ABSTRACT

THE ELECTRON CAPTURE DECAY SCHEMES OF Bi203 AnNp Bi204

By

James Burke Cross

The electron capture decay schemes of Bi203 and Bi20% have
been investigated by high-resolution y-ray spectroscopy in an effort
to acquire information about their nuclear structure and properties.

Such y-ray spectroscopic techniques as Ge(Li) singles,
Ge(Li)-NaI(T1l) coincidence, and Ge(Li)-Ge(Li) multiparameter, 2-dimen-
sional coincidence techniques have been utilized to identify the many
new y rays in Bi203°20% ang to determine the coincidence (cascade)
relationships of these y rays. Several computer programs which are
useful in handling data from complex decay schemes are presented.’

Two hundred and ten (210) y rays have been assigned to
the electron capture decay of 11.2-hour Bi20%, Sixty (60) vy rays
(accounting for >907% of the total y-ray intensity) have been incorpo-
rated in a decay scheme having 31 levels with energies of 0, 899.2,
1273.9, 1562.8, 1817.3, 2065.1, 2185.4, 2257.9, 2385.8, 2434.0, 2480.0,
2506.8, 2919.5, 2928.5, 3029.0, 3092.0, 3104.9, 3170.0, 3215.0, 3232.0,
3637.8, 3768.4, 3782.0, 3814.4, 3826.2, 3842.2, 3875.7, 3996.1, 4080.5,
4165.5, and 4249.6 keV. A secondary decay scheme was proposed; y-ray

transitions in this decay scheme are placed solely on the basis of

precise energy sums and weak coipcidence data. One hundred and forty-




James Burke Cross

seven (147) y rays have been associated with the electron capture
decay of 11.7~hour Bi203, Twenty-six (26) levels accommodating 51

vy rays (accounting for >80% of the total y-ray intemnsity) have been
placed at 0, 126.4, 186.4, 820.2, 825.2, 866.5, 896.9, 1033.6, 1160.8,
1547.6, 1641.6, 1802.4, 2033.8, 2184.0, 2387.8, 2568.9, 2620.5, 2667.8,
2713.4, 2748.7, 2753.4, 2793.7, 2821.1, 2964.4, 3016.9, and 3045.2 keV.
A secondary decay scheme with transitions placed solely on the basis
of energy sums and weak coincidence data was also proposed.

Limits on the spin and parity assignments of the nuclear
states investigated are made on the basis of log ft values, relative
Y intensities to states of known spin and parity, and transition multi-
polarities (for those transitions where internal conversion-electron
intensities were available).

A brief survey of and comparison with previously reported
scattering reaction data is presented for Pb203 and Pb20%, Nuclear
shell-model level spacings in the vicinity of Z=82 and N=121 are
discussed. Possible shell-model transitions associated with the
electron capture decay of Bi203°20% are gsuggested. Probable dominant
configurations of 8 low-lying levels in Pb203 are offered in simple
shell~ and collective-model terminology. Finally, a summary of the
previous theoretical calculations on Pb20% is made along with sug-

gestions for a theoretical re-evaluation of these lead isotopes.
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CHAPTER I
INTRODUCTION

Nuclear models, abundant as they are with empirical param~
eters, provide a significant measure of our understanding of nuclear
structure. Since these nuclear models are at least partially based
upon experimental data, any increase in the quality and/or quantity
of experimental results can greatly aid in the testing of the appro-
priate theoretical model. Moreover, while experimental observations
are a necessary test of theory, they can also function as stimuli for
preparation of improved models. The inﬁestigations included in this
thesis are therefore intended to extend and improve significantly the
information acquired from the radioactive decay of Bi293 zp4 Bi20
through high-resolution gamma-ray spectroscopy, thereby aiding in the
task of understanding something of the inner structure of these nu-
clei and in the development of more sophisticated nuclear theory.

For a more complete appreciation of and insight into the experimental
results found in this thesis a consideration of the Pb isotope sys-

tematics in general and Pb203 zpd pp204 in particular is essential,



1.1. General'surveY'of‘Pb'Isotqpe‘systematics

Unlike the transuranium isotopes which are far removed from
the "magic" closed shells and hence spheroidal rather then spherical
in shape, the nuclei in the vicinity of the doubly closed nuclide
Pb208 5re nearly spherical, and the nqclear shell model should wbrk
very well in predicting and describing the properties of individual
levels in nearby nuclei. Since these nuclei are strongly stabilized
in spherical shapes, the collective modes of excitation would be
expected to appear at higher energies than for most nuclei; the lower
levels then should be interpreted quite well ag single—par;icle or
few-particle states. This treatment has been done for several varied
and reasonably successful calculations; these will be discussed later
in this thesis when a correlation between the experimental data and
the theoretical predictions is proposed.

Unlike other regions of the Chart of Nuclides, the lead-
bismuth region of interest (Figure 1) indicates deceptively simple
modes of decay. For example, since there is virtually a total ab-
sence of appreciable alpha decay, one is relieved of the difficulties
of resolving the genetic relationships. The predominant reason for
this lack of alpha decay is that the large binding energy per nucleon
asgociated with the closed shells makes the energy available for
alpha decay so small as practically to eliminate this as mode of de-
cay. Consequently, the lead and bismuth isotopes having N<126 have
particularly low alpha-decay energies; in fact, with the possible

exception of Pb2%% for which an alpha group of 2.6 MeV and 1.4x1017

year (y) half—life»(t%) [R158] has been reported, no alpha activity
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Fig. 1.

Portion of the Chart of Nuclides, including the
lead-bismuth region of interest in this thesis.
Taken from the Chart of Nuclides compiled by the
Knolls Atomic Power Laboratory, Ninth Edition.




has been detected in the low mass (4<210) Pb isotopes (until very light
masses (A2190) are reached). The light Bi isotopes having 4=198-201
(and also the very low 4) show a slight alpha branching, while Bi203
and B1209 phave long half-life alpha activities. In these light odd-
mass bismuth isotopes Bi?93 hag a 105%, 4.85 MeV alpha group [Du52];.
B1201, a 0.003%, 5.5 MeV alpha group; and Bil%? has a 0.01%, 5.54

MeV group [Ne50]. None at all has been reported for the even-mass
B1202 gpq B1200 isotopes.

Since the nuclei in this region are neutron deficient, the
principal mode of decay is by orbital electron capture (¢). As was
implied, however, the systematics and decay schemes of these nuclei
are not simple at all. Table 1 shows the progress to date in de-
ciphering the light lead isotopes from Pb207 o Pb203, including the
isomeric decays., The references included are both published liter-
ature data and unpublished results from the investigations at the
Michigan State University. The reference(s) given is generally the
most recent or thorough but not the sole reference from which the
information was obtained. An outstanding reference for a survey
background of the lead-bismuth region is the excellent review by
Hyde, Perlman, and Seaborg [Hy64]1; this review was used as a point
of departure for a study of this region. Included in this region
18 the hiphly interesting doubly closed shell nucleus Ph208, Being
closed at both /=82 and N=126 major shells, onc would expect Pb’08 ¢o
be particularly stable, and in truth such is Indeed the case, even
to the point of being the end product of the 4n naturally occurring
radioactive decay chain. As one or more neutrons are removed to

produce the lighter, neutron-deficient lead isotopes, the spectra



Table 1.

Summary of the present state of knowledge of tran-

sitions and levels in some of the light lead isotopes

31207 Bi206 31205 BiZO’-& 31203
[A155] [Ve63] [Ko70] [Present] [Present]
t, 27 y 6.4 d 15.3 4 12 h 12 h
2 N
QEC (MeV) 2.40 3.7 2.67 4.4 3.2
+0.04
No. of
known tran- 5 28+ 100+ 210 147
sitions
No. placed
in level 5 28 85 60 51
scheme
No. of
known 5 21 34 30 25
levels
No. of well-
character- 5 >14 >29 >25 >21
1zed levels
1
pp207M Pp206M pp205M pp20um pp203M
[Mc53] [A153,A154] [St60a] [He56] [Do68]
t, 0.8 s 145 us 4.5 ms 67.5 m 6.1 s
2
Excited-
state 1633.1 2200.3 1013.8 2185.7 825.2
energy (keV)
No. of known ) 8 6 6 3

transitions




Table 1. (continued)

No. placed
in level 2
scheme

No. of known 3
levels

No. of well-
characterized 3
levels




become increasingly complex due to single or multiple hole-hole in-
teractions and configuration mixing, thus providing exciting candidates
for a detailed test of the theoretical interparticle force concepts of
heavy spherical nuclei.

The first complication, the existence of nuclear isomerism,
is found in practically all of the light lead isotopes. Recalling that
the N=126 closed shell is obtained in the spherical shell model by the
i13/2 state being lowered by spin-orbit coupling to lie among the low-
spin, odd-parity states from the fifth oscillator level, i.e. pP1/2,
P3y2s f5/2, f7/2, and hg/z,one would expect to find near-lying levels
having large spin differences, hence producing nuclear isomerism. The
odd-mass lead isotopes range from the single-hole i13/2 Pb207™M o much
more complicated configurations, but in all cases they have even parity
and one i13/2 hole. The even-even lead isomers are unique in that no
other even—-even isomers are known; in these even-even lead isotopes
each metastable isomer is composed of one i13/2 hole, but here each is
coupled to an odd number of odd-parity holes to produce odd-parity
states. Since the other even-even lead isotopg levels are even parity,

this coupled with the large spin differences gives rise to the nuclear

isomerism.



1.2. Lead Level Schemes

Following this general survey of the lead systematics, I
now return to examine briefly the work which has been done and needs
yet to be done on the other lead isotopes leading up to the complex
level schemes of Pb204 zpq Pb203, 4 truly comprehensive treatment of
these nuclides is naturally beyond the scope of this thesis, but even

this abbreviated discussion serves to illustrate the reasons for

interest in this region of nuclides.

1.2.1. Pb2%8 Level Scheme

Pb298, being closed at both the Z=82 and N=126 major shells,
is stable, having no low-lying excited states. Consequently, the
Pb208 pucleus would be expected to be very stiff towards collective
vibrations [Hy64], and no states due to these vibrations are expected
to fall less than several MeV. The best evidence for this unusual ri-
gidity is seen in the energy of its first excited state. The first
excited state at 2615 keV is greater than the energy of any yet re~
ported first excited state of nuclei with mass greater than 40 atomic
mass units (amu). Indeed, the first excited level is a 3- octupole os~
cillation state of the core [La60], not a proton excitation state as
was once proposed [Tr58].

The level scheme for this isotope is also unique for an
even-even nucleus in that the two lowest-lying states do not have the
usual 2+ and 44 character. The lowest levels of Pb208 apd their spins
and parities are 0 (0+), 2615 (3-), 3198 (5-), 3475 (4-), and 3700
(5-) keV [E154]. For a more impressive discussion of Pb208, in-

cluding the preparation and description of its levels, in terms of



complex particle~hole shell model configurations, one should turn to

the excellent background reference of Hyde, Perlman, and Seaborg [Hy64].

1.2.2. Pb297 revel Scheme

The excited Pb207 jevels (Figure 2), as revealed [Al55] by
the electron capture decay of B1207, make a classic example of a nu-
cleus which satisfies the pure Single~Particle Model. .The states in
Pb207, differing by only one neutron form the stable Pb208 core,
should correspond directly to single neutron holes moving in the Pb208
core. TFrom simple shell model predictions one would anticipate a
Pi1/2 ground state with 5725 P3j2, 113/2, f7/2, and hg/2 excited states;
these states corresponding to the 570-, 870-, 1634-, and 2035-keV levels
in PH207 Indeed, this is exactly what was found empirically, although
the hg9/, level at 3.47 MeV is not populated by the Bi207 decay be-
cause of the energetics of the situation. These levels behave
reasonably well as single-hole states, the isomeric M4 (1064 kevV,
i13/2+f5/2) transition rate being fairly close to that predicted by the
Weisskopf estimate [We51]. The fact that the 570-keV tramsition to
the ground state is abnormally fast for a neutron transition can be

explained [Pr56] by a slight collective effect in the spherical nucleus.

1.2.3. Pb?96 Level Scheme

In contrast to the simple Pb’"7 scheme, the Pb?0%¢ jevel
scheme (Figure 3) is quite complex, since Pb’"® is two neutrons from
the doubly closed Pb208, Nevertheless, there is a fundamental sim-

plicity to the level scheme in that most of the known levels are
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derivatives of the single particle (hole) states in Pb207, An odd-
odd nucleus, Bizo6 has a decay energy of 3.7 MeV and consequently pop-
ulates many high-lying states of varying complexity. The most compre-
hensive decay scheme to date was proposed in 1954 by Alburger and
Pryce [A154], who successfully placed 27 of the 28 transitions found
and assigned many multipolarities from conversion coefficients, thereby
well characterizing the Pb206 jayels, Some small improvements have
been made, but essentially the decay scheme must be considered complete.
Using the well-placed levels in Pb206, several shell model calculations
have been made on this isotope [Pr52,Tr58,Ke57]. The energy of any
state of Pb206 i, these calculations is actually the result of three
contributions:

1) the sum of the energies of the two corresponding

single-hole states in Pb2°7,

2) the hole-hole interaction energy,

and 3) the configuration mixing between states having the
same spins and parities.

These calculations vary widely in the degree of their sophistication,
ranging from interactions involving complex potentials with added ex-
change forces to a simple delta-force interaction between the two holes.
This technique, however, is useful only when collective modes of motion
are small and when the energy needed for excitation of the core nucleons
is so large that it does not influence the low-lying states of the
isotope. The first type potential, represented by the calculations of
True and Ford [Tr58], indicates excellent agreement with the exper-—

mental pp206 levels, but only after assuming some collective enhancement
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of a number of the gamma-ray transition probabilities, even to the
extent that two levels had to be characterized as vibrational states.
Other simple calculations, such as those devised by Kisslinger and
Sorenson [Ki60], based upon treating the residual two-nucleon inter-
action as a BCS [Ba57] superconductivity pairing force plus a long
range pairing force, also lead to at least qualitatively good results.
The major advantage of the latter is its applicability to many of the
lighter lead isotopes, whereas the True and Ford exact calculations
become horrendously cumbersome. Since the Kissinger and Sorenson re-
sults are at least qualitatively correct for Pb2%6 one would expect
at least qualitative validity for their predicted levels in the

lighter lead nuclei.

1.2.4. Pb2%5 Leyel Scheme

As one moves to Pb2°5, three neutrons removed from the N=
126 closed shell, the situation becomes very much more complicated.
Numerous elaborate investigations of Bi205 decay ‘have been reported,
including detailed coincidence studies [Sc61,He61] and the extensive
conversion-electron spectroscopy of Vegors, Heath, and Proctor [Ve63].
The latter, by studying the half-lives of the transitions so as to
distinquish between the 6.4~day (d) Bi?06 and the 15.3-d Bi295 tran-
sitions, were able to find 42 new transitions, bringing the total
number of observed transitions to 83. Using extensive NaI(Tl) gamma-
gamma coincidence measurements, they were able to extend the number
of known levels in Pb2%5 fron 13 to 22. Perhaps the latest and most

thorough investigation of Pb205 is the soon-to-be-published work of
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Kosanke, McHarris, and Kelly [Ko70] at Michigan State University.
Using high-resolution gamma spectroscopy and Ge(Li)-Ge(Li) coinci-
dence experiments, they have made significant changes and improve-
ments in the Pb205 decay scheme (Figure 4).

Pb205 4g distinquished from the other lead isotopes in
this region by several peculiar characteristics. Just as one would
expect, there is a 13/2+ isomeric state at 1014.0 keV; however, its
half-life is just 4.5 milliseconds (ms). This occurs because it is
not an M4 jisomer (i13/2—+f5/2) any longer; rather three-particle 9/2—
and 7/2- states now lie between the isomer and the 5/2- ground state.
Consequently, M2 and M3 transitions complete with the 1014-keV M4's
half-life. Second, there is a low-lying first excited étate at 2.3
keV. Since there are numerous high-lying levels which populate both
the ground and first excited state the spectrum is abundant with
doublets of peaks differing by 2.3 kevV. Although seen in the con-
version-electron spectra, it is hopeless to resolve them with NaI(T1)
detectors, but with the advent of high-resolution Ge(Li) detectors
they can be resolved.

Similar to Pb206, shell model calculations on Pb205 have
been made by True [Tr61], Pryce [Pr56], and Kisslinger and Sorenson
[Ki60]. Despite the success of predicting that the 9/2- and 7/2-
levels would lie below the 13/2- state, the results of these cal-~
culations are not at all convincing. 1In attempting to fit the
energy spacings, much less the transition probabilities, True found
it necessary to modify his original calculations (which used a

singlet-even potential with a Gaussian shape) into calculations using
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a singlet-even potential of three-quarters the original value plus

a weak coupling to the nuclear surface. The monumental failure of

all the calculations has been in failing to predict the 1/2- state

to lie so close to the ground state. Surprisingly, the semi-empir-
ical calculations of Pryce come closer than do the more complex,

sophisticated calculations.

1.2.5. pp20n Level Scheme

If one were to remove four neutrons from the Pb208 p=12¢
closed shell, it would be expected that the complexity of Pp20%4
should be still greater than Pb205 and Pb2°6, because the nucleon-
nucleon interactions and the configuration mixing will be greatly
increased. The ground state of Pp20%4 is stable, occurring in 1.48%
isotopic abundance in natural lead. Since Pb2%% ig not the product
of any naturally occurring radioactive decay chain, Pb20% content
can be used as a guide for the primeval lead content in any natural
lead sample. The level scheme of this nucleus is also of great in-
terest in furthering our understanding of the shell model predictions
near the Pb208 {ouble closed shell.

As previously mentioned, Pb20% hag been reported to have
a measurable half-life for alpha decay. Using nuclear emulsions with
enriched Pb2%% Riezler and Kauw [Ri58] observed an alpha group of
2.6 MeV and a half-life of 1.4x1017 y,

The excited states of Pb20% are populated, and hence re-
vealed, by the gamma-ray cascades from the 66.9 minute (m) isomeric
2186-keV Pb20%" and also by the 11.5~h electron capture decay of

Bi20%, an upper limit of 0.6% positron feeding has been reported
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[Fr56], while the present data indicate a much smaller upper limit,
<0.1%. The existing experimental work was incomplete and sketchy at
best, and many published results are seriously questioned by the work
in this thesis. The investigation of Pb20% hag been essentially a
two-step procedure, first determining the isoﬁeric decay and second
the B120% decay, but most of the past work has centered upon the

Pb20%" jsomeric decay.

1.2.5.A. pp20u" Isomeric Decay

The 66.9-m Pb20"*M jsomer has been made by the following re-
actions:
71203 (d,n)szo“m
T1205(d, 3n) pp204™"
Ph20% (1,51 ) pp204M
Pb2 04 (d, 2n)B12°"—€—>Pb2°“’”
References to this early Pb20%" york are given in refer-

ence [Ho53]. The early work limited the mass assignment to Pb20%

or
Pb205 but favored the Pb20%, The final mass assignment was made
certain by the mass separator experiments of Thulin [Th54]. This was
of extreme interest at the time because Pb20"" yas the first even~
even isotope found to have a long~lived isomeric state. Unlike the
Bi20%4 decay, the Pb20"" jgomeric decay has been well-investigated, be-
ginning with Sunyar et al. [Su50] in 1950. The conversion-electron
spectroscopy, electron-electron, and gamma~-gamma [Kr54,Kr55] prompt?

and delayed-coincidence data indicate the 912-, 375-, and 899-keV

gammas are in cascade. Fritsch [Fr56] found the pb70H4™ decay scheme
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gomewhat more complex; by separating the Pb20%" from Bi20% and ex-
amining the electron spectrum in a high-resolution permanent-magnet
spectrograph, he found a 289.5-keV gamma ray and a 621.7-keV tran-
sition with the K/L and LI/ZZ/Lg ratios expected of an E5 tran-
sition. Based upon this, he concluded that a new 4+ level was lo-
cated below the 2186-keV 9- level, causing the 2186-keV level to be
depopulated by a 622-keV gamma to a 1563-keV level, which in turn
is depopulated by the 289-keV gamma to the well-established 1274-
keV level. These same conclusions were reached and confirmed by
Stockendal et al. [St58,St60]. The final pp204m decay scheme to
date is seen in Figure 5.

The excellent angular correlation experiments of Krohn and
Raboy [Kr55,Hu56] esfablished the 9-4-2-0 spin sequence seen in this
figure, but in doing so it was found neceséary to assume multipole
mixing in the gamma transitions. The 912-keV E5 gamma was determined
to have 17 M6 admixture, and the 375-keV E2 gamma to have 1/2% ad-
mixture of M3. Additional work [He56] revised this figure downward
but still found it necessary to assume some multipole admixtures in

these transitions.

No significant change in the Pb204™ decay seen here has
been suggested by the present work, although an interesting peculi-

arity with the 912-keV transition will be mentioned shortly.

1.2.5.B. Electron Capture Decay of Bi20%

Bi20%, an odd-odd nucleus, has an estimated [Fr56] decay

energy of 4.4 MeV and populates states in Pb2%% almost up to this

energy. Depending on whose calculations you choose,not only are
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there 70 to 80 four-particle (hole) states available for population,
but collective effects and levels become more important for this
nucleus than for the heavier Pb isotopes. For example, consider the
pp204m levels, the only levels previously known with certainty.

The 899.2-keV 2+ state cannot be reconciled with any four-particle
predictions and appears to be a quadrupole vibrational state. The
next two excited states, at 1274 and 1563 keV (both 4+) also present
similar difficulties. Nearly all the gamma-ray cascades from the
high-lying states pass through the 1274-keV state, while comparatively
little goes through the 1563-keV state. This is also seen in the
(pst) experiments performed at Yale University by Holland [Ho67,Ho69].
Although both are 4+ states, their internal structure must obviously
be very different.

