (experimentll)b MT KR KK
7,8 250.5 <0.32 0.00003 0.000026 -
82 > 81 £30.9 <0.19 0.0036 0.00855 -
6,+ 6, 852.7 o.wﬁjﬁ 0.039% 0.075 0.019
T, 8 881.7 0.58:9:47 0.019 0.073 -
5, 6, 929.9 <0.32 0.0018 0.032 0.0087
by by 955.8 <0.29 0.0486 0.21k 0.083
5, * "1 976.5 <0.19 0.129 0.088 0.067
~ 2

®me nixing ratio 62 is defined as 62 = S IEL>L o HT E2) |

ng I< hal >£2 (M1

b'1.‘!1e experimental 62 were obtained from comparison of our K-conversion coefficients with the
theoretical values of Hager and Seltzer'!).

ch and Jf refer tc the spine of the initial and final states respectively. The subscripts 1 and 2
refer to the first and seccnd levels (incressing energy) of a given spin.

d'l'he value of gJ obtained from the Schmidt value of the magnetic moment was used for all orbitale in
these calculations.

-T9€~
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Table 3. Gamma-ray branching ra.t:losd for some transitions in 21r"Po.
Transitions Ratios® Yl/‘r2

Energy (Experiment )b Theory

(keV) MT KR NK
861.1/964.9 1.38"-82 4.37 1.30 -
861.1/250.5 r.o8%- 37 1.65 0.53 -
881.1/112.2 (~6.75)° 4.9 3.55 -
929.9/976.5 0.94"-%2 b5 1.15 1.18
929.9/77.2 (~28.7)°¢ 20.8 7.16 15.8
955.8/909.2 20.2721:2 13.7 2.66 3.67
955.8/1201.2 1.379 7.86 2.91 2.87

a'.['he Y-re&y branching ratios are defined as
Y, /Yy, = (P(M1) + T(E2)) /(T(M1) + T(E2)), from Tsble 1.
b!l‘he experimental ratios were obtained from our gamma-ray intensity date.

eIutennity vas estimated from the conversion electron line intensities in
the spectrographic plates obtained by Hoff and Hollnnders).

d'Ihe value of g:l obtained from the Schmidt velue for the magnetic moment
was used for all orbitals in these calculations.
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