Because the Bi20% decay is so complicated, clean, impurity-
free sources are imperative. In past investigations the sources were
prepared by cyclotron bombardments of Pb or Tl targets, enriched
electromagnetically separated targets being much to ones advantage.
Some of the reactions used were:

Pb20% (p, ) B120%

Pb20%(d, 2n)B120%

T1203(q,3n) 1204
Since the Pb20% and T1203 isotopes are ordinarily not available in
high isotopic purity, other Bi isotope impurities are necessarily
prepared simultaneously. The common contaminants, in order of de-
creasing effective quantities, are the 6.4-d Bi206  15,3-4 B12°5,

and 27-y Bi?97, since B1203 has a half-life nearly identical to
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Bi20%, it was necessary to eliminate it entirely by using a cyclotron

beam just below the threshold energy for its production.

Some of the characteristics of the Bi20" decay are perhaps
of small but significant importance at this point. The half-life of
the Bi20% decay has been measured to be about 11.5 hours (h), with
small variations by different research groups, as seen in Table 2.

While many people have investigated the Bi20%4 decay, the
two most detailed studies were independently undertaken in the 1950's
by Fritsch and Hollander [Fr56,Fr58] at Berkeley and by Stockendal
et al. [St58], at the Noble Institute in Stockholm. Since only very
high resolution gives any degree of significant data, both groups re-
lied entirely upon high-resolution conversion-electron spectra ob-
tained from permanent-magnet spectrographs with energy resolutions of
0.2% (Fritsch) and 0.1% (Stockendal). 1In addition, both groups
performed gamma-gamma coincidence experiments to a limited extent
using NaI(T1l) detectors. Using these data plus scintillation
gamma-ray spectra, electron-electron coincidence spectroscopy, and a
numerical analysis of energy sums, Fritsch and Hollander concluded
that the decay was so complex that they could not hope to construct
a Pb20% 1level scheme with any degree of confidence. Consequently,
they published essentially just a list of electron energies. From
over 150 conversion electrons they made assignments for some 67
transitions and listed them in three confidence groups.

Stockendal et al. found many of the same transitions and
did publish a very preliminary decay scheme but emphasized that only

the levels populated by the pp204™ decay are known with any assurance.
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Table 2. Experimental half-lives for Bi20% decay

Principal Bi20%
Investigator Half-1ife (h)
Fritsch® | 11.0+0.5
Perlman® 1241
Wertheim® 11.6+0.2
Stockenda1d 11.22+0.10

aReference [Fr58]
bReference [Pe47]
“Reference [We56]

dReference [St60]
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Based upon the previous Bi20% work, several conclusions have

been reached:

1) the first and second excited states lie high and
correspond to the 2+ and 4+ levels at 899.2 and
1273.9 kev, respectively;

2) all gamma cascades pass through the 899.2-keV 2+
level with little or no direct feeding to the
ground state,

3) about 10% of the Bi20% decay proceeds through the
9- isomeric state,

and 4) a large number of populated levels lie above 2 MeV.

A preliminary re-examination [Gr66] in the MSU laboratory
(indeed, the one which prompted the present investigation) using
Ge(Li) detectors showed Bi20* to be very complex. In the present in-
vestigation, upon once again re-examining the Bi20"% gamma-ray
spectrum, using improved high-resolution Ge(Li) gamma~-ray spectros-
copy, it was found that the Bi20% decay was even more complex than
previously believed. So complex, in fact, that the previous NaI(Tl)
gamma-ray and Ge(Li) work (especially coincidence studies) must be
considered as having relatively little worth, with exception of the
known Pb204" states, and that the decay scheme was debatable, if
not incorrect.

While shell model calculations are to be an integral part
of this thesis, the discussion of these will be deferred to a sec—
tion devoted entirely to the comparison of experimental data to the

Pb204 ghell model calculations.
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The present investigation involving standard high—resolutiog
Ge(Li) spectroscopy single and coincidence experiments has been suc-
cessful in placing many new levelsvin Pb20% a5 well as making signif-
icant changes in the previous decay scheme, and in the process in char-
acterizing more than 200 gamma-rays. Wiéh such a wealth of transitioms,
one can make only limited use of energy sums and differences because
of the high probability of accidental agreements. Also-NaI(T1l) vs.
Ge(Li) gamma-gamma coincidence experiments are of little use because
of the complex Compton backgrounds and gating difficulties in such a
complex spectrum. This leaves Ge(Li) vs. Ge(Li) gamma-gamma coinci-
dence and double escape spectrometers as the necessary tools.

Even upon the completion of these high-powered spectro-
scopic techniques it was concluded that it may not be sufficient to
establish a completely unambiguous level scheme for Pb20*, A great
need for preliminary scattering data was seen; this was provided by
a study of the szos(p,t)szoq reaction which, having a tendency to
pluck out coupled—néutron states, appears to yield a basic frame-

work of levels in Pb290%4 [Ho69].

1.2.6. Pb293 Level Scheme

Removing yet one more neutron from Pb20% (i.e. five neu-
trons removed from the N=126 closed shell), one finally reaches the

last isotope of interest in this thesis, Pb203, The PH203 isotope
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exists in two isomeric forms; the ground state, which decays by ¢ to
the excited states of T1293 with a half-life of 52 h, and a 6.1-second
isomeric state (Pb2°3m) at 825.1 keV. The study of Bi203 thus becomes
essentially a three-step process, the determination of the decay of
Pb203, then Pb2°3m, and finally the B1203 decay.

- 1.2.6.A. Pb203 Decay Scheme

Indeed, one would not be absolutely forced to study the
Pb203 decay scheme before studying the others, as the half-life is long
enough to allow separation of its peaks from theirs on this basis alone.
This, coupled with the realization that the decay scheme is fantas-
tically simple (Figure 6) compared to the B120%422055206 gihemes, led
me to make no attempt to improve upon any previously reported data.

The Pb203 isotope has been produced by a number of differ-
ent reactions on T1203 and pb20% using protons, deuterons, and neu-
trons [Pb53], or as a long-lived product of Pb203" and Bi203 which can
be prepared by yet other reactions. The experimental and theoretical
characteristics of the decay have been well-established by a horde of
investigations [St60,Pb53,Wa54,Wa58,Su6l,Pr54,Va54,Pe60] utilizing
a variety of experimental techniques.

1.2.6.8.  Pb”"3" pecay

The 6.1-s [;357] isomeric state at 825.1 keV was first dis-
covered by Hopkins [Ho52], who mistakenly assigned it to PbZOQ; in
1955, Fischer [Fi55] correctly reassigned it to Pb293 on the basis
of excitation function studies. The next decade saw nuﬁerous inves-
tigations [St60,Fr56,St56,Pe61] on the Pb203™ decay using primarily

conversion-electron and NaI(Tl) spectrometers. These studies report
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a single transition of 825 keV from a 13/2+ state to the 5/2- pb203
ground state, similar to other odd-mass Pb isomers. As the M4 reduced
transition probability was abnormally large, Stockendal suggested
[St60] that there is a likely possibility that the 13/2+ state is par-
tially de-excited by an unobserved 5-keV M2 to a 9/2~ level at 820.1
keV (which is also populated in the € decay of Bi203). fThis possibil-
ity was confirmed by the work of R. Doebler et al. [Do68], who showed
that the 820.1-keV transition is definitely present in the Pb203™ ge-
cay, thus implying the presence of the 5~keV transition. At the same
time their work solved the difficulty of the abnormally large M4 re-
duced matrix element. The present decay scheme for Pb293" 15 shown in
Figure 6, along with the Pb203 decay scheme.

1.2.6.C. B1203 Decay Scheme

Any comprehensive study of Bi203 ig necessarily compiicated
by the fact that Bi%%3 and B120Y% have nearly identical half-lives
(*12 h). A simple method to prepare clean Bizoqséurces (to be de-
scribed later in section 2.1.) involves a (p,3n) reaction on nearly
pure PH206 by keeping the beam energy just below the threshold for the
(p,4n) reaction (which produces the Bi203); but Bi293 sources prepared
at the required energies invariably contain considerable amounts of
other Bi isotopes, most tragically, Bi?%%, Because there are so many
gamma rays of both Bi?03 and Bi?%% | the B12°3 can be studied only
after a thorough investigation of Bi2%% has been completed.

Several unrelated characteristics of the B1703 decay should

be mentioned at this point. The half-life of Bi%293 unlike the decay
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itself, has been well investigated. Table 3 shows the half-life values
listed in the literature to date. In addition to the half-life for
Bi203, Bergstrém et al. [Be6l] have reported a half-life of 75+3 ns for
the 126.4-keV state. The isotope has a small (1 part in 107) but mea-
surable alpha branching, as was mentioned in section 1.1. Finally,
atomic beam resonance has shown [Li59] that the ground state spin of
Bi203 jg¢ 9/2, which agrees with the 9/2 spin found in Bi205 zpd 31207,
where the 83rd proton is in the hg/2 shell model orbital and the neu-
trons are paired to zero.

With approximately [Vi66] 3.2 MeV of decay energy and the
additional levels and collective behavior introduced because Pb203 ig
five neutron holes away from the doubly closed shells of Pb208  one
would expect roughly the same complexity for the Bi203 deéay as for
BiZOH.

Several investigators, Novakov et al. [No58], Fritsch
[Fr56], and Stockendal [St60], have studied the Bi203 decay using
conversion-electron and scintillation spectrometers and by gamma-
gamma and electron-gamma coincidence experiments. The results of
these experiments are discussed in Chapter III where the data from
these experiments and the present work are compared. As if the decay
were not complicated enough already, Bi203 az150 decays partially by
positron emission, two B+ groups with end-point energies of 1.34 and
0.74 MeV having been reported [Kr54]. Fortunately, the positron in-
tensity is low, only about 0.014 positions found for every 825,1-keVv
gamma,

What was presented about the calculations for Pb20% might
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Table 3. Experimental half-lives for B1203 decay

Principal B1203
Investigator Half-life (h)
Fritsch? 11.5%1.0
Neumannb 12.0+£1.0
Stockendal® 12.310.7
Stockendal® 11.7640.05

aReference [Fr58]
bReference [Ne50]
cReference [St56]

dReference [St60]
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be repeated with added emphasis for Pb203, However, more exact
calculations are not likely to be forthcoming until a better decay
scheme and other experimental data are available. Perhaps the results
of this thesis will prompt new, more detailed and comprehensive
calculations on this isotope.

Once again this investigation involved the use of high-
resolution Ge(Li) spectroscopy singles and coincidence experiments,
and the Bi203 decay was found to be complex. With these techniques,
many new levels and characteristics of B{i203 have been uncovered.

The comments made in the section on Bi20% decay concerning the valid-
ity of certain coincidence experiments and the use of energy sums
hold equally true for the Bi203 decay as well and therefore will not
be regurgitated here.

| The decay schemes proposed in this thesis, Figures 22 and
31, indicate monumental changes from previously reported decay schemes.
As good as they are, they have pressed the "state of the art" to its
practical limit. The primary weakness lies in the coincidence data
for the very weak and/or high energy transitions. Just as this work
has greatly improved upon previous investigations, some day new ad-
vances in detector systems, electronics, and computer analysis tech-
niques may show that even this decay scheme has major inconsistencies
and anomalies. 1In lieu of that day, the decay schemes produced by
this investigation represent the ultimate in present day gamma-ray
spectroscopy.

In addition to the references cited in the review above,

several excellent reviews of the lead-bismuth region should be noted
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here. Bergstrsm and Andersson [Be6l] have published a very compre-
hensive review article on "Nuclear Energy Levels and Multipole Tran-
sitions in the Lead Region" which covers in more detail information
on the lead isotopes. Kinsey [Kn57], in "Nuclear Reactions, Levels,
and Spectra of Heavy Nuclei" has discussed energy levels in the nu-
clei of lead and bismuth. Finally, Elliott and Lane [E157] have dis-
cussed the shell model interpretations of the level systems of these

nuclei in their "The Nuclear Shell Model".



CHAPTER II

EXPERIMENTAL APPARATUS AND TECHNIQUES

During the construction of the electron capture (e) decay
schemes of Bi20% and B1203 apd throughout this investigation I have
utilized both standard and new techniques of gamma-ray spectroscopy.
This chapter describes briefly, though thoroughly, the general tech-
niques and apparatus used in the data acquisition and analysis. Sec-
tion 2.1. deals with the specifics of the radioactive isotope pro-
duction for Bi?0% and Bi293, Section 2.2, describes the nuclear
spectroscopy apparatus in current use at Michigan State University.l
Section 2.3. surveys thé methods of data analysis used during this
investigation. Section 2.4. describes two valuable FORTRAN computer
programs useful in the construction of complex decay schemes. Sec-
tion 2.5. completes the chapter by outlining two spectrum plotting
routines which were written to reduce drastically the time involved

in preparing spectra for theses and publications.
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2.1. Source Preparation

The radioactive Bi20% and Bi293 sources used in previous
studies of these nuclides were prepared by bombarding Pb208 and
natural T1 by protons and He3, respectively, at a variety of energies.
These sources, however, were highly contaminated with Bi2052206>207
activities, making accurate energy and intensity calculations of the
complex Bi204 spectra nearly impossible. Using the Michigan State
University sector-focused cyclotron [B161], a number of reactions
were investigated to determine the optimum target isotope, beam
particle, and beam energy which would give the cleanest, most con-
taminant free Bi20% source. The one contaminant which must abso-
lutely be avoided is Bi203, since its half-life is nearly identical
to that of Bi20%, thus making it inseparable solely on the basis of
half-life differences. Consequently, any study of Bi20% requires
that Bi203 be either well-known in advance or that it not be pre-
sent at all in the Bi2%% source.

The reactions which were tested are listed and discussed
below. Although the Tl attempts were nearly abortive,they are in-

cluded here for descriptive completeness.

2.1.1. T1 Targets

Several sources were prepared using both natural T1 (70.5%
T1205 29.5% T1203) and 99,97 T1203 separated isotope as the target
and He3 as the projectile. Table & showé the @ values for preparing
Bi?03 and B120% from the different reactions of He3 on Tl. Choosing

a He3 energy of 27-28 MeV, one would expect to produce Bi20% with
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Table 4. @ values for T12°3’2°5(He3,xn) reactions

Reaction @ values (M.eV)+
T12°3(He3,2n)312°“ - 6.3
71293 (He3,31)B1203 -13.3
T1205(He3, 4m) 120k -20.5
T1295(He3,5n)B1203 -27.5

1‘Calculated from experimental masses listed in reference [My65].
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a minimum of B1293 from the first reaction. It was ﬁOped that this
energy would be high enough to make the T1203(He3,3n) cross section
quite small and thus produce little, if any, Bi203, Such was ap-
parently not the case, since the samples contained, in addition to
Bizou, relatively large activities of B12°3, 31205, and Bi%206, Other
work in the MSU laboratory has also indicated that the He3-induced
reactions may not be as clean as the proton-induced ones. Based upon

this, plus the present attempts, the Tl was discarded as a possible

target source for Bi20% production.

2.1.2, Pb Targets

The useable B120% gources were prepared by bombarding 97.27%
Pb206 separated isotope obtained from Isotopes Division, Oak Ridge
National Laboratory (in the form of Pb(NO3),) with a 27-30 MeV proton
beam from the MSU cyclotron. Previous experiments at Michigan State
University had chosen 27 MeV as the best proton energy based upon the
@ values of the competing reactions, but I found that at 27 MeV sig-
nificant amounts of Bi205 and B1206 were also produced, thus obscur-
ing many of the high energy peaks (>1.00 MeV). Using Figure 7, which
depicts the empirical cross sections for protons on Pb206, T calcu-
late that at 327 MeV about 43% of the radioactive source should be
Bi205, but if the proton energy is raised to 30 MeV only about 26%
of the source should be Bi205, The large difference in half-lives
between Bi205 and B120* make this (30 MeV protons) an excellent

method to produce clean Bi?0% sources. Consequently, most sources

for this study were prepared by bombarding Pb206 separated isotope
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with 30 MeV protons.

The useable Bi203 gources were prepared similarly by bom~
barding 97.2% Pb206 (Pb(NO3),) separated isotope with a 40-45 MeV pro-
ton beam from the MSU cyclotron. In determining the optimum energy
for the Pb2°6(p,4n) reaction, excitation functions (comparing Bi203
to Bi20% production) were run on Pb2%® from 30-40 MeV. This is
shown in Figure 8 along with the equivalent excitation function from
work published by Bell and Skarsgard [Be56]. The two are quite com-
parable,and on the basis of this a proton energy of 240 MeV was
chosen. At this energy, while the B1205>206 impurities are seen,
they are not significant. The unavoidable major impurity was Bi20%,
but since the photon energies and intensities for Bi20% were well-
known fron the first portion of this study,it was easy to eliminate
these peaks from consideration. 1In one run with 45 MeV protons some
Bi202 (hence Pb202™) yag produced by the (p,5n) reaction, but this
was not troublesome as most runs were performed with 40 MeV p. Y

Typically several small crystals were crushed, bombarded
with the 30-45 MeV protons at =1 pA for *1 1/2-2 hrs (often behind
several mils of aluminum absorber), allowed to decay for 8-12 hours
to let any short-lived contaminants decay away, and then counted for
3-5 half-lives, additional quantities of source being added with pass~
ing time so as to keep a relatively constant counting rate. It was
found that samples prepared and counted in this manner were relatively
clean with small amounts of Bi20°5 (t%=15.3 d) and B1206 (t%=6.4 d)

impurities. The B1206 impurities are seen weakly in the low energy
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region (<1 MeV), while the Bi295 {s seen weakly in the high energy
region (>1 MeV). In neither region was the impurity large enough to
cause any undue problems in determining the Bi2%% or Bi203 fu11
energy peaks. A chemical separation was found to be unnecessary,
thereby making the preparation of the Bi20% and B1203 radioactive

sources a simple, easily handled process.
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2.2, The Gamma-Ray Spectrometer

Recent progress in gamma-ray detector technology, resulting
in greatly improved Ge(Li) detectors (both in efficiency and resolu-
tion), impressive performances in amplifier-preamplifier systems,
faster and more stable analog-to-digital converters (ADC's), and
larger memory analyzers has increased data accumulation of gamma-ray
spectra, and more importantly, the quality of these data is improving.
At this time the laboratory at MSU is impressively equipped with a
large complement of Ge(Li) and Si(Li) detectors, culminating in a 3.6%,
1.9-keV (FWHM at 1.33 MeV) Ge(Li) detector, practically the ultimate

in Ge(Li) detector technmology.

2.2.1. Singles Experiments

The basic components of the gamma-ray singles spectrometer
used in this study were:

a) two Ge(Li) detectors, cooled to liquid nitrogen tem~
perature (77° K), possessing resolutions of 2.4 keV
and 1.9 keV (FWHM at 1.33 MeV) and efficiencies
of 2,57 and 3.6%, respectively,

b) a room temperature FET preamplifier and high voltage
supply,

c) a pulse shaping amplifier with DC offset and pole
zero compensation,

and d) a data read out system.
No single component can be classified as the weakest link,

but when gamma ray energies >2 MeV were measured, the number of
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channels in the MCA was often the weakest link. On the other hand, low
detector efficiency could often fail to reveal full energy peaks of low
intensity gamma rays. In addition, detector resolution may have ob-
scured small peaks within $0.5 keV of larger peaks. A careful balance
of counting rate was important since low counting rate can produce
broadened peaks due to long term instability of the electronics, yet
high counting rates can cause pulse pileup, which also broadens the
peak. Throughout the present study these Ge(Li) detectors were used

for all singles gamma-ray energy and intensity measurements.

2.2.2. Coincidence Experiments

Singles experiments are useful in determining the energies
and intensities of the gamma-ray transitions of the radiocactive nu-
clides observed but tell one nothing about the structure and com-
position of the nuclei involved. This information is generally re-
vealed in gamma-ray spectroscopy by a variety of coincidence experi-
ments. These include anti- (revealing direct, ground-state transi-
tions), prompt- (revealing cascade transitions), delayed- (revealing
transitions in cascade with states having a measurable lifetime), and
511-511-gamma- (revealing double escape peaks and B+ fed peaks)
coincidence experiments. These coincidence techniques and their use-
fulness to the present study are described in the following sections.

2.2.2.A. NaI(T1) Split Annulus-~Ge(Li) Spectrometer

One of the most useful pieces of apparatus in the MSU
nuclear spectroscopy laboratory has been the 8'"x8" NaI(T1l) split-
annulus. Reference [Au67] suggests several useful applications

of the annulus vs. Ge(Li) gamma-ray spectrometers. In the present
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study the 511-511-gamma triple coincidence configuration was found to
be extremely useful in determining double escape peaks. The Ge(Li)
gamma-ray detector and the radioactive sources were placed inside the
annulus. If when a primary photon interacts with the Ge(Li) detector,
two 511-keV anniliation photons are able to escape colléction, then
each 511-keV photon has a high probability of being collected by ei-
ther side of the NaI(Tl) annulus surrounding the detector. Requiring
a 511-511-gamma coincidence between the halves of the annulus and the
Ge(Li) detector, the relative intensity of the weak (Ey-1022.0)~keV
photonj(double escape peak) in the spectra is increased. In this con-
figuration it is possible to obtain significant increases in the in-
tensity of the double escape peaks, thus allowing easy identification
of these peaks and their subsequent removal from consideration in the
singles spectra. More will be said of this technique in Chapter III.

2.2.2,B. Multiparameter Ge(Li)-Ge(Li) Spectrometer

One of the more useful techniques implemented at the MSU
laboratory, under the code names EVENT and EVENT RECOVERY [Mi68], is
a computerized multiparaﬁeter coincidence system. In the past, con-
ventional coincidence experiments were performed by recording signals
from one of the Ge(Li) detectors only if certain coincidence require-
ments are satisfied. Separate coincidence experiments were required
for each individual peak or gate set on the pulse height analyzers.
The conventional coincidence set-up required two NaI(T1l) or Ge(Li)
detectors, a collection of associated electronics, and considerable
time to assemble the apparatus. The only change necessary from one

run to the next was changing the peak selected by the single channel
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pulse height analyzer. For the decay of Bi20%, for example, having
>200 gamma rays, this would involve years of labor, computer, and
cyclotron beam time (to prepare the many required BiZ0% gources).
One method to prevent such massive duplication and rep-
etition of efforts is to record the signals from both detectors fol-
lowing each and every fast coincidence event. Reference to the An-
nual Report (1969) of the Nuclear Chemistry group gives a more de-
tailed account of such a system [Mc69]. Figure 9 shows a block dia-
gram of the electronicé and computer interfacing. Typically, 20 coin
cidence events per second are recorded on as many 2400-foot, 9-track
magnetic tapes as necessary until each tape is filled with about two
million events. Data taking in this manner is controlled via tele-
type under the program EVENT. A computer program, EVENT RECOVERY,
was written in order to extract the coincidence spectra from the
tapes, the sequence of operations for the fecovery of this coincidence
data typically being:
1) scan the tape for the integral coincidence spectrum
from each detector, labeled X and Y respectively,
2) choose peak gates from one side, say X detector,
and 3) analyze the resulting coincidence spectra
(noting that each of these spectra has the same
gain).
Applications of this multiparameter coincidence spectro-
meter have greatly increased the efficiency of decay scheme studies
at Michigan State. In addition to the Ge(Li) multiparameter

spectrometer used in this investigation, future developments of this
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system may include triple-, anti-, and delayed-coincidence experi-
ments. A possibility not previously proposed is to use this multi-
parameter system to study widely different half-lives of many diff-
erent radioactive species occurring in the same sample. By record-
ing time on one side and the events from a single Ge(Li) detector
on the other, one could obtain accurate half-life measurements for
short-lived to moderate-lived components by gating on any time in-
terval desired. A previous weakness of the system, difficﬁlt on-
line monitoring of total coincidence events, has recently been cor-
rected by allowing EVENT to run under TOOTSIE [Ba67], a two-dimensional
machine language program used primarily for recording data from
scattering experiments. Without this extremely powerful tool the

present study would have obviously been impossible.
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2.3. Data Analysis

The rapid advances in experimental nuclear spectroscopy
such as-precise, high energy cyclotrons for source production, bet-
ter resolution in Ge(Li) detectors, and large multichannel analyzers,
have resulted in a vast increase in the rate of data acquisition.
With this rapid increase in data accumulation, the task of data anal-
ysis has been monumental. Most of the data analysis in this investiga-
tion was performed on the MSU cyclotron laboratory XDS Sigma-7 com-
puter utilizing FORTRAN programs written or adapted for it [Mc70].
Following is a brief but thorough discussion of the gamma-ray
energy and intensity measurements, and the analysis of the gamma-

gamma coincidence spectra.

2.3.1. Gamma Energy and Intensity Measurements

The centroids and areas of the photon peaks in a spec—-
trum were found following the subtraction of various order inter-
polated Backgrounds. The computations were performed with the aid
of two of the spectrum analysis routines used in the MSU cyclotron
laboratory; MOIRAE (developed by R. Au and G. Berzins at Michigan
State University) and SAMPO (developed by J. Routti at University
of California, Berkeley).

2.3.1.A. SAMPO Spectrum Analysis Routine

SAMPO is a computerized data analysis routine written
by J. Routti and adapted to the Sigma-7 MSU cyclotron computer by
T. Arnette and C. Merritt. Control may be maintained either via a

scope and switches and/or FORTRAN control cards.
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Some of the varied uses of SAMPO ARE:
1) to produce Calcomp or printer plots of the spectrum,
2) to calculate centroids, and consequently energies,
3) to calculate areas and relative intensities,

and 4) to calculate half-life data.

At présent this routine is utilized as a separate program,
that is without scope control. SAMPO's mathematical evaluation in-
volves an initial shape parameter calibration over the region to be
analyzed. Strong, well-resolved singlet peaks should be used in this
calibration. The program fits a Gaussian curve to the upper portion
of the peak and leading and trailing exponentials to the base of the
peak. The shape parameters are stored an&'a linear interpolation
used to get the parameters for any other peak under considération.
Once the shape parameters have beeﬁ calculated for any given spec-
trum, they may be rereéd directly into the program via control cards
for subsequent runs, thereby considerably shortening future calcula-
tion times. Once the shape calibration has been established, the
energy calibration may be calculated. The energy values may be fit
to linear or higher order polynomials at the operator's discretion.
Similarly,efficiency calibrations may be made by specifying a num-
ber of well-spaced peaks and their corrected relative intensities.

The actual analysis portion of SAMPO may be performed
under two basic modes:

1) automatic - in which SAMPO subroutines search
~out all statistically significant peaks, eval-

uate suitable fitting intervals, and fit the
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peak using the shape, energy, and efficiency
calibration data.

and 2) controlled - in which the operator directly
prescribes a fitting interval, the number and
location of peaks to be found in that interval,
the fitting then being made under these pre-
scribed conditions.

Figure 10 shows a sample output of a fitted quartet of
peaks, with the following values being returned for each peak:

1) exact centroid (and error)
2) energy (and error)
3) area-counts (and error in percent)
and 4) intensity-counts (and error in percent).

Because of other excellent data analysis routines in our
lahoratory, SAMPO has only recently been put to much advantage. The
foremost advantage found to date has been in reducing time required
to strip multiplets in complex spectra. SAMPO allows one to strip
all the possible multiplets in a single spectrum in the time pre-
viously required to strip a single multiplet by hand. An example
of the usefulness of the program is seen in Figure 10, depicting
the 212-222-keV quartet seen in the Bi?%* spectrum. The quartet
was stripped by indicating the end points used for background and
the approximate center channel of each peak in the multiplet. The
dots are actual data points, the +'s are SAMPO fitted points, and
the *'s are points where the two are identical. Note that the fit

is quite excellent. For a set of 4 separate Bi2%"% runs the energy
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range for the individual peaks in the quartet was about 0.35 keV
for each peak and the intensity range within 11%.

2.3.1.B. MOIRAE Spectrum Analysis Routine

MOIRAE, the backbone of the MSU nuclear spectroscopy data
analysis system is a FORTRAN program that utilizes a Fairchild 737A
live~-display scope and sense switches to perform the spectrum analysis.
Once the data have been either read in from cards or transferred
from an on-line data acquisition program, the switches control the
type of display, log or linear, the expansion and shifting of the
axes, and various computation routines. Figure 11 shows the dis-
play of a portion of the Bi204 gamma-ray spectrum., The information
at the top gives channel position of the long pointer and the num-
ber of counts in that channel, the number of cycles in the log dis-
play, the run number, the subroutine presently in use, and the order
of the background fit being used. The Compton edge in the center of
the display, the Compton of the 375-keV peak, is shown on expanded
scales in Figures 12 and 13. In Figure 13, a 4th order fit to the
background determined by the set of background points is shown.

The sense switches are used to move the tall pointer to the position
of points in the spectrum used to calculate the background. The
short lines indicate the position of points that have been accepted
for the background calculation. Either a set of individual points

or regions of points can be used to calculate the background. Figure
13 shows the resﬁlt of subtracting the background, along with the
original spectrum. From this one selects the peak limits, and

whether to use the full raw peak or the portion of the peak with
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counts greater than one-third maximum to calculate the centroid. ld.
The program then finds the centroid, area, sum of raw data and back-
ground, and the square root of that sum. This information can be
punched on cards, printed, and/or plotted on a Calcomp plotter.
Once all the necessary analyses are acbcumulated, one can have
the computer (under the code name MOIRAE E(I)) calculate a calibra-
tion curve using a least-squares fit to a quadratic equation and
calculate the relative intensities from the areas of the peaks.
Naturally, each of these routines, SAMPO and MOIRAE, has
distinct advantages and disadvantages. MOIRAE is particularly use-
ful since it allows immediate operator control over such parameters
a8 background order, background points and interval, peak end points,
etc. SAMPO, on ﬁhe other hand, has the distinct advantage of being
able to fit multiplet peaks accurately, which MOIRAE is presentiy
unable to do. Conversely, SAMPO is handicapped by a low order
(second) background fit, making it difficult to fit peaks accurately
in some regions of the spectrum, most notably near a Compton edge.
MOIRAE has the added disadvantage of tying up the live-display scope
for hours at a time. To alleviate this difficulty, G. Giesler and
R. Firestone are presently adapting these analysis programs for a
PDP-9 computer so that it can perform the same functions as MOIRAE.

2.3.1.C. Gamma-Ray Energy and Intensity Measurements

The gamma-ray energy measurements were performed by com-
puting a least-squares quadratic calibration equation from the cen-
troid channel numbers of well-known standard gamma-rays and then

computing the energies of "unknown" gammas from the centroids and
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the standard curve. The energy calibration curves were made from
"internal" energy calibration spectra taken by simultaneously count-
ing the unknown and standard calibration sources.

The choice of the standard calibration sources and their
employment are important factors in the gamma energy calibrations.
Ideally one would like standards which closely '"bracket" each un-
kﬁown gamma, which emit only the gamma rays actually used as stan-
dards, and which have a small number of them since their spectral
distribution might otherwise obscure photons of interest. However,
one.must balance these requirements against the need for many good
calibration points in order to establish a reliable calibration
curve,

The gamma-ray relative intensities were established through
the use of a detector efficiency versus gamma energy curve for en~

ergies from 2100 to 3000 keV. A linear relationship between the

log of the ;th

full energy peak (eff;) and the log of the iR

photon energy (E;) between 2400 and 3000 keV was observed for each
détector. The dependence was incorporated into the MOIRAE E(I)
computer program which calculates the energies and relative inten-
sities form the punched MOIRAE cards. In this work the relative
areas from 3-6 runs on each of B1203°204% ..., averaged and then the
final relative intensities were calculated from these areas using

the MOIRAE E(I) program.

2.3.2. Double and Single Escape Peaks

The detectors used in this study were sufficiently effi-

clent that single escape peaks, peaks differing from full-energy
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peaks by 511 keV, were so small that they were undetectable (i.e.

no single escape peaks were found for any of the higher intensity
peaks). The double escape peaks, having energies 1022.0 keV below
the full energy peak, were detectable. A 511~511~gamma coincidence
experiment as described earlier was used to determine the double es-
cape peaks. These double escape peaks were also useful in checking
the energies of the full energy peaks. However, care must be exer—
cised since recent evidence [Gu68] has suggested that the energy dif-
ferences need to be corrected by a "field increment effect" factor
based upon the detector-source geometry and the electric field in
the detector produced by the diode bias voltage. This "field incre-
ment effect" is small [Gu68], so it was ignored, the pair-peaks not
being used for energy calibrations anyway. An additional method of
detecting double and single escape peaks is their lack of Compton
edges, but since these peaks are very small and the B1203 and Bi204
spectra are so "cluttered" with many peaks, this is definitely not a

very useable method.

2.3.3. Gamma-Gamma Coincidence Spectra

In all coincidence spectra recovered from the EVENT RE~
COVERY multiparameter system there are several sources of the "coin-
cidence" events and peaks:

1) true coincidence events (and peaks),

2) backscatter events (and peaks),

3) chance events (and peaks),
and . 4) cascade events (and peaks) in coincidence with a

peak whose Compton lies under the gated region.
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As only the first (1) is desired;one must do his best to avoid or
compensate for the rest. An excellent discussion of backscattering
difficulties in coincidence studies has been presented by G. Giesler
[Mc69,G6170]. 1In these references he shows that a 90° Ge(Li)-Ge(L1)

detector configuration is optimum, using a graded lead absorber to
shield each detector from the other without absorbing the gamma rays
at the same time. Both (2) and (3) can be determined or removed by
gating on regions immediately adjacent to the peak, on both low and
high sides of the peak. In the EVENT RECOVERY program (used to scan
these multiparameter coincidence magnetic tapes) it is possible to
subtract immediately weighted spectra taken with adjacent gates as
the magnetic tape is scanned. Several examples of this highly ef-

fective technique will be illustrated in Chapter III.
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2.4,1. DECAY SCHEME Program

The construction of the decay schemes in this thesis have
followed relatively standard procedures for decay scheme production,
since the great difficulty in these schemes does not lie in their
unusual characteristics but rather simply because of the great com-
plexity introduced by an inordinately large number of weak gamma
rays. In the present investigation the results include the energies,
spins, and périties of the states, the gamma~transition energies and
intensities, and the log ft values to each state. The methods used to
construct a decay scheme are vafied and invariably tailored to each
individual decay. The location of states can be initially suggested
By anti-coincidence data, gamma-energy sums, prompt-coincidence
data, delayed-coincidence data, and gamma-ray relative intensity bal-
ances or other parameters, but as the number of gamma rays increase
this becomes progressively more difficult.

Once the states are determined, however, the beta and
gamma transition intensities and the log ft values can be determined
by a simplé (but tedious) sequence of operations. D. Beery has
written a FORTRAN computer program, described in reference [Be69],
under the code name ﬁECAY SCHEME which does these routine calcula-
tions. I found that a major disadvantage of this program was that
each time it was to be employed one must calculate the total rel-
ative beta feeding to each state due to the populating and depop-

ulating gamma rays, ‘an inconvenience when one is dealing with 25
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Or more states. The program was consequently modified so that for
each of the known states the total relative beta feeding is calcu-
lated from card input data. For each well-placed gamma ray, its
energy, the level it populates and the level it depopulates, and its
conversion coefficient (if known) are input and the resulting total
relative beta feeding calculated. If a state has a greater popu-
lating than depopulating intensity, a warning flag is output for that
state, the relative beta feeding (difference in intensities) is set
to zero, and the calculation continued. This minor modification has
saved many an hour of labor and éxasperation and has been very help-
ful in a number of other large decay scheme constructions. For a
description of DECAY SCHEME it would be worthwhile to see reference
[Be69] since it gives a more complete description than I have taken

time to give here.

2.4.2. TAKE CARE Program

During any decay scheme preparation one invariably finds
oneself taking numerous energy differences between a proposed state
and other well-known states hoping to find additional justifying
transitions that might confirm that proposed state. When the number
of gamma transitions (and hence energy states) is limited this does
not seem unusually tedious,but when the number of transitions exceeds
200 and the levels exceed 25, as they do in Pb20%, it becomes monu-
mental. Much to my surprise no program was found in this laboratory
which alleviated this problem. Therefore, TAKE CARE (see [Cr70] for

the derivation of the name) was written to fill this obvious gap.
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In spite of its simplicity, it has been of nearly invaluable help in
construction of the complex Bi20% and B1203 decay schemes. The input
parameters consist of the known energy levels, the energies of all
the known gamma rays, and control parameters. The program can oper-
ate in either or both of two modes, TAKE and/or CARE. In the routine
TAKE, all the energy differences between known levels are calculated
and compared to the known list of gammas, and any that match within a
tolerance set by the control cards are output in a convenient form,
illustrated in Figure 14. 1In the second mode of operation, CARE,

the more useful option is excercised, that is, one may "scan" up the
existing decay scheme by 1l-keV intervals to find those gammas which
fit, to within some specifiable tolerance, between the "scanning"
level and the existing levels. In this manner one may look at any
arbitrary level and find out what known gammas are possibly to be
considered as transitions between the unknown level and the known
energy levels. Figure 15 shows a portion of the CARE program out-
put from the B120% study. Since the errors in the energies of the
gamma rays are not necessarily uniform over the entire energy range,
the tolerances alluded to above can be set independently for two
regions, one for the 0-1500-keV region and a separate tolerance for
the >1500-keV region.

While this program is simple (yet very useful), it also
points up another important aspect of decays involving many gamma
rays. Many of the gamma rays appear to be involved in a multitude
of possible transitions, thus indicating that, for a large number of

gamma rays, placement of levels solely upon precise energy sums is a
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risky if not poor practice. This is well indicated by comparing the
decay schemes of this investigation (Figures 22 and 31) with the pre-
viously published decay schemes (Figures 17 and 27, respectively),
where many levels were based solely upon precise energy sums. It is
not so surprising that many of these levels were shéwn to be incor-
rectly placed during the present study. A computer listing of the
TAKE CARE program (including ample comment cards) can be found in

Appendix A.

2.4.3. Auxiliary Programs

The PDP-9 computer in the Nuclear Chemistry group labor-
étory has been indispensable for excellent data acquisition, but in
addition it has proven very useful for performing routine types of
numerical calculations. The programs are written in FORTRAN, stored
on DECtape, and run under a keyboard monitor system. Each is brought
into core via an appropriate teletype command. Most of these pro-
grams were written by R. Eppiey of the Nuclear Chemistry group; a
more complete discussion of each program and the necessary input
parameters can be found in reference [Mc69].

1) ARITH - desk top calculator type progfam,

2) INTEN - calculates and renormalizes gamma-ray in-
tensities from efficiency curves of the detector of
interest,

3) PLYFT - a general least-squares program,

4) ICC - used for interpolation of the theoretical

internal conversion coefficients from other
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published tables,
5) TRIGA - calculates the expected activity of

samples submitted to the MSU TRIGA reactor,
and 6) BLACKJACK - juét that, the computer plays the

operator via teletype, for those moments when it

looks as if mother nature is against you,

In the experimental section of this thesis these programs

will not always be mentioned by name but they were often used for
routine calculations and consequently some mention of them should

be made here.
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2.5. Plotting Routines

As I neared completion of the Bi203»20% projects and
began to compile this thesis, I became painfully aware of the fime
and effort that was soon to be spent in the preparation of many
coincidence spectra taken using the Ge(Li)-Ge(Li) multiparameter
coincidence system described in section 2.2.2.B. Each spectrum would
require plotting the data (in India ink), titling each spectrun, la-
beling each peak of interest, and finally blocﬁing and titling each
finished page of plots. The obvious solution, of course, was to let
the Calcomp 565 plotter, interfaced with the Sigma-7 computer, do the
entire spectra, including the titles, borders, anﬂ peak energy
labels. Searching the computer library for such a program, I was
astonished to find none that was satisfactory. Remedying this
deficit, two plotting routines were written under the code names
VALTAVA and COINPLOT. Each of these programs is decsribed in de~

tail below (with listings in the Appendices).

2.5.1. Program VALTAVA

Just as TAKE CARE is a fantastically simple but efficient
program for decay scheme work, so VALTAVA is a highly powerful
(though simple) answer to our time-consuming drafting problems. (In-
deed, the name VALTAVA is Finnish in origin, meaning "powerful".)

A FORTRAN listing of the program (with comment cards) can be found
in Appendix B.

The data input was kept as simple as feasible so as not

to make the program too unwieldly or narrow in scope. These cards

are, in order:
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1) the title card (containing the desired title for the
plot),

2) the crunched data deck (compressed data format, al-
though any data input could be easily adapted to the
program),

3) the cards used to label the peaks (one card for each
peak, containing the approximate centroid and the
energy of the peak),

and 4) a MARK card (billboard card) to separate the indi-
vidual spectra.
Given these inmput control cards, the program will (in order) draw a
line about the bounds of the entire plot, put tick marks on the base
line at 500-channel intervals, put on the title, plot the spectra,
put tick marks on the ordinate and the number of counts at each
mark, and finally label each peak with the appropriate energy. The.
program will automatically scale the spectra in a base 10 log plot
from 100 counts full scale to 1 million counts full scale, depending
upon the magnitude of the largest peak in the spectrum. In addition,
care was taken such that two energy labels could never be superim-
posed, even partially. If two centroids are glven such that over-
lapping of the lettering would occur, the program senses this and
will adjust (space) them properly. A sample plot as produced by
this program can be found in Figure 21,

2.5.2. Program COINPLOT

Program COINPLOT was actually born out of VALTAVA and an

idea to reduce drastically preparation time of coincidence plots.
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The input for the program is fantastically simple, a single control
card and standard crunch punch data decks. The data input on the
control card includes:
1) the size the final plots are to occupy (in inches)
on an 8 ;" x 11" page,
2) the number of spectra (N) to be placed in the above
area,
3) the number of channels to be plotted from the data
deck (default = 4096),
and 4) the starting position of the first plot from the
lower left hand corner of the page.
Given this input, COINPLOT will outline an 81" x 11" page, automat-
ically scale the N spectra for the allowed space, and plot them con-
secutively. Once again (as in VALTAVA) it will scale each individual
plot from 1 to 6 cycles (common log), based upon the largest peak in
each spectrum,and put tick ﬁarks on each axis. Unlike VALTAVA;it
does not plot the characters or label the individual peaks; this is
done later with a typewriter. The beauty of this is that the plots
can be done with the ballpoint Calcomp pen rather than using the
messy India ink. Even so, this was found to yield a good-looking
set of coincidence plots at a fraction of cost and labor previously
required. Without a doubt this program cut down figure preparation
time by (conﬂervatlvely) at least three weeks. A listing containing
detailed comment cards can be found in Appendix C.
Perhaps, I have made this program seem more sophisticated

than it really is. On the other hand, simple as it may be, it has



saved literally weeks of work both for the draftsman ag wel] as my-
self, and as guch it certainly déserves mention in thig thesis. A
sample plot can be seen in either the B1204 or B1203 coincidence
8pectra sections found in Chapter III, An additional reason for
including this pProgram description ig that it gives me an opportu~
nity to express a bit of personal philosophy. 1In the past, certain
laboratories and/or publishersg have frowned upon the use of computer
outputs in publighed material. The past decade, with the vast in-
formation explosion, has seen such an increase in particle and nu-
clear physics data that unless computer output ig freely permitted
in such publications, nearly as much time will be spent in pPreparing
material for publication as in doing fundamental research, Programs
such as VALTAVA and COINPLOT are, I believe, g step in the right

direction.



CHAPTER III

EXPERIMENTAL RESULTS

3.1. Electron Capture Decay Scheme of Bizo&

3.1.1. Introduction

As discussed in section 2.1., Bi20% hag been produced by
a number of nuclear reactions involving protons and He3d at a variety
of energies on Pb204°206 5,49 71 isotopes, respectively. Lacking
high-purity separated isotope targets and high-resolution_cyclotron
beam energies, the prévious studies [Fr56,St58] of the Bi20%4 decay
had to be content with sources which were highly contaminated with
B120552065207 impurities, making an accurate analysis of the com-
plex Bi204 spectrum difficult, if not impossible. Both of these
initial attempts utilized high-resolution permanent-magnet spectro-
meters having energy resolutions of 0.1% [St58] and 0.2% [Fr56].
While both yielded excellent results in the low energy region
(<1000 keV), at the same time each suffered the limitation common
to most conversion-electron spectroscopy, i.e. the conversion co-
efficients for low multipole transitions are just too small for
many conversion electrons above 1000 keV to be seen. The highest
Y transition reported using conversion-electron spectroscopy was
only 1140 keV. Using these electron results, Fritsch et al. [Fr58]
concluded that the decay scheme was too complex to be constructed

from the existing energy and coincidence data. Stockendal et al.

[St58], while reaching essentially the same conclusion, did publish

66
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a tentative decay scheme but at the same time emphasized that the
only levels and transitions known with complete certainty were the
Pp20u" levels and vy rays.

Since the decay energy for Bi2%% has been estimated [Fr56]
as 4.4 MeV and the highest previously reported level is at 2478
keV, one certainly would expect to find many states above 2500 keV
populated by the Bi20% decay. For this reason and because of re-
cent advances in Ge(Li) spectroscopy not formerly available, it was
felt that a re-investigation of the Bi20% decay might be worthwhile.
Some 210 y rays were identified, this being some 143 more than pre~
viously reported. Utilizing the multiparameter coincidence appara-.
tus, many of these were fitted into a radically changed and improved

level scheme for Ph204,

3.1.2. Source Preparation

The Bi%20% sources were prepared by bombarding 97.2% en-
riched isotope Pb296 (as Pb(NO3),) with 30 MeV protons from the MSU
sector-focused cyclotron for 1-2 h at 1-2 pA. The details of such
a production were previously discussed in section 2,1.2, Short-
lived contaminants were determined by counting the samples at vari-
ous times following the bombardment and noting variations in inten-
sities of the peaks. Long-lived contaminants were revealed by
allowing the samples to decay for 3-7 days, then determining the
remaining impurity peaks. No chemical separations were performed on

these sources.
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3.1.3. Bizoq'y-ray Spectra

3.1.3.A. Singles Spectra

A Ge(Li) detector, mounted in a right angle dip-stick
Cryostat, was used to determine the energies and intensities of the
Bi2 0 Y rays. Typically, the resolution ranged from 2.25 to 2.5 keV
FWHM at 1.33 MevV, using a room temperature FET preamplifier, a low-
noise RC linear amplifier with DC offset and pole~-zero compensation,
and a 4096-channel analyzer. This detector had an efficiency of 2.5%
compared with 3" x 3" NaI(T1) detector, using a source-to-detector
distance of 10 centimeters (em). A second Ge(Li) detector, similarly
mounted, was used to confirm the energy values of the observed vy rays.
This detector had a resolution of 2.0 keV FWHM at 1.33 MeV and a 3.6%
efficiency.

The y-ray energies were determined by comparison with a
number of well-known calibration sources, listed in Table 5. The
larger peaks were first determined by counting the Bi?%% gsources
simultaneously with these standards. The centroid of each standard
peak was determined by either SAMPO or MOIRAE (sections 2.3.1.A. and
2.3.1.B.) spectrum analysis routines, the centroids of the peaks being
fit to a least-square nth (n=2 commonly) degree curve, which became
the calibration curve. The calibration curve was then used, in turn,
to determine the energies of the larger unknown Bi20% peaks from
their centroids. The energies of the weak B{i20% Y rays, which are
often obscured by the standards, were finally determined by using the
now well-known stronger Y rays as internal standards, and applying a

similar method. The internal standards of Bi?%% yged in this study
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Y rays used as energy standards
for the Bi204»203 decays.

Nuclide

vy-ray energy (keV)

Reference

Tq182

Cel39

g6

Bi207

Mn 54
cs137

Cob0

Co°6

100.104+0.002
152.435+0,003
156.387+0.003
179.39340.004
264.072+0.009
165.84+0.03
889.18%0.10
1120.41+0.10
569.63+0.003
834.83+0.04
661.632+0.069
1173.2340.04
1332.49+0.04
846.782+0.060
1037.851+0.060
1175.085+0.070
1238.290+0.040
1360.219+0.040
1576.561+0.050
1771.33+0.060
2015.33+0.07
2034.90+0.06
2180.17+0.07
2231.60+0.06
2251.15+0.07
2429.28+0.10
2598.52+0.05
3009.9+0.10

(e - I I

(e}

(1]

D‘P'hl‘h"h"h"h"hl'hP'hPhl'h!'hf'h"hf'h(D




Table 5. (continued)

T1208

Pb203
v88

70

3202.18+0.07
583.139+0.023

2614.47+0.10
279.17+0.02

1836.13+0.04

d,i
e, f

aReference
b
Reference
c
Reference
dReference
e
Reference
f
Reference
gReference

hReference

[Gr65]
[Ge65]
[Rab67]
[Ma57]
[Ma68]
[Gu68]
[Whé67]

[Au67a]

“Used in the Bi293 calibration only.
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are shown in Table 6. A y-ray spectrum of Bi20% taken with the 2.5%
detector is shown in Figure 16. The 3.6% Ge(Li) detector was not
primarily used on the Bi20% decay for the simple but understandable
reason that it was not purchased until nearly all the Bi20% experi-~
mental work was completed.

A list of the energies and relative intensities of the
Yy rays resulting from the decay of Bi20% ig given in Table 7. The
assigned energies are the mean values for 4-6 different measurements
taken at varied times and amplifier gains and with each of the two
Ge(Li) detectors. The corresponding uncertainties in the energies
were: the major calibration peaks, #0.10 keV; the remaining peaks in
the 0-1000-keV region, *0.15 keV; in the 1000-2000 keV region,
*0.25; and in the 2000-3000-keV region, *0.5 keV.

The relative peak intensities listed are also averages

from several runs, the statistical uncertainties in the intensities

being much larger than the uncertainties in the energy determinations,

of course. Those peaks having intensities >1% (relative to the 899.2-

keV transition) have uncertainties ranging from 15-15%; the peaks
having intensities <1% have uncertainties of %15%; and peaks of ex-
tremely small intensity (<0.1%) can have uncertainties of up to =22%.
The relative photopeak efficiency curves (at various distances) for
the 2.5% detector were obtained by measuring the relative areas of

a standard set of y-ray sources whose relative intensities are
well-known. The results were incorporated in the MOIRAE E(I) com~
puter program, which allows one to get the relative intensities

immediately from the relative peak areas of the individual spectrum.
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Table 6., Bi20% y-rays used as internal energy standards.

y-ray energy (keV) y-ray energy (keV)

72.80 (K, x-ray)’ 1043.63
74.97 (Kaj x—-ray)+ 1111.27
84.8 (K61 x—ray)+ 1211.74
87.3 (K82 x-ray) 1274.81
140.80 1414 .74
176.17 1524.05
248.91 1645.62
374.74 1703.32
421.55 1925.86
532.72 1941.27
670.70 2263.38
791.16 2517.74
899.15 2566.13
983.98 2686.82
2837.33

1'x-ray notations and energies from reference [Le67].
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Table 7. Energies and relative intensities of y rays

present in the ¢ decay of Bi20%4,

Measured y-ray Relative Measured y-ray Relative
energy (keV) Intensity energy (keV) Intensity

80.40 0.32 421.55 1.06
96.54 0.03 432,53 0.05
100.74 0.14 438.46 0.78
109.38 0.04 440,34 2.50
140.80 0.88 447.08 0.46
147.36 0.12 455,92 0.13
164,92 0.11 461.70 0.12
169.83 0.26 468.23 0.50
176.17 1.07 473.50 0.13
212.70 0.34 477.75 0.18
216.11 1.32 501.76 0.88
219.46 2,19 510.67 0.43
222,15 1.00 522.22 0.62
227.46 0.22 532.72 1.30
240.40 0.29 543,27 0.29
248,91 2.04 548.74 0.45
257.50 0.07 585.02 0.31
286.32 0.29 595.13 0.38
289.25 2,75 597.83 0.42
291.35 0.92 604.73 0.22
304.45 0.13 611.88 0.26
320.85 0.14 631.88 0.08
331.07 0.34 654.88 0.13
340.59 0.11 661.55 2.66
374.74 73.74 663.43 0.82
405.82 0.26 670.70 10.73
412.24 0.29 683.39 0.22




Table 7. (continued)
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690.75
709.13
710.48
718.43
725.15
736.07
745,23
753.78
765.37
771.31
791.16
821.13
823.05
827.62
831.95
834.10
841.06
847.16
899.15
911.74
911.96
918.26
924.16
934.13
950.33
958.77
964.32
979.45
983.98
990. 34

1014.19

1021.93

0.91
1.44
1.42
0.86
0.97
0.70
0.74
1.03
0.50
0.39
3.39
0.61
0.52
0.51
0.94
1.02
0.25
0.90
=£100.00
13.39
11.40
10.67
0.07
0.36
0.16
0.19
0.53
4.35
58.44
1.12
0.08
0.19

1027.59
1037.34
1043.63
1049.04
1056.55
1060.17
1064,22
1092.10
1095.08
1102.18
1111.27
1127.50
i132.89
1139.77
1146.54
1157.66
1167.01

1181.24

1198.98
1203.84
1211.74
1232.92
1259.08
1261.71
1274.81
1290.61
1299.21
1328.22
1334.53
1347.93
1351.13
1353.35

0.07
0.39
1.38
0.20
0.18
0.52
0.99
0.10
0.21
0.60
1.62
0.28
0.87
0.63
0.18
0.60
0.22
0.07
0.24
2.09
3.25
0.46
0.44
0.14
2.79
0.20
0.12
0.39
0.31
0.23

-0.47

0.87
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1373.68
1380.01
1383.62
1414.74
1446.12
1447.52
1466.36
1468.82
1475.08
1487.78
1517.53
1524.05
1536.54
1569.19
1572.86
1589.45
1607.19
1612.15
1639.38
1645.62
1652.00
1654 .87
1669.28
1675.07
1685.87
1689.12
1700.14
1703.32
1709.85
1715.22
1731.53
1749.82

0.46
0.22
0.16
1.00
0.09
0.22
0.36
0.39
0.09
0.21
0.36
0.86
0.42
0.14
0.23
0.32
0.21
0.13
0.34
0.61
0.57
0.57
0.10
0.08
0.15
0.60
0.26
2.09
0.10
0.14
0.66
0.29

1755.29
1760.97
1778.49
1780.33
1796.91
1803.95
1818.18
1826.55
1836.59
1851.00
1856.86
1881.76
1896.31
1907.23
1916.43
1925.87
1941.27
1956.74
1958.10
1964.77
1988.00
2009.56
2014.09
2028.24
2045.99
2064.19
2084,22
2092.56
2100.62
2137.57
2169.44
2172.21

1.25
0.20
0.28
0.34
0.11
0.06
0.53
0.57
0.07
0.09
0.27
0.34
1.38

0.17

0.05
0.60
0.84
0.40
0.42
0.39
0.03
0.08
0.05
0.14
0.08
0.03
0.04
0.04
0.05
0.03
0.04
0.03
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Table 7. (continued)

2176.93 0.05 2686.82 0.31
2183.68 0.03 2721.15 0.03
2251.63 0.04 2758.80 0.10
2263.38 0.31 2765.26 0.02
2279.37 0.04 2794 .38 0.02
2312.89 0.07 2802.07 0.02
2325.95 0.04 2837.33 0.25
2433,32 0.03 2854.92 0.02
2450.72 0.05 2864.65 0.01
2472 .58 0.04 2898.01 0.01
2475.63 0.03 2947.99 0.01
2517.74 0.21 2955.55 0.02
2566.14 0.10 2976.89 0.02
2655.12 0.05 2990.49 <0.01
2668.24 0.02 3011.36 0.03
2680.93 0.38 3062.99 © <0.01
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3.1.3.B. Anti-coincidence Spectra

An anti-coincidence spectrum reveals those Y rays which
are not in cascades (or very weakly so) and are primarily e-fed
ground-state transitions. Caution! An "anti" experiment is not
necessarily a panacea to the elucidation of all direct ground-state
transitions. The fact that a y ray is not enhanced does not mean
that the transition does not directly populate the ground state; in-
deed, it may be in a strong cascade. Conversely, the enhancement of

a y ray in an '

'anti" does not mean that it is not in cascade with
other y's, or that it goes directly to the ground state. For example,
consider a y ray feeding a long-lived metastable state. In an anti-
coincidence experiment this y ray will be enhanced because the cas-
cade sequence has been effectively broken; éven though the populating
Y ray is enhanced, it is most definitely not a ground-state transi-
tion. Thus, in spite of the fact that a peak is enhanced, one should
not accept that y ray as a direct, non-cascade ground-state transi-
tion without further verification.

In the Bi20% decay all y-ray cascades pass through the
899.2-keV state (Figure 17), thus ruling out any possibility of having
a vy ray which is not in cascade with another and suggesting
that perhaps an "anti" for the Bi%°"% would not be greatly beneficial.
Also, the highest y-ray energy recorded during this study was 3063
keV. This y ray in cascade with the 899.2 keV of the first excited
state would yield a state at 3962 keV, which is approaching the es-

timated decay energy of 4.4 MeV. However, if any of the high energy

states do directly populate the ground state, then one might expect
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to see more high energy y-ray transitions >3 MeV. Finally, a con-
sideration of the spins and parities of Bi20% azpng Pb20% Jends final
support for the argument against an anti-coincidence experiment.
The ground state of Bi20% is 6+ (determined by atomic beam experi-
ments [Jo58] ) and consequently the high-1lying populated states of
Pb20% would be expected to be primarily 5+, 6+, or 7+ states. As
the ground state of Pb20%4 ig 0+, it would be quite unusual to find
direct population from the high-lying states. Based upon these
arguments an anti-coincidence experiment was deemed unneéessary. A
specialized exception will be discussed in section 3.1.4.F.

3.1.3.C. Double Escape Coincidence Spectra

A most informative but also very time-consuming double
escape spectrum was taken early in the investigation using the NaI(T1)
split annulus (section 2.2.2.A.). A block diagram of the necessary
electronics and experimental set-up is depicted in Figure 18. Re-
quiring a 511-511—y triple coincidence between the separate halves
of the annulus and the Ge(L1) detector, one finds that the double
escape peaks are greatly enhanced in the resulting spectrum. The
spectra were calibrated both externally and internally, as well as
by using a self-gated singles spectrum. A great problem ensues in
trying to obtain enough counts to gain reasonably good statistics
in the spectrum. While the experiment lasted nearly a week, gain
shifts caused most troublesome difficulties. Figure 19 is such a
double escape spectrum, with only the double escape peaks being
noted. However, not all the peaks seen in the double escape spectrum

are seen in the singles spectrum; only some 11 peaks were actually
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removed from consideration as double escape y rays, the remaining
being obscured by the much larger photopeaks in the singles spectrum.

3.1.3.D., Prompt Coincidence Spectra

The prompt-coincidence spectra for Bi2%% were taken uti-
lizing the multiparameter Ge(Li)~Ge(Li) spectrometer described in
section 2.2.2.B. A more complete description of the experimental
set-up is found in reference [Mi69], including electronics and com-
puter interfacing.

Two high-resolution Ge(Li) detectors were utilized, pos-
sessing effeciencies and resolutions of 2.0%, 3.0 keV FWHM (at 1.33
MeV and 2.5%, 2.4 keV FWHM (at 1.33 MeV), respectively. During the
96-h run some 7 million coincidence events were collected on magnet-
ic tapes. These tapes were analyzed and about 2 million events dis-
carded because of gain shifts in one or the other of the detectors.
The final resolution in the X and.Y integral coincidence spectra
was somewhat poorer, around 4.0 keV (at 1.33 MeV) for each axis;
this worsening came about as a result of minor gain shifts and ADC
instability during the long run. Even so, the remaining 5 million
events gave surprisingly good statistics, even to the point of being
able to identify some of the high energy transitions in the gated
spectra. Figure 20 shows the X and Y integral coincidence spectra.
During the data recovery (EVENT RECOVERY) gates were set‘on either
(or both) axis and the data displayed from the oppositevaxis (sec-
tion 2.2,2.B.). The majority of the data in this thesis were recovered
during a period covering almost 6 months, and even at this writing

it is almost a certainty that there are useful unanalyzed data "left"
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on the tape. (This is an outstanding example of how the recent ad-
vances in nuclear spectroscopy technology have almost outstripped the
techniques of data analysis.)

With only a few exceptions,no intensities were calculated
for peaks in each of the Bi20* coincidence spectra. With 210 y rays
reported this would have become a monumental project and was discarded
as too time consuming in spite of the worth to be gained. The great-
est difficulty encountered in the coincidence spectra was the poor
statistics for small peaks in the 1200-3000-keV region. The Bi20%
has many very small peaks in this region, and many could not be dis-
tinguished in even the "any" coincidence spectra; hence no spectra
produced by gating upon these peaks were found to yield any signifi-
cant data. Rather than list any individual coincidence spectra here,
they will be deferred to a more detailed discussion in section 3.1.4.

The following section, as well as a similar section in
the B1203 portion of this chapter, is devoted to the placement of
energy levels and y rays on the basis of Y-y coincidence spectra.

As was mentioned in section 2.3.3., the counts recorded under the
multiparameter EVENT program have several origins: true cascade
events, chance events, backscatter events, and events from y rays in
coincidence with the underlying Compton backgrounds.

The backscatter peaks have been effectively eliminated by
using the 90° Ge(Li)-Ge(Li) detector configuration, the detectors
separated by a 1.3 cm graded lead absorber in such a manner as not
to absorb the y rays. An excellent discussion of backscatter prob-

lems and y~y Compton scattering is found in [Gi70]. Chance events,
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as long as they are small in number, also cause 1itt1e.difficulty
since they effectively "add" a singles spectrum to the coincidence
spectrum and do not affect the enhancement of the cascade peaks to
any degree. The major problems in the Y=Y coincidence spectra a-
rise from the underlying Compton background. For example, if one
were to gate upon a particular peak, not only are the peak counts
above background returned, but also any events in coincidence with
the background. One could easily be misled by a spectrum without
background subtraction, since peaks in coincidence with the Compton
background would often be revealed as peaks in cascade with the gated
peak. A decay scheme generated purely from such data would be pure,
unadulterated rubbish. |

Fortunately, the program EVENT RECOVERY makes provision
for subtracting the background from each set of gates. The pfogram
subtracts weighted spectra taken with adjacent gates from the spectra
obtained with the gates set on the peak of interest. The advantage,
of course, is that this subtraction then eliminates the peaks in co-
incidence with the Compton background, leaving behind a coincidence
spectra of the '"true" events for that peak.

Figure 21 illustrates the usefulness of this powerful
technique. The top spectrum in Figure 21 is the coincidence spectrum
obtained by gating upon the 1507-keV peak of the Bi203 spectrum.

Note that 263.8-, 896.9-, and 820.2-keV peaks are seen in very strong
coincidence. However, if we now run a set of gates which also sub-
tracts the background one finds that the 820.2-keV transition has

disappeared. This is so because the background of the 1507-kev
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peak contains a good portion of the strong 1847.6- and 1893,3-keV
Compton edges. Both 1847.6- and 1893.3-keV transitions are in very
strong coincidence with the 820.2-keV v ray; consequently, the 820.2-
keV y ray appears strongly in the 1507-keV coincidence spectrum. If
one were not aware of this problem, he could easily be misled by the
"false" coincidence data.

Sections 3.1.4. and 3.2.4., which deal with the construction
of the Pb20%2203 1goye1 schemes, contain most of the Pb20% and pp203
coincidence plots which have been recovered during the course of this
study. All the coincidence plots found in these sections were pre-
pared using the versatile plotting routine, COINPLOT. A label, "XXXX-
KEV GATE" indicates that no background has been subtracted, while a
label "XXXX-KEV GATE WITH BKGD SBTD" specifies that background has
been subtracted. Finally, a label such as "XXXX-KEV BKGD ONLY"
specifies a spectrum of the background only for the XXXX-keV peak.
Almost all peaks were recovered with and without background subtrac-
tion but space limitations preclude including all of them. One last
word might be helpful: while all of the coincidence spectra are in-
cluded, not all will necessarily be referred to explicitly but are
included for completeness sake and in hopes that they may facilitate
future investigations of these isotopes.

3.1.3.E. Delayed-coincidence Experiments

Only one long-lived state (in addition to szoum) has been
previously reported [Su50]. This is the 1274-keV state, with a t, of
2
260 ns. The prompt-coincidence experimental apparatus had a resolving

time of =100 ns. Based upon this resolving time and a £, of 260 ns
2
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for the 1274-keV state, %31% of the counts in the 375-keV prompt-
coincidence spectra are true, real coincidence events; the remaining
~69% are chance. The chance events can then be accounted for easily
enough, and the'remaining spectrum is the same as a delayed-coincidence
spectrum. Consequently, no separate delayed-coincidence experiment
was performed. If there are other delayed states present then I am
certainly going to miss them by not performing an anti- or delayed-
coincidence experiment, but time considerations require that I fore-

go these. As will be seen in section 3.1.4., >90% of the Bi20% decay

intensity has been placed in this study and any remaining delayed

state will not substantially alter the present data.

3.1.4. Construction of the Pb2%* Level Scheme

Figure 22 shows schematically the e decay of Bi2%% to
levels in Pb20%4 ag interpreted from my data. These 30 excited states
and 60 y-ray transitions were placed utilizing primarily y-ray singles
and coincidence data, aided by energy sums and intensity balances.
This section consists of the specific evidence and the logic used to
arrive at this decay scheme for Bi20%, Before dashing headlong into
an involved discussion of the Bi20% "decay scheme logic", however, let
me take this brief moment to clarify the purpose of this section.

The preparation of a complicated decay scheme does not
follow, as I may have erroneously implied, a hard and fast set of
logical steps. Rather, one attempts to assimilate as much experimental
data as humanly feasible and then allow these data to gestate or in-
cubate until a pattern, seed, or idea seems to blossom and grow.

There is no, as I rapidly discovered, "easy" way to construct a level
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scheme. Consequently, the sequence of steps (""decay scheme logic'")

which I present in this section, does not represent, even remotely,

the method by which the initial decay scheme was constructed. Tt

does, however, give any future investigations the final reasons for

such placements as I have made, thereby making future assignments or

deletions more understandable in light of my present decay scheme.
Before returning to the level assignments, I also want to

look momentarily at the peculiarities of the Bi20% decay. Indeed, it

is not a "typical" decay at all (though I defy making such a definition).

Foremost, inasmuch as the ground states of Bi20% and Pb20% are 6+ and

0+, respectively, one would expect no direct feeding to the Pb20%

ground state, as this would have to be a "super'"-forbidden transition.
Indeed then, everything (i.e., all y-ray cascades) passes through the
899.2-keV first excited state. The most insidious difficulty, though,
is aptly seen in the Bi?%% y-ray singles spectrum (Figure 16). Looking
at this spectrum one should note that there are very few strong transi-
tions: only some 30 of the 210 y rays have intensities >1% of the 899.2-
keV transition. This presents no inordinate difficulty for the energy
and intensity calibrations, but when y-y coincidence spectra are being
analyzed this causes monumental headaches (1iterally as well as fig-
uratively). Because the majority (85%) of the Bi20% v rays are <1%,
it has been exceedingly difficult to construct an internally consistent
decay scheme from the available data. The levels I have placed seem

to be reasonably accurate, but I would not be overly surprised if some
of the very weak transitions I have placed are later shown to be incon-

sistent with better future data. With these comments and justifications,
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let us turn to the business at hand - elucidating the evidence for
placement of the following excited states and transitions.

3.1.4.A. 899,2-keV Level

The 899.2-keV y ray is by far the most intense transition in

the Bi20% singles. Even if this level had not been very well-placed in

previous Pp204™" (and Bi20%) decay schemes, I would be forced to postulate

this as a ground-state transition. If it were otherwise, one would ex-
pect other y rays of comparable intensity that would de-excite the level
fed by the 899.2-keV transition. This placement is also consistent with
the even-mass neutron-deficient Pb isotope systematics, as summarized

in [Be57], in which one would expect the first excited, high~lying 2+
level to fall between the 961~ and 803-keV first excited states of Pb202
and Pb206, respectively. While this argument may be a little circular,
since Pb%%% is better known than Pb202, it certainly is not inconsistent
with these systematics.

3.1.4.B. 1273.9-keV Level

One of the most intense transitions in the Bi20% spectrum

is the 374.7-keV peak. This fact, coupled with the 899-keV coin-
cidence spectrum in which the 374.7-keV peak is greatly enhanced, leads
me to place the second excited level at 1273.9 keV. This is no great
surprise since, again, this y ray and level have been well-placed by
previous Pb2 04 investigations. Additionally, it is substantiated by
the (p,t) work done by E.E. Holland et al, [Ho69] at the Wright Nuclear
Structure Laboratory, Yale University, as seen in Figure 23. They see

a very strong level at 1274 keV, in good agreement with my 1273.9-keV

level.
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3.1.4.C. 1562,8-keV Level

Before progressing too far up the level scheme, one word of
caution should be noted. When dealing with some 210 Y rays, energy
sums ( a + b = ¢ and particularly d + e + f = g) have to be taken with
the proverbial "grain of salt", since the chance sums number into the
thousands. Accurate energy sums between already well-placed levels
may have increased validity, but for initial placement of levels they
will be of little usefulness.

The level at 1562.8 keV has also been predicted by Fritsch
[Fr56] and Stockendal et al. [St58] in their previous investigations.
The (p,t) work at Yale also shows a.strong level at 1569 keV - quite
close agreement considering the poorer resolution in the scattering
data. Because the 1273.9-keV state has a measured lifetime of 260 ns,
the 375-keV coincidence spectrum (all coincidence spectra referred to
are found in Figure 24 at the end of this section) shows the expected
strong 899.2-keV peak, but anything feeding the 1273.9-keV level is cut
down significantly (coincidence resolving time was 100 ns, killing
most of the feeding y rays). Even so, the 289.2-keV peak is definitely
seen. Looking back to the 899-keV coincidence spectrum, I also find
the 663.4~keV peak definitely enhanced; thus, if the 663.4—keV Y ray
feeds the 899.2-keV state, this would place a level at 1562.6 keV. 1In
light of this evidence, a level is placed at 1562.8 keV, depopulating
to each of the first excited states by the forementioned y rays.

3.1.4.D. 1817.3-keV Level

The Yale (p,¢) data indicate an excited state at 1824 keV.

The tentative decay scheme advanced by Stockendal (Figure 17) predicts
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peaks in the 791-keV coincidence spectrum. Unlike ﬁuch of the Bi20%
coincidence data, these coincidence peaks are strongly enhanced and
the level placement clear cut. I, therefore, place a level at 2065.1
keV, depopulated by the appropriate y rays to the 1562.8- and 1273.9-
keV states. I also suggest that there is a level at 3768.4 keV,
which populates the 2065.1-keV level by the intense 1703.3-keV y.
Admittedly, there might be a transition <100 keV which populates the
2065.1-keV level on which the 1703.3-keV could be placed. Since I
have no way of checking this, I assume that this is not the case and
assign a level at 3768.4-keV. (Fritsch and Stockendal have reported
y rays of 78, 90, and 92 keV using conversion-electron spectroscopy,
but, assuming they are M1 transitions, they are not nearly intense
enough to account for the 1703.3-keV transition.)

3.1.4.F. 2185.4-keV Level

Little need be said about the 2185.4-keV Pb20%" petastable
state. It has been well investigated using very precise conversion-
electron spectrometers, and the pp20vT decay scheme (Figure 5) has
been well discussed. In light of a discussion to be held shortly,

I would like to side step a moment to discuss the characteristics of
the PH204" decay. As the 2185.4-keV state has a very long half-life
(66.9 m), one should see only the 911.8-, 374.7-, 899.2-keV cascade,
and anything populating the state should be cut out by the very

short (100 ns) resolving time. Conversely, in any y cascade populat-
ing this state one would not expect to see the 899.2-keV y ray, which
one would expect to see in any y cascade not involving the 2185.4-keV

level. This led me to a flurry of interest, hoping to find a coin-
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cidence spectrum which had no trace of the 899.2-keV transition,
thus giving me a handle on the y rays populating P20 gow-
ever, much to my disgust, most of the coincidence data on the many
weak y rays were sufficiently poor so as to eliminate any hope of
unequivocally placing any populating transitions on this basis.
Another possible handle to the populating y's or y cascades might be
a very precise gated anti-coincidence experiment in which any 899-
or 375-keV y is discriminated against. This would effectively stop
all Bi2%% y's which do not pass through the long-lived Pb20%" fsom-
eric state and allow all other y's to be recorded. Hopefully this
will permit me to determine the y rays feeding the 2185.4-keV state.
with a high degree of confidence. As of this writing this experi-
ment has not been performed but definitely is in the planning and
preparation stage. |

3.1.4,G. 2257.9-keV Level

The assignment of this level is perhaps one of the most un—
ambiguous in the decay scheme. The 918-keV spectrum shows (in addition
to others) a very strong 440.3-keV coincident transition, and the
440-keV spectrum shows an enhanced 918.3-keV y as well. No trace of
the 440.3-keV y is found in the coincidence spectra of the other
peaks found enhanced in the 918-keV spectrum; the 440.3-keV v ray
therefore directly feeds the 1817.3-keV level. Also, the 375-keV
gated coincidence spectrum indicates a very strong 980.4-keV y in
coincidence with the 374.7-keV y. Considering the intensity (58.4%
of 899.2-keV peak), the only consistent choice would be to have the

984.0-keV vy ray feeding the 1273.9-keV state. This leads me to place
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a state with a high degree of confidence at 2257.9 keV. The (p,%)
data (Figure 23) clearly substantiate this, showing a strongly excited
state at 2267 keV,

3.1.4.H. 2385,8-keV Level

Gating upon the 289.2-keV transition in the integral coin-
cidence spectrum, one sees a strong enhancement of the 501.8-, 1652.0f,
164.9~, and 823,0-keV peaks. However, the 1652-, 501-, 164-keV coin-
cidence spectra show no enhancement of the 823.0-keV transition.
Based upon this I place the 823.0-keV Y as populating the 1562.8-keV
state and depopulating a 2385.8-keV state. 1In addition, the 320-keV
gated spectrum shows a slight enhancement of the 791.2- and 501.8-
keV peaks. This, coupled with a precise energy sum, leads me to
place a transition between the 2385.8- and 2065.1-keV states. The
320.8-keV transition, being as weak as it is, makes this transition
slightly questionable, but nevertheless it appears to be good enough
to warrant placement.

3.1.4.1. 2480,0-keV Level

Gating upon the very strong 984.0-keV transition produces
a very excellent coincidence spectrum. In this spectrum the 222.1-
keV peak is greatly enhanced and easily separated from the rest of
the 212-222-keV quartet. The 222-keV coincidence spectrum shows only
one strongly enhanced y ray, at 984.0 keV. Thus, the 222.1-keV Y musf
directly populate the 2257.9-keV level. The 222-keV spectrum also
shows a definite coincidence with the small 1157.7-keV peak, which,
if this y ray were in direct cascade with the 222.1-keV Y, would

place a level at 3637.7 keV, in excellent agreement with a 3637.9-kev
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level to be proven later. I therefore place a level at 2480.0 keV,‘
depopulated by the 222.1-keV Yy and populated by the 1157.7 keV Y.
Once again the (p,t) data also confirm this placement with a level

at 2482 kev.

3.1.4.3. 2506.8-, 2919.5-, and 2928.5-keV Levels

Each of these levels was placed primarily on the basis of
the enhancement of the 248.9~, 661.6~, 670.7-, and 912.0-keV peaks
in the 984-keV gated coincidence spectrum. Checking the individual
coincidence spectra for each of these peaks assured me that they were
not successive cascades but actually directly feeding the 2257.9-keV
state. These levels have additional transitions which "lock" these
levels into the decay scheme even more firmly, and these are now more
thoroughly discussed below.

The 248-keV gated spectrum reveals coincident Y rays of
522.2, 421.6, and 412.2 keV. Each is not in coincidence with an-
other, as may be readily discerned from their individual gated spec-
tra. The 248.9-keV y feeding the 2257.9-keV level places a level at
2506.8 keV immediately. The 412.2- and 421.6-keV transitions populat-
ing this level give rise to additional levels at 2919.5 and 2928.5
keV, these being the same as the levels derived from the 661.6 and
670.7-keV y's feeding the 2257.9-keV state.

The 918-keV coincidence spectrum adds even further support
to these levels in that, among others, there is a strong enhancement
of the 1102.2- and 1111.3-keV peaks. These y rays, if populating the
well-known 1817.3-keV state, would suggest levels at 2919.5 and 2928.5

keV. The coincidence data of these Y rays support this assumption.
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Therefore, 1 place levels at 2506.8, 2919.5 and 2928.5 keV with a

high degree of certainty.

3.1.4.K. 3029.0- and 3092.0-keV Levels

These levels were initially placed as a consequence of the
strong enhancement of the 1211.7- and 1274.8-keV y's in the 918-keV
coincidence spectrum.

The level at 3029.0 keV is additionally supported by a 522.2~
keV transition which is seen in the 248-keV gated spectrum. Also,
on the basis of only mediocre data, depopulating transitions of 100.7
and 109.4 keV (to 2928.5- and 2919.5-keV states) were placed with
only fair confidence. Finally, the 140-keV coincidence spectrum shows
an enhancement of the 1211.7-keV peak (and vice versa). If the 140.8-
keV y does indeed populate the 3029.0-keV state,fhen it must be de-

populating the now well-known 3170.0-keV level. To add to this

evidence, the 374-keV spectrum shows a weak 1755.3-keV y ray, which,
when added to the 1273.9-keV level, lends even further evidence for
the 3029.0-keV state. Under such a barrage of coincidence data and

energy sums there appears to be little room for doubt, the 3029.0-

keV state most certainly exists.

The 3092.0-keV level in Bi?%% is almost as firmly rooted
as the 3029.0-keV level. The 248-keV coincidence spectrum shows en-
hanced transitions of 585.0 and 597.8 keV as well as 522.2 keV.

If the 585.0-keV transition directly populates the 2506.8-keV state
(as the coincidence data indicate), then it is one of the transitions
depopulating the 3092.0-keV excited state; Additionally, the 834,1-

keV y is found to be in definite coincidence with the 984.0-keV Y.
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T, therefore, place the 834.1-keV vy as depopulating the 3092.0-keV
state and feeding the 2257.8-keV state. Once again, like the 3029.0-
keV level, the 3092.0-keV excited state (and the transitions from it)
does not appear to be in any doubt at all.

3.1.4.L. 3104.9-keV Level

This level is probably one of the least certain levels
in Pb2%% that I have ventured to place. It is based upon the en-
hancement of the 597.8- and 847.2-keV y's in the 248- and 984-keV
coincidence spectra, respectively. Placing each of these upon its
respective level yields a state at 3104.9 keV. Further evidence
comes from the 532-keV gated spectrum in which the 847.2- and 597.8-
keV transitions are intensified, the latter only weakly. Also, the
532.7~keV peak is increased in each of these (597~ and 847-keV) coin-
cidence spectra.

While it is not so firmly entrenched as some of the other
levels, I nevertheless place a level in Pb20% at 3104.9 keV.

3.1.4.M. 3170,.0-keV Level

Without a doubt this is the most interesting level I have
placed in Bi20% decay scheme, because of its peculiar depopulating

transition - the 912.0-keV y ray. Perhaps I should clarify this im-

petuous statement.

In all the previous investigations of Bi?%% and pp204T
decays a *911.7-keV transition has been reported. This y ray has
always been placed as depopulating the Pb204" 9-,2185.4-keV meta-
stable state as an E5 transition to the 1273.9-keV state. The pres-
ent Ge(Li) singles spectrum showed no apparent broadening of the ini-

tially reported 911.8-keV peak; yet the 984-keV coincidence
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spectrum showed a very strong 912.0-keV enhancement. If indeed all of
the 911.8-keV "peak' belonged to the E5 transition, then no 911.8-keV
transition should be seen in any coincidence spectra - yet in the 984-
keV spectrum a strong 911.96-keV peak is definitely seen. The only
consistent explanation for this phenomenon is that the 911.8-keV "peak"
is really a very closely-spaced doublet. Evidence for this can be
seen by comparing the "any'" coincidence spectra with the Bi2%"% singles.
In the singles the 911.8-keV doublet is more intense than the 918.3-
keV peak adjacent to it, but in the X and Y any coincidence spectra
the opposite holds true. If the 911.8-keV "peak" were in reality only
a single peak, the 911.8-keV transition should have disappeared entirely
(except for chance coincidence events).

Searching for further confirmation that the 911.8-keV
"peak" is indeed a doublet led me to analyze the peaks in the 984-
and 440-keV coincidence spectra. The peaks analyzed in the 984-keV
spectrum were at 176.2, 222.1, 248.9, 661.6, 670.7, 912.0, and 1203.8
keV., The intensities of these peaks were normalized to the 670.7-
keV transition and are listed in the second column of Table 8. The
same set of peaks in the singles spectrum was also normalized to
the 670.7-keV y ray and is listed in the third column. Excellent
agreement results, with the exception of the 911.8-keV transition,
whose intensity is down by over 1/2 (from 1.53 in the singles to 0.72
in the 984-keV coincidence spectrum). No other coincidence spectrum
shows the 911.8-keV "peak" so strongly; yet the intensity is down by
1/2 -the only internally consistent rational is that the 911.8-keV

"peak" is really a doublet.
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Table 8. Ratios of several vy rays to the 670.7-keV
Y in the 984-keV coincidence spectrum and

in the Bi20% singles spectrum.

Y-ray Ratio in the Ratio in the
energy (kev)? 984-keV coin- Bi%0% singles
cidence spec- spectrum.©
rum.P
176.2 0.60 0.70
222.2 0.36 0.49
248.9 0.96 0.86
661.6 0.20 0.25
670.7 1.0 1.0
911.8 0.72 1.53
1203.8 0.06 0.09

ay—ray energies from the present study.

bRatio of the area of the y ray in column one to the area of the
670.7-keV y in the 984~keV coincidence spectrum. (The spectrum
was taken using the 2.5% Ge(Li) detector as the display detector.)

“Ratio of the area of the vy ray in column one to the area of the
670.7-keV y in the Bi204 singles spectrum. (The singles spec-
trum was also taken using the 2.5% Ge(Li) detector. As the
efficiency curve is identical for both the 984-keV coincidence
spectrum and the singles spectrum, 1 have used relative areas
rather than intensities, but this in no way affects the results.)
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Yet further evidence comes from examining the 440.3/911.8
area ratios in the 670- and 911-keV coincidence spectra. If the 911.8-
keV transition does feed the 2257.9-keV state, the ratios should be
identical. Table 9 shows the almost unbelievable results that were
obtained. From the data listed in Table 8 I calculate that 46% of the
911.8-keV '"peak" belongs to the transition feeding the 2257.9-keV
level, while the. remaining 54% belongs to the isomeric E5 transition.
The energies calculated for these respective peaks were 911,96 and
911.73 keV, respectively. This actually makes my new value of 911,73
keV for the E5 more compatible with the previously reported values of
911.7 keV for the isomeric transition as in the Pb204™" decay.

On the basis of all this evidence, I place a level at 3170.0
keV, depopulating to the 2257.9-keV excited state by a 911.96-keV v.
Two other transitions from the 3170.0-keV state are supported by the
coincidence data, a 1896, 3-keV Y (to the 1273.9-keV state) and a
1607.2-keV y ray (to the 1562.8-keV state). As a final fillip, the
(p,t) data suggest a level at 3139+25 keV - in fair agreement with

my 3170.0-keV state.

3.1.4.N, 3215,0-keV Level

The 289-keV coincidence spectrum shows, among others, a
strong enhancement of a 1652.0-keV peak. Inasmuch as the 1652-keV
gated coincidence spectrum shows a strong enhancement of only a 289.2-
keV vy, I place the 1652.0-keV transition such that it directly feeds
the 1562.8-keV excited state, revealing a level lying at 3215.0 keV.

The 1941.3-keV y was placed as depopulating the 3215.0-keV state
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Table 9. Ratio of the 440.3-keV Y to the 984.0-keV vy in

the 670~ and 911-keV coincidence spectra.

Y-ray Area of y ray in 670$keV Area of vy ray in 91l-kev
energy (keV) coincidence spectrum coincidence spectrum
440.3 ' 127 129
984.0 682 632

Ratio of 440.3-keV v to 984.0- Ratio of 440.3-keV Y to 984,0-

keV y in the 670-keV coinci- keV y in the 911-keV coinci-
dence spectrum dence spectrum
0.19 0.20

tBoth spectra were taken using the same 2.5% Ge(Li) detector as
the display detector. Area is given as the number of counts in the
peak of interest, as determined by the MOIRAE analysis program.
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solely on the basis of its coincidence spectrum, in which only the
374.7-keV transition was enhanced. Even though this level is still

slightly shaky, these two transitions appear to be certain enough to

support such a placement.

301.400. 3232.0"1(6\7 Level

This level was assigned on the basis of the strong enhance-
ment of the 1414,.7-keV y (along with several others) in the 918-keV
coincidence spectrum. Conversely, the 918.3-keV peak was strongly
intensified in the 1414-keV gated coincidence spectrum. If the
1414.7-keV transition does indeed feed the 1817.3-keV excited state,
then there must be another excited state at 3232.0 keV. Additional
evidence is lent by the enhancement of a 1958.1-keV Y in the 374-keV
coincidence spectrum (and, of course, the inverse as well) and by the
enhancement of a 725.2-keV y in the 248-keV spectrum (725.2-keV vy
feeding the 2506.8-keV level). These transitions can be seen in
Figure 24. This, then, appears to be sufficient to postulate a
level at 3232.0 keV in Pb20%,

3.1.4.P. 3637.8-keV Level

The éssignment of the 3637.8-keV state is quite certain.
It is based upon several pieces of evidence. The enhancement of the
709.1- and 718.4-keV y's in the 670- and 661-keV y coincidence spec-
tra, respectively, together suggest a level at 3637.8 keV. (Conversely,
the 661.6- and 670.7-keV transitions are seen in the 709- and 718-
keV coincidence spectra.) Additionally, the very strong enhancement
of the 1203.8-keV y in the 176.2-keV spectrum (and vice versa) and

the weak increase in the 1157.7-keV transition in the 222-keV gated
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spectrum led me to conclude that there is an excited state at
3637.8 keV.

3.1.4.Q. 3782,0-keV Level

Much to my chagrin, this level seems to be still in some
doubt, although I personally "feel (through a marvelously unscientific
sense of intuition) that it is correctl& placed. It is based solely
upon the enhancement of the 984.0-keV f in the 1524-keV spectrum and
of the 918.3-keV y in the 1964-keV coincidence spectrum. The inverse
relationships are present but much weaker (and in more doubt) be-
cause of the small intensities of the two v's involved. Even so, I
place a level, with some reservation, at 3782.0 keV.

3.1.4.R. 38144, 3826.2-, 3842.2-, 3875.7-, 3996.1-,

4080.5-, and 4249.6-keV Levels

Most of these levels are placed on the basis of only med-
iocre coincidence data, and absolute placement must await better
coincidence techﬁology. However, the enhancements of ﬁhe 289, 2-keV
Y in the 2251-, 2263-, 2279-, 2312-, 2433-, 2517-, and 2686-keV gated
coincidence spectra led me to postulate levels at 3814.4, 3826.2,
3842.2, 3875.7, 3996.1, 4080.5, and 4249.6 keV. Surely many of the
other high energy vy rays could be similarly placed (i.e. feeding the
1273.9- or 1562.9-keV excited states), but the low efficiency of the
detector and low intensity of the y rays prevented sufficient coin-
cidence evidence to warrant such a conclusion - and thus they were
not assigned.

3.1.4.5. 2434,0-keV Level

This level was reserved for the next to last for a very



108

important, but honest, reason - it was the next to last in being
placed. Ever since the coincidence data recovery began, the 1203.8-,
176.2-, and 984.0-keV cascade (see Figure 22) has been nearly a total
enigma. From the three coincidence spectra of the cascade members

it was immediately obvious that they indeed did form a "chain". Al-
most immediately (in conjunction with other data) the 984.0-keV tran-
sition was placed on the "bottom". The major mystery was whether the
1203.8- or 176.2-keV y was on "top". The (p,t) scattering data
showed a possible level at 3461 keV; as a result I initially placed
the 1203.8-keV y as feeding the well-known 2257.8-keV level, with
the 176.2-keV transition then feeding the level at 3461 keV. While
this satisfied the (p,t) data, it left me with an internally incon-~
sistent decay scheme and was subsequently discarded. For a long
time nothing further could be concluded. Finally, upon careful re-
examination I found three enhanced peaks in the 176-keV coincidence
spectrum (other than the strong 1203.8- and 984.0-keV y's) which
corresponded to transitions between the 2434.0-keV state and three
known excited states, a 736.1-keV vy (from the 3170.0-keV state), a
1334.5-keV v (from the 3768.4-keV state) and a 1380.0-keV y (from
the 3814.4-keV state). While none of these (except the 1203.8- and
984.0-keV transitions) is very intense or greatly or clearly en-
hanced, the fact that there are 5 Y's which are transitions between
known levels certainly indicates that it is rather safe to place a
level at 2434.0 keV.

3.1.4.T. 4165.5-keV Level

A level at 4165.5 keV is placed only on a single piece
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of evidence. 1In the 176-keV coincidence spectrum the 1731.5-keV y

is quite clearly enhanced (conversely, in the 1731-keV spectrum the
176.2-keV y is enhanced). Since the 1731.5-keV transition cannot

be depopulating the 2434.0-keV state, it clearly must be feeding this
level. This assumption, in turn, then places a level at 4165.5 keV,
since in no other recovered coincidence spectrum did I see the 1731.5-
keV transition so clearly enhanced.

3.1.4.U, Comments

Before abandoning this "decay scheme logic" section a few
well-chosen words are certainly in order. The construction of the
B120% decay scheme shown in Figure 22 was definitely not a trivial
task. The intensities of nearly all the peaks are so low as to make
the present coincidence data, as fine as they were, extremely diffi-
cult to interpret. The decay scheme for Bi?%" which I have presented,
is the most consistent of which I was able to construct. While most
of the levels seem to be quite firmly established, a few of the weak
transitions between these levels appear to be slightly questionable.
Even so, this decay scheme is a far cry from the previous decay
scheme that had been suggested (Figure 17). Note the several changes
that have been made. Levels at 2477, 1944, and 2254 keV have not
been observed (nor their associated transitions); the 248.7-keV tran-
sition between the 1817.3- and 2065.0-keV states has been replaced,
the 543.4-keV y was not found between the 1273.9- and 1817.3-keV
levels and was removed; and the 690.8-keV Y was not observed.

Placing 60 y rays (out of 210) in a decay scheme may not, normally,

seem like anything to crow about; however, when one considers that
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these transitions account for *90% of the decay, one is not so con-
cerned about the absolute number of Y rays assigned. The 60 y rays
placed in this section represent only those which can be placed pri-
marily upon coincidence data, energy sums being somewhat risky when
one has >200 y rays. During the course of this study many other
transitions and levels were suggested by the coincidence data and
energy sums but sufficient evidence was lacking to place these with
a high degree of confidence. Figure 25 shows a decay scheme for Bi20"%
with these additional vy rays and excited energy states included.
Without further evidence these cannot be placed with unqualified
certainty, but the existing evidence seems to indicate that these
additional transitions and levels may exist. The placement of those
transitions for which there is some coincidence evidence are denoted
by a semicircle at the base of the transition, while the rest are
placed solely on the basis of energy sums. On the right hand side
of the diagram are some possible levels and their associated Y rays
which may feed the 2185.4—keV isomeric state. These were obtained
by using the TAKE CARE program to scan up the existing decay scheme
through the already known states and searching for levels which might
be "locked" in by several y's between the 2185.4-keV and remaining
states. While not necessarily adequate, this may lead to states
which do indeed feed the 2185.4-keV level. No separate calculations
(e.g. external quantum number assignments, and log ft's) will be
made for these levels, although one might wish to do so at some

later date.
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Fig. 24. The y-y coincidence spectra from the Bi20% decay,
The spectra were recovered from the coincidence
data stored on magnetic tapes using EVENT data-
taking routine. Sample titles of the coincidence
spectra and their meanings are found below:

100-KEV GATE: A gated region from which

background has not been sub-
tracted;

100-KEV GATE WITH BKGD SBTD: A gated region

from which background has
been subtracted;

100-KEV BKGD ONLY: Spectrum of the back-

ground adjacent to the 100-
keV gated region.

Unless otherwise specified, all spectra are dis-
played from the X axis.
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The level scheme of Pp20% showing additional
transitions from the Bj20% decay which could
be placed on the basis of precise. energy sums
and differences alone. The tolerance allowed
for the left side of the figure was *0.25 keV
for y's having energies <1500 keV and +0.30
keV for y's having energies >1500 keV. The
tolerance for the right side of the figure was
0.5 keV. A semicircle at the origin of a
transition indicates some coincidence data
support for such a placement.
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3.1.5. Electron Data and Multipolarities

The y intensities from the present measurements were com-
pared with the conversion-electron intensity data of Stockendal [St60]
and Fritsch et al. [Fr58] in order to gain multipolarity information
about some of the transitions seen in the Bi204 ¢ decay. The two sets
of data (my y intensities, their electron data) were normalized for
the pure E2 899.2-keV transition. The conversion coefficient used
was 6.51x10 3 [S165] for an 899.2-keV 2 tramsition. The results of
these comparisons (with theoretical conversion coefficients [S165])
and the predicted multipolarities are listed in Table 10. Perhaps
the most unfortunate facet of this table is that it does not include
many of the reasonably strong high energy y rays, but the electron
data are just not available. The theoretical conversion coefficients
were also used to construct smooth curves, upon which I have super-
imposed the ekperimental points (Figure 26). Only a few error bars
are included,since precise error limits were not avallable for most
of the electron data. A few of the transitions have already had
multipolarities assigned; these are discussed below.

Internal conversion and scintillation measurements by
Stockendal et al. [St58] indicate an experimental X~-conversion co-
efficient of 0.37+0.10 for the 289.2-keV transition. Since the
theoretical value is 0.38 [S165], an assignment of M1 seems entirely
reasonable, most of the error being due undoubtedly to the interfer-
ence of the weak 291.3-keV peak.

The K~electron of the 670.7-keV transition was sufficiently

weak that only a lower limit could be obtained for the internal
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K conversion coefficient. However, this 1imit definitely excludes
the F1 and E2 multipolarities [St58].

For the 899.2-kev transition, the most probable multi-
polarity assignment is E2, ag established by [St60,Kr55,He56, and
St58].

The 374.7- and 911.7-kev transitions have also been studied
in several excellent investigations and their predominantly E2 and
E5 characters, respectively, are well established [St58,St60,Kr55,He56].
Neither of these transitions, though,was predicted to be a pure multi-
pole. Krohn and Raboy [Kr55] found from angular correlation measure—
ments on BiZ20% that the 374.7-kev Y is B2 with a 0.5% admixture of M3
and that the 911, 7-keV Y is E5 with a 1% admixture or M6. Herrlander et
al. [He56] found.a maximum admixture of 0.5% M6 for the 911.7-keV vy ray,
however, they attempted to separate the Pb20%" from B120Y% 4p their work.
Perhaps, this explains why they found a lower admixture limit,

With the advent of the realization that the 911,7-kev peak
was only part of a closely-spaced doublet, I think I now can explain
the hitherto "impurity" in the 75 transition. The previous measure-
ments were taken not on the 911.7-keV peak but on the 911.73+911.96-
keV doublet. The multipolarity of this additional 911.96-keV y was
calculated from my y intensities and Stockendal's [St58] electron
data by assuming the 911.7-keV y ray to be a pure E5 transition, and
using the theoretical conversion coefficient to remove the X electron
intensity due to the 911.73-keV transition. When this is done and the
K conversion coefficient calculated, it is very clear that the 911.96-
keV y is an M1 transition. What the previous experiments have seen

then is not an admixture of E5 and M6 but an admixture of ES
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(from the 911, 7-keV y) and M1 (from the 911.96-keV vy). Using the
theoretical conversion coefficient for an M1, 911.96-keV y, I have
calculated that 1% M6 is equivalent to *26% M1. Considering the un-
qualified assumptions on the multipolarities and the difficulties of
accurately separating the electron and Y-ray intensities, I think

that =26% is remarkably close to the 45% that one might have predicted.

3.1.6. Spin and Parity Assignments for Pb20%

Curbing the lemming urge to dash headlong into the actual
spin and parity assignment discussion, I want to side-step for a
moment for a few (hopefully) words of scientific enlightenment. Using
the experimental photon intensities for Bizo“, the calculated (or
experimental) multipolarities of a few of the B120% Y rays, the esti-
mated decay energy, and the t%,one can calculate the log ft's and
percent feedings to each of the states in Pb20%,  For those y rays
which do not have calculated multipolarities, I assumed that each
was an M1l multipole (for the purpose of calculating the log ft's only)
as most of the calculated y rays were Ml's anyway (see section 3.1.5.).
Using the modified DECAY SCHEME program, the feedings and log ft's
to each state were calculated; these are found in the left-hand col-
umn of Table 11. However, a consideration of the peculiarities of the
B120% decay leads me to question the validity of such a list.

For example, consider the 899.2-keV excited state., This
state has both an abnormally high % feeding and subsequently low log

ft. Because the 899,2-keV state is 2+, this would involve a fourth-

forbidden transition from the 6+ B1204 ground state. Consequently,

one would expect a considerably larger log ft than the 8.1 actually
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Percent feedings and log ft's for the
excited states in Pb20%,

Excited state Percent? Log f%a Percentb Log f%b
(kev) feeding feeding

899.2 10.14 8.06 0.0 large
1273.9 0.0 large 0.0 large
1562.8 1.16 8.80 1.46 8.72
1817.3 0.0 large 0.0 large
2065.1 1.86 8.44 2.34 8.34
2185.4 10.43 7.64 0.0 large
2257.9 26.75 7.15 33.68 7.10
2385.8 0.61 8.79 0.77 8.69
2434.0 0.28 9.11 0.35 9.01
2480.0 1.00 8.53 1.26 8.43
2506.8 0.0 large 0.0 large
2919.5 2.69 7.86 3.38 7.76
2928.5 9.74 7.30 12.26 7.20
3029.0 2.82 7.77 3.55 7.67
3092.0 3.56 7.62 4,49 7.52
3104.9 0.0 large 0.0 large
3170.0 15.03 6.93 20.06 6.82
3215.0 1.20 6.93 1.51 7.90
3232.0 2.06 7.75 2.60 7.65
3637.8 5.51 7.75 6.94 6.82
3768.4 2.03 7.09 2.56 7.06
3782.0 1.07 7.22 1.34 7.32
3814.4 0.22 7.42 0.28 7.95
3826.2 0.27 7.95 0.33 7.85
3842.2 0.03 8.83 0.04 8.73
3875.7 0.06 8.50 0.08 8.40
3996.1 0.03 8.59 0.03 8.49
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Table 11. (continued)

4080.5 0.18 7.47 0.23 7.37
4165.5 0.09 7.35 0.12 7.25
4249.6 0.06 6.03 0.33 6.03

aCalculated values from the relative beta intensities as determined
from transitions populating and depopulating each state.

bCorrected values after the relative beta intensities to the 899.2-
and 2185.4-keV states were arbitrarily set to zero.
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found. Two possible reasons for the discrepancy are available:
first, many weak vy rays may be feeding the 899,2-keV state directly
from higher-lying states (but unobservable in the coincidence data),
and second, there may be a low-lying low-spin isomeric state (e.g.,
2+) in B120% yhich directly populates the 2+ 899.2-keV excited state
in Pb2047 gych g feeding (from a 2+ Bi20% fgomeric state) would
account for some of the unexpectly large percent feeding to the
899.2-keV level. A preliminary test for such a possibility is
presently in the planning stages. By observing the intensity
fluctuations (if any) in the 899, 2-keV peak as a function of time
after bombardment, one should get some idea of whether such an
argument is feasible or not. Another argument might be made con-
cerning tﬁe precision of the intensity calibrations. Since the
calibration error ranges from 5 to 15% for peaks of reasonable size
(1.e., >3% of the 899,2-keV peak), much of the 10.1% feeding to

the 899.2-keV state could be due to calibration errors in the
intensities of the y's populating and depopulating the 899.2-keV
state. It also appears that only the high-spin states are populated
by the € decay of the 6+ B1204 ground state. It is almost a certainty
that there are other low-gpin states which are only weakly populated
and are, therefore, difficult to place using the present techniques
(because the transitions are weak). Presumably, these states would
feed other low-spin states, e.g., the 2+ 899,2-keV state. This, in
turn, would decrease the large percent feeding and increase the
subsequently low log ft. One or more of the forementioned pos-

sibilities makes it understandable why such a large percent feeding
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was found for the 2+ 899, 2-key state.

Also, consider the 2185.4-keV isomeric level. It would
have to be a third-forbidden B transition from the 6+ Bi20% ground
state to the 9- pp204” isomeric state and as such should have a large
log ft. The spin and parity of the 2185.4-keV level has been
previously established as 9- [Fr58,St58,Kr55]. It is on the basis
of such an assignment that the following argument can be made.

As I have béen unable to identify any of the v's directly feeding
the 2185.4-keV state, the log ft "appears" to be 7.6. However, this
B transition (to the 9~ isomeric state) is third-forbidden and
nearly all the populating intensity should come from Yy feeding from
higher-lying high-spin states. These would have the tendency to
decrease the feeding and increase the log ft.

A much more accurate set of percent feedings and log ft's
might result if arbitrarily I were to set the input and output tran-
sition intensities equal for these two states, i.e., assume no B
feeding to either of these states. The right column of Table 11 shows
the result of doing this. One could argue that what I have done is
to arbitrarily force the data into values I want to believe. Rather,
this set of feedings and log ft's represent what should be more
realistic values for these parameters in light of all the present and

previously reported data. Note that the log ft's are increased by

only about 0,1.

3.1.6.A. Ground, 899.2-, 1273.9~, and 2185.4~keV States

The ground state is assigned O+, as would be expected for

an even-even nucleus ( szo“). The remaining three levels comprise
82 122

a portion of the Ph204" decay scheme and as such havg been thoroughly
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investigated (section 1.2.5.). These investigations revealed a
911.7-keV E5 transition, an 899.2-keV E2 transition, and a 375.0-keV
E2 transition. These suggest a 0+, 2+, 4+, 9- spin (and parity)
sequence for the states in Pb204", This sequence was also confirmed
by the detailed angular correlation experiments of Krohn and Raboy
[Kr54,Kr55], although it was necessary to assume some small multi-
pole mixing to account precisely for the results. The (p,t) data of
Holland et al. [Ho69] and the associated Distorted Wave-Born Approx-
imation (DWBA) calculations also suggest the O+, 2+, 4+, 9- spin se-
quence. Thus, I also assign the ground, 899.2-, 1273.9-, and 2185.4~
keV states spin and parities of O+, 2+, 4+, and 9-, respectively, as
these assignments are also internally consistent with the present
data.

3.1.6.B. 1562.8-keV State

The 1562.8-keV state was first revealed by Fritsch et al.
(section 1.2.5.A.) in their study of the PH2 04" decay. They found |
a 622,2-keV E5 vy depopulating the 2185,4-keV isomeric state and a
289.2-keV M1 vy depopulating the 1562.8-keV state. This latter multi-
polarity was also confirmed by the present data (Table 10). The M1
character of the 289.2-keV transition suggests a 3+, 4+, or 5+ assign-
ment. The 622.2-keV E5 vy depopulating the well-known 9- isomeric
level suggests 4+ or 14+. The rather large log ft (for the B1204
decay) of 8.7 would appear to indicate an allowed or first-forbidden tran-
sition. However, not all the Y's feeding the 1562.8-keV state have
been placed with a high-degree of confidence. This means that the

log ft most likely should be larger than 8.7. Because of this, I
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suggest that the possibility that it is really a second-forbidden
transition from the 6+ B12°“,is not ruled out. While the log ft
value is inconclusive the remaining data appear to suggest a 4+
assignment for the 1562.8-keV state.

3.1.6.C. 1817.3-keV State

The very strong 918.3-keV E2 y to the 899,2-keV 2+ level
immediately limits the possible assignment to O+ through 4+. The
log ft, being arbitrarily large, tells one absolutely nothing. DWBA
calculations by Holland et al, [Ho69] suggest a 4+ assignment, although
3+ cannot be excluded because of the intrinsic spins of the proton
and triton. Some minor information can be obtained from the non-
- existence of specific transitions (if one is careful). One might assume
that the spin is <5 as Pb20"¥" goes not appear to populate this state.
Also, nothing (i.e., no transition) appears to populate‘both the 899.2-
keV 2+ state and this level, which might lead one to sa& that the spin
is 24. This last argument is weak, but it does add a small measure of
evidence to a 4+ assignment, although 3+ cannot be ruled out entirely.

3.1.6.D. 2065.1-keV State

The 791.2-keV M1 y transition (to the &4+ 1273.9~keV state)
suggests a possible assignment of 3+, 4+, or 5+; similarly, the 501.8-
keV M1 y transition (to the &4+ 1562.8~keV state) also suggests 3+, 4+,
or 5+ assignments. The log ft of 8.3 probably implies an allowed
transition (negative parity states ruled out on basis of the M1 tran-
sitions) which would allow spins (and parity) of 5+, 6+, and 7+. Combining
the log ft and multipolarity data limits the assignment to 4+ or 5+,
Little more can be deduced from the higher-lying levels, so the state

at 2065.1 keV is assigned 4+ or 5+. The intensity balance on this
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level appears to be quite good and can probably be trusted. Thig
limits the assignment of the 2065.1-keV sgtate to 5+,

3.1.6.E. 2257 .9~keV State

The state at 2257.9 keV is assigned 5+ or 6+ on the basis
of the 984.0-kev E2 Y (which allows 2+ to 6+) and the log ft of 7.1
which is almost certainly an allowed transition (suggesting a 5+, 6+,
or 7+ assignment). No preference between 5+ and 6+ 1is available at
this point, so they are assigned with equal weight, Actually, this is
unfortunate since many of the Eigh-lying states will have to be based
. upon this level, but (tragically) the data do not warrant any other
assignment,

3.1.6.F. 2385,8-keV State

The only concrete evidence for the assignment of this level
is the log ft value, inasmuch as the multipolarities for both depopu-
lating y's are unknown. The high log ft of 8.7 suggests an allowed
or first-forbidden transition ,i.e., an assignment of 5%, 6%, or 7+.
Assuming the y's to be M1, E2, or E1, I find possible assignments of 2+
through 7+ and 3~ through 7-. From the log ft alone, then, I suggest an
assignment for the 2385,8-keV state of 5%, 6%, and 7%.

3.1.6.G. 2434.0~keV State

The 176.2-kev M1 transition from this state (to the 5+ or
6+ 2257.9-keV level) implies an assignment of 4+, 5+, 6+, or 7+. The
log ft of 9.0 is one of the largest of any of the pPp20%4 levels. This
probably suggests an allowed transition (first-forbidden ruled out by
the ¥1). This suggests 5+, 6+, and 7+ assignments, Eliminating the non-

Common elements, I propose that the 2434,0-keV state is 5+, 6+, or 7+,
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3.1.6.H., 2480.0-keV State

The 222,2-keV M1 y to the 2257.9-keV state allows a 4+,
5+, 6+, or 7+ assignment. The log ft of 8.4 would appear to suggest
a first-forbidden or an allowed transition. The first-forbidden tran-
sition can be ruled out since the M1 transition extablishes the parity
as positive. This leaves, therefore, 5+, 6+, or 7+ for the 2480.0-
keV state.

3.1.6.I. 2506.8-keV State

The 248.9-keV M1 y to the 2257.9-keV (5+,6+) state limits
the state to 4+, 5+, 6+, or 7+ and also eliminates the possibility
of - parity states. The log ft tells nothing about this state. It
is terribly frustrating that the assignment for this level cannot be
reduced further, as there are 5 higher-lying states (some of which
must be populated by allowed transitions) which feed this state (3 by
known M1's), implying a 4+ to 8+ assignment. The data appear to jus-

tify only a 4+, 5+, 6+, or 7+ assignment for the 2506.8-keV state.

The level at 2919.5-keV is assigned 5+ or 6+, On the basis of
the low log ft of 7.8 one would expect an allowed or first-forbidden
transition. The possibility of negative parity states is eliminated
by a 661.6-keV M1 y to the 5+ or 6+ 2257.9~keV state (allowing a 4+,
5+, 6+, or 7+ assignment) and by a 412.2-keV M1 y to the poorly
known (4+ to 7+) 2506.8-keV state. Note also, that a 1645,6-keV y
populates the 4+ 1273,9-keV state, but none is found to populate the

2+ 899.2-keV state. This weakly suggests a >5+ assignment, which is
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consistent with the present assignment. The 1102, 2-kev y populates
the 4+(3+) 1817.3-kev state; on this basis one might tentatively
rule out 7+ ag a possible assignment,

3.1.6.K. 2928.5-keV State

The assignment for this state follows exactly the same reg-
soning as for the Previous state, having analogous transitions to the
same states. A 421.6-keV M] Y to the 2506.8-keV state would suggest
external quantum numbers of 3+ to 8+. However, a strong 670.7-keV
Ml v to the 2257.9-keV level rules out the 3+ and 8+ possibilities.

The 4+ assignment can be discarded on the basis of a quite low log
FE of 7.2, an allowed normal or i-forbidden transition. As a

result, the 2928,5-keV state is finally narrowed to 5+ or 6+, the 7+
being weakly ruled out by the strong 1111.3-keV Y to the 4+ (3+) 1817.3-
keV state (cf, analogous transition in section 3.1.6.J.).

The 522.2-kev M1 Y transition to the 2506.8-keV state would
suggest that the 3029.0-keV state is 3+ to 8+, not very selective, to
be sure. This can be limited to 4+ to 8+ asg a result of the weak
100.7-keV M1 y to the 2928.5-keV level. The log ft of 7.7 is some-
what high for an allowed transition, but considering the undoubtedly
complex structure of 4-neutron-hole states (possibly core-coupled),
one would expect the B transition to be hindered. Assuming, then,
an allowed transition rules out 4+ and 8+, this leaves the 3029.0~keVv
state with possible assignments of 5+, 6+, or 7+. The 1755.3- and
1211.7-keV v's to the 4+ 1273.9- and 4+ (34) 1817.3-kev states, respec-

tively, also shakily rule out the 7+ assignment. This means the state
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at 3029.0 keV has an assignment of 5+ or 6+.

3.1.6.M. 3092.0-keV State

Solely on the basis of the log ft of 7.5,1 propose an
assignment of 5%, 6%, or 7¢ for the 3092.0-keV level. Rather unfor-
tunately, no electron data are available for the strong 1274.8-keV vy
to the 1817.3-keV state. Assuming that the 1274.8-keV Y is an M1, F1,
M2, or E2, one might be tempted to rule out 7+ as a possibility. As a
consequence I somewhat riskily, suggest that the 3092.0-keV state is
53t or 6+. This assignment is weakly supported by a 1958.1-keV vy which
goes to the 4+ 1273,9-keV state.

3.1.6.N. 3104.9~keV State

The state at 3104.9 keV is assigned 4+ to 8+ on the basis
of the transitions to the 5+ or 6+ 2257.9- and 4+ to 7+ 2506.8-keV
states and an arbitrarily large log ft. The negative parity states
can be ruled out by an M1 532.7-keV vy from the 3637.8-keV state which
will be shown shortly to be 5+, 6+, or 7+,

3.1.6.0. 3170.0-keV State

The log ft of 6.8 for this level is the second lowest in
the present B1204 decay scheme and this obviously would suggest an
allowed transition (or possibly a first-forbidden but this will be
ruled out by an Ml from positive parity states, as discussed below).
This implies an assignment of 5+, 6+, or 7+, Confirmgtion of this comes
from a 912.0-keV M1 y to the well-known 2257,9-keV state (5+ or 6+).
I can thus suggest a 4+ to 7+ assignment. Also, a 140,8-keV M1 Y to
the 3029,0-keV level suggests the range of 4+ to 7+. Coupling these

possibilities rules out the 4+ and reduces the 3170.0-keV state to either
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5+, 6+, or 7+. The existence of a transition to the 4+ 1273,9-kev

state would appear to remove the 7+ possibility, so the final assign-

ment is now 5+ or 6+.

3.1.6.P. 3215.0-keV State

Little can be said about this state,inasmuch as only the
log ft is known. The 7.9 log ft value would appear to suggest either
an allowed or first-forbidden transition, thereby implying 5%, 6%, or
7t. It is tempting to call the 1652.0-keV an M1 or E2 transition
but I can find no overt rationale for doing so. But, as it populates
a 4+ state, I am only somewhat poorly justified in ruling out the
7. This reduces the assignment to 5% or 6t for the 3215.0-keV state,

3.1.6.Q. 3232.0-keV State

The log ft of 7.6 for this state seems somewhat high, but,
once again, allowing for the complex internal structure surely to be
associated with some of the PH20%4 levels, this seems to suggest an
allowed transition and a 5+, 6+, or 7+ assignment. The - parity
states (from a first-forbidden transition) were ruled out because of a
725.2-keV M1 transition to the 2506.8-keV state, though this does not
limit the spin assignment at all. The strong 1414.7-keV y to the 4+
(3+) 1817.3-keV state might mean that one could be pardoned the sin
of ruling out 7+. The same can be said of the 1958.1-keV vy,

I postulate a 5+ or 6+ 3232.0-keV state.

3.1.6.R. 3637.8-keV State

Two M1's, a 709.1-keV y to the 5+ or 6+ 2919.5-keV state,
and a 718.4-keV y to the 5+ or 6+ 2928.5-keV state both appear to

suggest spin and parities of 4+ to 7+ for the 3637.8-keV state. The
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very low (for Ph20%4) log ft of 6.8 surely implies an allowed B
transition and a 5+, 6+, or 7+ assignment. The level at 2627.8 keV

is subsequently assigned 5+, 6+, or 7+. The 1203.8-keV Y to the 2434.0-
keV state certainly does not conflict with such an assignment,

3.1.6.S. 3768.4~keV State

The state at 3768.4 keV can only be assigned 5+, 6+, or
7t on the basis of its quite low log ft of 7.1 (suggesting an allowed
or first-forbidden B transition). The very strong 1703.3-keV vy to
the 2065.1-keV level very likely is an M1 or E2 although no electron
data are available (tragically); this precludes any further legitimate
reduction in the assignment. However, as it appears more likely that
allowed transitions are hindered than first-forbidden transitions
accelerated, I postulate only the + parity states, or 5+, 6+, or 7+.

3.1.6.T. 3782.0-keV State

The log ft of 7.3 indicates an allowed or first-forbidden
transition. This suggests 5%, 6%, or 7+. The three depopulating

trangitions to the 5t, 6+, or 7+ 2434,0-keV state, the 4+(3+) 1817.3-
keV state, and the 5+ or 6+ 2257.9-keV state would appear to suggest
that the 7+ assignment can be tentatively ruled out. On this basis I

propose that the spin and parity assignment for the 3782.0-keV state

is 5+ or 6+.

3.1.6.U.  3814.4-, 3826.2-, 3842.2-, 3875.7-, 3996.1-,

4080.5-, 4165.5-, 4249.6-keV States

Each of these has been assigned a spin entirely on the
basis of the admittedly shakey log ft values. In inverse order, the

transition to the state at 4249.6 keV is almost certainly an agllowed
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transition, its 6.0 log ft being the lowest (by 0.8) of any of the
Pb20% 10g ft's. This suggests 5+, 6+, or 7+ for the 4249.6-keV

state. The log ft's of 7.2 and 7.4 for the states at 4165.5 and 4080.5
keV, respectively, appear to be be indicative of an allowed or first-
forbidden transition, thereby implying 5%, 6+, or 7+ for these states.
The next three lower levels, at 3996.1, 3875.7, and 3842.2 keV, are also
assigned 5%, 6%, or 7 on the basis of their higher log ft's (8.5,

8.4, and 8.7, respectively). The final two levels, at 3826.2 and
3814.4 keV, fall in an unfortunately ambiguous region, having log ft's
of 7.8 and 8.0, respectively. I finally decided once again to classify
these as allowed or first-forbidden B transitions, thus suggesting

5%, 6%, or 7+ as possible spin (and parity) assignments., It ig
frightfully tempting to call these last two allowed transitions, as

one would expect the log ft's to be large, owing to the almost certain
complex particle-hole rearrangements which must occur in the B tran-
sitions. Conservatism got the upper hand in these assignments, how-
ever, and the negative parity states are thereby included. Each of
these states (except for the 4165.5-keV state) has one depopulating
transition to the 1562,8-keV state. This weakly suggests that the 7z
assignment might be ruled out, but tells one nothing about the parity
of the states. The 4165.5-keV state must remain as 5%, 6%, or 7+

as its depopulating y is to the 5+, 6+, or 7+ 2434.0-keV state, which
adds no information at all concerning the spin or parity of the
4165,5-keV state.

3.1.6.V. Comments

This last section on spin and parity assignments necessarily
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concludes the Bi20%4 experimental sections. The theoretical or semi-
theoretical discussion of the meaning (or "so what") of the Pb20%
level scheme is left to a later chapter (Chapter IV), Before leaving,
however, I must express a note of personal pessimism. Throughout

the process of constructing the Bi204 decay scheme and making the
associated external quantum number assignments, I have attempted to
remain extremely pessimistic and conservative, 1In such a complicated
decay scheme to do otherwise would possibly be to do irreparable
harm to later investigations of the same isotope. Rather than mis-
lead others by constructing an impressively large and complicated
decay scheme of only "half-baked" data, I have chosen to propose a

scheme which is smaller but much more firmly founded.
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3.2. Electron Capture Decay Scheme of B1203

3.2.1. Introduction

Just as it was imperative to produce clean B120% sources,
thus enabling one to identify the many Bj204 Y rays, so it is with the
B1203 sources. Bi203 hag the added difficulty of being inseparable
(by half-life or chemistry) from Bi20% ) these having nearly identical
t%'s and, of course, identical chemical properties. As a consequence
the previous investigations of B1203 [Fr56,N058,St60] had to contend
with a multitude of B{20% peaks, many only poorly identified; the
resulting work was anything but complete. Novakov et al. [No58] re-
ported some 20 transitions from conversion-electron studies, and
Fritsch [Fr56] reported essentially the same 1ist, while Stockendal
[St60] measured the internal conversion coefficients of several tran-
sitions by comparing the conversion lines to the photolines excited
ip an external uranium converter. Both Novakov et al. and Fritsch
used permanent-magnet spectrometers in their investigations, but
Novakov et al. have also used double-focusing £ and scintillation
spectrometers, e-y and y-y coincidence measurements in their work.

The highest y-ray energy reported to date has been a 1896-keV tran-

sition, while the decay energy has been reported to be 3.2 MeV [Vi66].
Thus, once again, a number of high-lying levels, as yet unplaced,

might be expected. Novakov et al. have ventured to proposé a tentative de-
decay scheme based upon their e-y and y-y coincidence work (Figure 27).

While the decay scheme of B1203 seems to be more concretely
rooted by Novakov's coincidence data than B120% was by the work of

Fritsch et al. [Fr58] and Stockendal et al. [st58], with recent



175

Bi203
s12h  ~3200
or
=3450

9/2-

2929 {2moc?
[]
W, A ,
1846 1896 /7 /-B*
15101
or
15231
or
15369
9/7e s 10833
5/2-(7/2-——+—WI 2636 /10334
o320 B84 (220) J 8252
" M4 MIGE2) Mi(+E2) 8197
8252 B8I97 M1 8467
{590) (2340) 10336 (2100)
(2300 603
3/2- MI_ 1865
1/2- M 1263
579 .52 lasﬁ'g'-} 0
203 (130)
Pb (70)
EC

Fig. 27. Previously reported B1203 decay scheme [No58].




176

advances in Ge(Li) spectroscopy technology and the fact that Bi20%
is now reasonably well-known, it was felt that a re-investigation of
the B1203 decay could yield a great deal of new information. In
truth, some 147 y rays were identified, this being some 122 more
than previously reported. Many changes and additions were made in
the previously proposed decay scheme for Bi203, These changes are

discussed in the subsequent sections.

3.2.2. Source Preparation

The Bi%03 gources were prepared by bombarding 97.22% Pb206
separated isotope (as Pb(NO3),, obtained from ORNL Isotope Division)
with 40-45 MeV protons from the MSU cyclotron for 1-2 h at 1-2 yA.
The details of this production (including excitation function studies)
were discussed in section 2.1. The short-lived contaminants were
identified (most notably Bi202, t%=1.6 h, and szozm,'t%=3.6 h) by
taking spectra of the samples at various times after the bombardment
and noting the large intensity variations of the peaks as they die
out. The long~lived contaminants (B1205°206) yore revealed by count-
ing samples after they have been allowed to decay for 3-7 days and
analyzing the remaining peaks. Once again no chemical separations
were necessary, making this an easy radioactive source preparation

technique.

3.2.3. B4203 Y-Ray Spectra

3.2.3.A. Singles Spectra

The same two detectors described in section 3.1.3.A. were
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used to determine the energies and intensities of the B1203 Y rays.
However, whereas the 2,5 Ge(Li) detector was used primarily for

the Bi204 spectra, the 3.67 Ge(Li) detector was the primary detector
used during this study because of its better resolution (typically
2.1 keV FWHM at 1.33 MeV) .

The vy rays were determined by comparison with a number of
well-known calibration sources listed previously in Table 5. A quick
and efficient method of checking these energies was performed by also
calibrating the major peaks of 31203,using the Bi204 peaks as internal
calibration standards. The Bi20% peaks so used are compiled in Table
6. Just as with the Bi20% decay, the centroid of each standard peak
was determined by MOIRAE and/or SAMPO (section 2.3.1.B.); the centroids
of these peaks are fit to a least-square nth (n = 2 commonly) degree
curve, which then serves as the calibration curve. The calibration
curve then returns the energies of the large unknown Bi203 Y rays |
from their own centroids. The weak Bi203 Y rays were calculated by
repeating the process, using the now well-determined large Bi203
peaks as internal standards. A Y-ray singles spectrum of Bi293 (and
B1204 concurrently) utilizing the 3.6% detector is shown in Figure
28. A list of the energies and relative intensities of the vy rays
from the ¢ decay of Bi203 ig given in Table 12. The energies are
the arithmetic mean values for several runs (2-3) taken at different
times, different proton beam energies, and different Ge(Li)‘detectors.
The corresponding uncertainties in the energies are slightly larger

than the B120Y4 owing to fewer spectra that were averaged and be-

cause of Bi20*% contamination, these uncertainties were: the major
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Table 12. Energies and relative intensities of v rays

present in the e decay of Bi203,

Measured y-ray Relative Measured y-ray Relative
energy (keV) Intensity energy (keV) Intensity
5.0% 6.62° 542.90 0.95
59.97 0.48° 569. 36 4,82
100. 44 2.16 595.47 2.34
119.90 0.82 619.99 1.52
126.44 14.00 626,82 1.15
136.76 2.12 633.76 4.63
186.35 20.25 646.72 0.94
195.98 .50 696.66 0.78
201.19 0.70 718.78 2.85
212.42 1.88 722,35 16.91
252.22 0.91 739.92 1.08
263.85 20.56 746.20 4,28
270.92 2.03 754,54 0.91
295,25 0.42 758.20 ' 0.98
298.62 0.31 768.88 2.31
323.59 0.42 772.05 1.41
338.29 1.62 779.48 0.74
381.34 3.65 816.45 12.50
392.11 0.99 820.20 £100.0
406.09 1.70 825.20 54,50
416.25 0.39 847.03 23,01
432,65 0.60 866.63 5.43
461.59 0.60 869.97 2.82
477.15 0.39 896.90 45.60
483.95 0.98 905.9 3.68
498.08 3.05 927.82 0.78
507.72 1.40 933,45 4,82
513.80 <6.1 935.83 2.09
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940.80

951.89
1000.20
1007.12
1033.69
1069. 27
1074,59
1087.80
1091.18
1111.71
1120.20
1123.89
1153.00
1166.87
1184.46
1188.06
1198.43
1203.23
1215.10
1223.80
1228.69
1245,92
1253.80
1303.30
1310.20
1343.58
1370.55
1373.15
1381.77
1385.40
1395.87
1407.88

1.05
1.07
2.99
0.38
27.01
4.56
1.58
1.15
0.91
3.33
2,83
1.09
0.76
0.71
1.75
0.61
6.68
4.46
*0.37
2.02
0.53
2.02
3.91
1.43
0.43
0.32
0.59
1.11
1.57
1.28
0.80
2.50

1409.98

1421.39

1431.79

1438.30

1465.05
1469.23
1496.35
1506.94
1510.37
1536.68
1552.12
1502.78
1582.06
1589.48
1634.34
1646.31
1667.32
1672.09
1679.80
1709.13
1716.02
1719.64
1739.52
1743.55
1748.82
1771.00
1787.89
1800.30
1802.55
1816.90
1842.01
1847.58

1.55
0.63
0.26
1.82
2.13
1.71
1.74
10.52
1.12
24,20
6.40
0.44
0.45
1,02
1.56
0.64
0.32
0.51
26.26
0.28
1.37
11.94
0.76
0.88
5.92
1.50
0.40
3.35
3.82
1.65
2.25
36.22
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Table 12. (continued)

1856.70 0.85 ‘ 2181.67 0.49
1888.21 8.15 2225.02 0.41
1893. 28 27.15 2331.52 1.08
1908. 32 1.14 2362.31 0.17
1923.04 0.38 2372.67 0.15
1928.50 4.05 2526.69 0.16
1968. 00 0.56 2568. 69 0.16
1983.26 2.79 2584.06 0.20
1991.21 0.31 2667.73 0.48
2000.94 2.76 2713.33 0.38
2011.51 5.50 2753.61 0.14
2078.00 0.18 2792.85 0.03
2084.77 0.39 2944.18 0.10
2113.04 0.39 3133. 664 20.02
2117.98 0.52 3153.614 20.01
2144.22 0.71

aEnergy calculated from the difference in the 820.2- and 825,2-keV
states in the Pb203 jeyel scheme (Figure 31).

bIntensity of the 5.0-kev transition calculated from the y-ray
intensity of the 825.2-kev transition as proposed in [Do68].

“The 59.97-keV transition lies under a portion of the Pb X-rays,
making an accurate determination of its intensity difficult,

The listed intensity was calculated from the X conversion coeffi-
cient [S165] and the published K-electron intensity [St60].
These transitions are somewhat questionable, They were found in
only one of the B1203 8pectra and no overt cause (i.e. misplaced
standards or background) could be determined for their presence.
As a result, they are only tentatively included.
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calibration peaks, +0.2 keV; the remaining peaks in the 0-1000-keV
region, *0,30 keV; in the 1000-3000-keV region, +0.5 keV,

The relative intensities are also the averages from these
individual runs, the uncertainities, of course, being larger than in
the energy determination. The large Bi203 peaks (>3% of the 820, 2-
keV v ray) have statistical uncertainities ranging from +5-15%; the
remaining peaks have intensity uncertainities up to *25%. The rel-
ative photopeak efficiency curves (at various distances) for the 2.5%
and 3.6% Ge(Li) detectors were calculated from measurements of stand-
ard y-ray intensity calibration sources, The results were, for con-
venience primarily, incorporated into the MOIRAE E(I) program, allow-

ing one to by-pass the relative peak area step completely.

3.2.3.B. Anti-coincidence Spectra

What was previously said (section 3.1.3.B.) about the
characteristics and validity of anti-coincidence data certainly still
holds true. To summarize those comments: enhanced peaks in an "anti"
may be non-cascade ground-state transitions Oor non-cascade transitions
feeding a long-lived isomeric state, while little can be said about
those peaks which are not enhanced.

An anti-coincidence spectrum (Figure 18 shows a block diagram
for the experimental set up) was collected on a B1203 source in attempt
to reveal those direct non-cascade ground-state transitions or Y's
feeding the 825.2-keV isomeric state. Figure 29 illustrates the B1203
anti-coincidence spectrum taken using the 2.5% Ge(Li) detector, the

split NaI(T1) annulus, and an auxiliary 3"x3" NaI(T1) detector. The
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3"x3" NaI(T1) detector was inserted into the end of the annulus op-
posite the 2.5% Ge(Li) detector in order to obtain nearly 4m geometry.
Rather unfortunately,only a few peaks appear to be even moderatély en-
hanced. Table 13 lists a few of the Bi203 v's with their relative in-
tensities in the singles and "anti". These data;in conjunction with

the prompt-coincidence data, will be indispensible in construction of

the Bi203 decay scheme.

3.2.3.C. Double Escape Coincidence Spectra

No double escape coincidence experiment was performed during
the B1203 investigation. The reasoning for this was two-fold; first,
the very efficient 3.6% Ge(Li) detector (which was used to obtain the
B1203 singles spectra) depresses DE peaks in singles spectra of even
the most intense peaks in the high energy region to a point where
they are indiscernable; and second, inasmuch as the major DE peaks of
B120% are well-known, a DE calibration curve for the detector is easily
constructed, any Bi293 DE peaks then being interpolated from such a
calibration curve. As a result all Bi203 pg peaks were simply identi-
fied and removed from consideration as full-energy peaks.

A rather worthwhile experiment, though not indispensable,
would be a precise 511-511-y coincidence experiment to determine the
very small B+ feedings (about 0.014 positrons for each 825.2-keV y
[Kr54]}.) This experiment has not yet been performed on B1203  as it
does not substantially affect the present results, but it should be done

before the decay of Bi?03 can be classified as "complete" (if indeed

any decay as complex as Bi203 will ever be "complete").
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Table 13. Results of the B{203 anti-coincidence experiment.

Y-ray a Singles Anti-coincidence
energy (keV) intensity intensityb
126.4 25.6 10.8
186.4 37.2 4,08
263.8 37.7 9.80
569.4 8.83 2.21
722.4 31.0 20.2
746.2 7.85 3.55
820.2 183.0 - 139.2
825.2 £100.0 £100.0
847.0 42.3 32.7
933.4 8.84 7.25
1000.2 5.50 4.36
1033.7 49.5 34.9
1069.3 8.36 52.8
1120.2 5.19 4.35
1198.4 12.2 11.0
1407.9 4,58 3.61
1506.9 19.3 17.4
1536.7 44,4 36.2
1552.1 12,7 9.69
1679.8 48,2 40.4
1719.6 21.9 18.0
1748.8 10.8 7.0
1800.3 6.14 4,42
1802.6 7.00 4,62
1847.6 66.5 54.5
1888.2 14.9 10.0
1893.3 49.8 47.5
1928.5 7.43 7.14

1983.3 5.12 4.83
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Table 13. (continued)

2000.9 ‘ 5.12 3.19
2011.5 10.0 9.05
2753.6 0.25 3.67

a Y-ray energies from present study.

Singles and anti-coincidence normalized for the 825.2-keV Y.

MICHIGAN STATE UNIVERSITY,
LIBRARY
CYCLOTRON LABORATORY,
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3.2,3.D. Prompt-coincidence Spectra

The prompt-coincidence spectra for Bi203 yere collected
utilizing the Multiparameter Ge(Li)-Ge(Li) Spectrometer described in
section 2.2.2.B. Some 8 million coincidence events were recorded on
magnetic tape during a 76-h run. The X and Y integral spectra from
each tape were analyzed and some 3.5 million events discarded because
of gain shifts on one or the other axes. The resolution, when all
events were recovered, was about 3.0 keV FWHM (at 1.33 MeV) on each
axis. Figure 30 shows the X and Y integral coincidence spectra.
During data recovery, gates are set on each peak or region (with or
without background subtraction) on one integral spectra, say X, and
displayed from the opposite side, Y (section 2.2.2.B.) Periodically,
gates are set on a peak on the opposite side (¥) and the other sidé
displayed (X) in order to verify the validity of the coincidence data
storage system.

Once again, with few exceptions, no intensities were cal-
culated for each Bi203 peak appearing in a Bi203 coincidence spectra.
As in B1204 only a masochist or a madman would attempt to analyze
all the Bj203 peaks appearing in these coincidence spectra. The prin-
ciple difficulty in the Bi293 coincidence spectra was the poor statis-
tics in the middle energy region (1000-2500 keV). In addition, the
ever-occurring problem of very small peaks, many of which could not be
distinquished in the integral coincidence spectra, nearly caused me to
throw up my hands in disgust and decide to honeymoon (I was married
during the writing of this thesis) till the 1980's (presumably nuclear

spectroscopy technology will continue to advance). Unable to do s0,
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I was faced with a mass of "useless" coincidence data on small peaks.
In most cases, they neither confirm nor deny and hence are as nearly
"useless" as is possible.

Actually, I should not leave the reader with a false con-
ception in this section. Most of the B{203 (and Bi20%) coincidence
data are excellent, only the extremely weak Y rays yield little in
the way of coincidence data. 1In light ;f the "state of the art"
several years ago, these data can be classifie@ as nothing short of
fantastic.

The advantages (and disadvantages) of backgrouﬁd subtraction
were discussed in section 3.1.3.D. The B1203 spectra listed in the
following pages are amply marked, and mosf have had the backgrounnd
subtracted, though in some cases it was advantageous not to do so in-
asmuch as the regions adjacent to the peak of interest were filled

with many peaks or multiplets of peaks.

3.2.3.E. Delayed-coincidence Experiments

In addition to the 6.1-s, 825,2-keV szoam, only one state
has been previously reported to have a measureable half-1life, a 75-ns
126.3-keV Pb203 state [Be6l]. Once again, the 6.1-s 825.2-keV state
has a lifetime just too long to be effectively studied by a delayed-
coincidence spectrum. The best handle to a transition feeding the
825.2~keV state should be the anti-coincidence, but the "anti" ex-
periment failed to reveal any conclusive results about such a feeding.
More will be gaid of this in section 3.2.4., which deals with the act-

ual construction of the Bi203 decay scheme,
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Conversely, the 75-ns 126.3-keV state is short enough
to be studied effectively by a delayed-coincidence experiment.
Fortunately (or unfortunately as one may see it) the resolving
time on the prompt-coincidence experiment was usually <100 ns.
This means that >50% of the events in the 126.3-keV peak are
real (the remaining being chance events), which is sufficient

to get an excellent "delayed"-coincidence spectrum from the

prompt~coincidence data.

For these reasons, plus time and expense consider-

ations, no separate delayed-coincidence spectrum was taken.

3.2.4. Construction of the Pb2093 Level Scheme

Figure 31 shows schematically the ¢ decay of Bi203
to levels in Pb293 as evaluated from my data. These 25 excited
states and 51 y rays were placed using primarily singles and
coincidence data (taken under the EVENT RECORDER program),
aided, of course, by intensity balances and energy sums. Much
of what was said in section 3.1.4. about the logic and
sequential construction of decay schemes holds equally true
here and will not he repeated. Unlike B1?0%, though, Bi203 ig
a much more 'typical" decay scheme. The ground state of Bi203
is 9/2-, while Pb293 has a 5/2- ground state, thus allowing
for little possibility of direct feeding to the ground state
as it would have to be a second-forbidden transition. The Bi203
scheme also has sevéral transitions (not just one as in Bi204)
going to the ground state Pb203, The major advantage of the
Bi203 decay (over the Bi20% decay), though, lies in its much

more intense transitions, even in the high energy regions,
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A rather amusing, though not initially catastrophic, character-
1stic does present itself however. Because the B1403 y rays

in the singles are "obscured" by the B140“ "background" the
energies and intensities of the Yy rays of the Bi%03 are some-
what less precise than they were for Bizoq, but, oddly enough,
the decay scheme was easier to construct and the levels and
transitions much more surely placed than those in the Bi%0"
scheme. Without further verbage I would now like to tackle

the "logic" behind the construction of the Bi203 decay scheme
presented in Figure 31.

3.2.4.A. 825.2-keV Level

The 825.2-keV 6.1-s isomeric state was not actually
"placed" by the present investigation, but nevertheless has
been well established by many previous investigations on Pb203m
(section 1.2.6.B.). Additional evidence supporting this place-
ment was found in the Bi?03 anti-coincidence spectrum, in
which the 825.2-keV y is enhanced, and in the integral prompt-
coincidence spectra, in which the 825.2-keV y is depressed.
Inasmuch as this level has been well characterized (and there
is no overt reason for suspecting its placement), I also "place"
a level at 825.2 keV, which corresponds to the 825.2-~keV
Pb203m gtate.

3.2.4.B, 126.4~ and 186.4-keV Levels

These states were previously placed by Novakov et al.
in their tentative decay scheme [No58] (Figure 27) which was

constructed from data obtained by conversion-electron spectro-
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metry and e-y and y-y coincidence techniques, Howe?er, this
work was performed before the advent of high-resolution Ge(Li)
spectroscopy, and, while NaI(Tl) detectors are highly efficient,
they do not provide the necessary high-resolution required for
such a complicated decay scheme as that of Bi?03, s good as
their data were, one must be rather wary of blindly accepting
the work as comprehensive. The 126~ and 186-keV coincidence
spectra (found in Figure 33 at the end of section 3.2.4.)
reveal strongly enhanced 633.8- and 847.0-keV v's. (Even
though the 126.4-keV state has a t% of 75 ns, the coincidence
apparatus had a 100-ns resolving time, so not all of the
coincidence data are killed completely.) The 633.8/847.0
intensity ratio in each spectrum is the same. Three possibil-
ities are thereby suggested:

1) the 126.4~ and 186.4-keV v's are populating

the same state,
2) the 126.4- and 186.4-keV y's are depopulating
the same state,
3) the 126.4- and 186.4-keV transitions are
adjoined by a 60-keV transition such that
the 186.4~keV vy is the cross-over transition.
When one considers that the 126 .4-keV vy 1is an E2
(cf. section 3.2.5.) and the 186.4-keV y is an M1, it becomes
evident that these transitions are among the most intense in
the singles spectrum. Additionally, the delayed y-y coincidence

data of Bergstrom et al. [Be6l] indicate that the L conversion
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electrons of the 60-keV transition are in delayed coincidence
with the L conversion-electrons of the 126.4-keV transition.

All these data seem to lead me to confidently postulate states

at 126.4 and 186.4 keV. In order to account precisely for the
coincidence data (i.e., the very strong enhancement of the
847.0-keV vy in both the 126- and 186-keV coincidence spectra),

I must assume that there is indeed a 60-keV transition connecting
these states. A 59,97-keV y was definitely found in the present
study, and, coupled with Bergstrém's coincidence data, there
seems to be little doubt about these placements.

3.2.4.C. 820.2-keV Level

The 820.2-keV y is the most intense y in the Bi203
y-ray spectrum. If this were not a ground-state transition,
then one would expect to see other transitions of comparable
intensity that would de-excite the level fed by the strong
820.2-keV transition. There are two y rays having relative
intensities >50%, but neither of these is revealed in the
820.2-keV coincidence spectrum. As a result, 1 am led to place
another level at 820.2 keV in the Pb203 level scheme. Further
evidence for such a placement comes from the Pb?03™ gtudies
of Doebler et al. [Do68] in which they showed that an unobserved
5-keV transition competes with the 825.2-keV y from the isomeric
state. (They really showed that an 820.2-keV Y was present
in the Pb203™ decay in addition to the 825.2-keV vy, but this,
in turn, implies the presence of the unobserved 5-keV transition.)

A consideration of the intensities of the 825.2- and 820.2-keV
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Y's in the Bi203 singles immediately suggests a state at 820.2-
keV (rather than at 5 keV). With such a wealth of data, the
assignment of a state at 820.2 keV seems quite unimpeachable.

During the present investigation I attempted a
cursory search aimed at confirming this unobserved 5-keV
transition. This search was undertaken with a Si(Li) x-ray
detector having a 150 K gold surface barrier contact. The
detector is coupled to an ORTEC model 117 preamplifier with
cooled FET first stage. The useful efficiency range is *5
to 100 keV. One spectrum obtained with this detector in a
singles mode is seen in Figure 32. .

Two problems worked against me finding the 5-keV
transition. First, the detector has somewhat poor efficiency for
y rays in the 5-10-keV range. Second, as an M2 the 5-keV
transition will be highly converted and consequently be
extremely difficult to detect with the Si(Li) detector. In
spite of all this,it appears that I may be observing the 5-keV
transition in the x-ray spectrum. A word of caution! The
5-keV "bump" in Figure 32 is significantly broader than the other
x-rays in the same region; consequently, this should not be
taken as "proof" of the 5-keV transition. In addition, because
care was not exercised in preparing the x-ray sample, absorption
by the sample and sample holder probably eliminated the relatively
abundant conversion electrons. The experiment is presently

being re-investigated.
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3.2.4.D. 866.4~ and 1802.4-keV Levels

These states are established by the mutual enhance-
ments of several y's in opposing coincidence spectra. That is,
the 866.5-keV vy is strongly enhanced in the 935-keV coincidence
spectrum and the 935.8-keV y is enhanced in the 866-keV
spectrum. The 866.5-keV y was placed as the lowest member of
the cascade on basis of its much greater intensity {(over 2-1/2
times that of the 935.8-keV y). I, therefore, place levels at
866.5 and 1802.4 keV. Final support for this placement was
revealed when a 739.9-keV y was found to be feeding the 126.4-
keV state (cf. 126-keV coincidence spectrum) .,

3.2.4,E. 896.9- and 1160.8-keV Levels

One of the most rewarding and notable characteristics
of B1?03 coincidence data is the appearance of reasonably strong
peaks in some of the coincidence spectra. Throughout the Bi120%4
decay I constantly fought a "peak vs. background" battle in

the coincidence spectra because of the many very weak y's
in Bi20%4, Fortunately, Bi%03 has many more intense v's,

thereby making many of the cascades revealed in the coincidence
spectra easier to Identify. Such is the case with the y's
between these states. The 897-keV gated spectrum shows strongly
enhanced peaks at 263.8, 1407.9, 1506.9, and 1552.1 keV (plus
Bi204 peaks in coincidence with the 899.2-keV Y). The 264-keV
coincidence spectrum reveals enhanced peaks at 896.9, 1407.9,
1506.9, and 1552.1 keV. The 1408-, 1507-, and 1552-keV spectra

in turn show only the 263.8~ and 896.9-keV yY's, and in the same

ratio as in the singles. The conclusion is quite evident -
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a8 state exists at 1160.8 keV (the sum of the 896.9- and 263.8-keV v's
in cascade). The question remaining, however was whether the 896.9-
keV v was feeding a 263.8-keV state or whether the 263.8-keV v was
feeding an 896.9-keV state. A state was placed at 896.2 keV on the
basis of the large intensity of the 896.9-keV transition. It is 50%
greater than the intensity of the 263.8-keV transition, even con~
sidering the Ml character of the 263.8-keV Y. As a result, I place
states at 896.9 and 1160.8 keV with a high degree of certainty.

Sometime after placement of these and other states, I
found yet other data confirming such assignments. In the 897-keV
spectrum one finds small enhancements of the 1771.0-, 1816.9-, and
1856.7-keV v's. These transitions depopulate other well-known levels
(placed in later sections) and feed the 896.9-keV state. Having three
such transitions virtually eliminates all doubt concerning placements
of these levels.

3.2.4.F. 1033.6-keV Level

The level placed at 1033.6 keV is one of the least ambiguous
of the Pb293 level scheme. In the 186-keV coincidence spectrum the
largest enhancement is of the 847.0-keV transition, suggesting that
the 847.0-keV y feeds the 186.4-keV state (and depopulates the 1033.6-
keV level). 1In the 847- and 1034-keV coincidence spectra I also find
a number of peaks definitely enhanced- e.g., the 1000,2-, 1679.8-,
1719.6-, 1983.3-, and 2011.5-keV Y's. Conversely, in the 1000-,

1680-, 1720-, 1983-, and 2011-keV coincidence spectra I see only
the 847.0- and 1033.7-keV transitions enhanced (in the proper

intensity ratio also). Such coincidence data clearly indicate a level
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at 1033.6 keV. As one may note by looking at Figure 33, the coin-
cidence data on these peaks are excellent, far superior to almost
anything found in the Bi%0% gection. With such an overwhelming array
of evidence, a level at 1033.6 keV appears to be absolutely certain.

3.2.4.G. 1547.6- and 1641.6-keV Levels

These levels have a common character in that they both
feed the 825.2-keV isomeric state. This makés the assignments dif-
ficult and tentative. The placements are based, at least partiallv,
upon the assumption that such a level will be "locked" in to several
of the well-known higher-lying levels.

The 722-keV coincidence spectrum reveals an enhanced Y
at 1120.2 keV, and, perhaps, one at 1245.9 keV (although this last vy
is questionable). The 1120- and 1246-keV coincidence spectra reveal
a single strongly enhanced Bi203 Yy at 722.4-keV. Finally, the 722.4-
keV y appears to be very slightly enhanced in the anti-coincidence
spectrum (which suggests that it may be feeding either the ground or
isomeric state). This leads me to place a state at 1547.6 keV, such
that the 1120.2- and 1245.9-keV y's "lock" in (with precise energy
sums) with the 2667.8- and 2793.7-keV states (to be discussed later).

The 816-keV coincidence spectrum reveals enhanced y's at

392.1, 406.1, 542.9, 746.2, and 1111.7 keV. Conversely, the 543-,

392-, 746~, and 1112-keV coincidence spectra reveal the 816.4-keV peak en-

hanced. Consider the 816.4-keV v feeding the isomeric state. If the

542.9~, 392,1-, and 1111.7-keV v's each feed the resulting 1641.6-keV

state, then each transition also "locks" in with a well-known level (cf.

Figure 31). Additional coincidence evidence on the 392.1-keV tran-
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sition (section 3.2.4.P.) suggests that this transition is correctly
placed. A level at 1641.6 keV seems quite certain in light of this

data.

3.2.4.H. 2033.8-keV Level

The initial placement of this level rested entirely upon
the enhancement of the 1000.2-keV Y in the 847- and 1034~keV coin-
cidence spectra and the reciprocal relationship (i.e., the 1000-keV
spectrum revealed enhanced y's of 847.0 and 1033.7 keV). No other
peaks of comparable intensity were enhanced in the 1000-keV spectrum.
Later in section 3.2.4., a 392.1-keV transition depopulating this
state has been discussed (section 3.2.4.G.) and a transition feeding
the state (from a well-known level) will soon be confidently placed
from coincidence data, thus firmly establishing the 2033.8-keV state.

3.2.4.1. 2184.,0-keV Level

In the 1802- and 935-keV coincidence spectra the 381.3-
and 569.4-keV y's are moderately enhanced. In the 381-keV spectrum,
not only are the 1802.6- and 935.8-keV vy's enhanced, but also a
768.9-keV transition. The 768.9-keV transition was also enhanced
in the 847- and 1034-keV spectra, which seems to suggest that the
768.9-keV y populates the 1033.6-keV level and depopulates the 1802, 4~
keV state. The 569-keV spectrum does not reveal the 768.9-keV tran-
sition. These coincidence relationships appear to suggest that the
381.3-keV vy feeds the 1802.4-keV state, which, in turn, places a level
at 2184.0 keV. The 569.4-keV y must then feed the 2184.0-keV level

(suggesting a level around 2753 keV).
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3.2.4.J. 2387.8-keV Level

The level at 2387.8 keV is certainly not one of the better
characterized levels, but no one ever saild nature was completely
cooperative. The placement was based upon the strongly enhancad
746.7-keV y in the 816-keV coincidence gpectrum and upon the inverse
relationship as well. No other Y-ray spectrum of a y in coincidence
with the 816.4-keV y revealed an enhanced 746.2—keV transition, the
implication being that the 746.2-keV transition directly feeds the
1641.6-keV state. Such a feeding, in turn, implies a level at 2387.8
keV. The placement rests upon the assumption that the 1641.6-keV state
is correct, but such an assumption is somewhat flimsy, as the 816.4-
keV y feeding the 825.2-keV isomeric state has not been confirmed
with absolute certitude. If the 1641.6-keV state is in reality a
good level, then the 2387.8-keV state can be quite confidently
placed.

3.2.4.K. 2568.9-keV Level

Both the 264~ and 897-keV coincidence spectra (Figure 33)
have an enhanced transition at 1407.9 keV. The 1408-keV gated coin-
cidence spectrum has only two enhanced y's, at 263.8 and 896.9 keV,
in the same intensity ratio as in the Bi?03 singles. This purports
a state at 2568.9 keV, based upon the 1407.9-keV vy feeding the 1160, 8-
keV state. A second, more intense transition confirms such a place-
ment. The 820- and 1749-keV coincidence spectra also show reciprocally
enhanced v's (i.e., the 820.2-keV transition is enhanced in the 1749~
keV gpectrum and the 1748.8-keV vy is strongly enhanced in the 816-

820-keV coincidence spectrum). No other y is seen in the 1749-keV
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spectrum, by virtue of which one can conclude that this is a direct

feeding with no intermediate v's. The 1748;8—keV transition to the

820.2-keV state also impels me to accept a state at 2568.9 keV. While
no other y's have been firmly placed with regard to this level, the |
excellent coincidence data leaves no room for doubt about its exist-
ence. If all the levels were placed with. such clarity, decay scheme |
preparation time and effort would be reduced significantly. !

3.2.4.L. 2620.5-keV Level

Similar to the 2387.8-keV level, the 2620.5-keV state is
based upon a single transition - a 1800.3~keV y to the 820.2-keV
state. This is quite clearly seen by noting the 1800-keV coincidence
spectrum, in which the 820.0-keV Y is definitely enhanced. To be

certain, one must also compare the 1802.2-keV spectrum, as the 1800, 3-

and 1802.6-keV y's form a doublet in the singles spectrum. The 1802-
keV spectrum, however, reveals, in addition to the 820.2-keV Y, Y's

of 381.3 and 569.4 keV. The 820.2-keV enhanced transition is almost
certainly a result of overlap of the 1802.6-keV y (in the gating pro-
cedures) with the 1800.3~keV Y. Based upon the already discussed
placement of the 1802.6-keV transition and this coincidence data, I
quite confidently suggest a state at 2620.5 keV. This is just another
example of how superbly useful the multiparameter coincidence system
is. 1In conventional coincidence spectroscopy one would never have been
able to separate the 1802 and 1800-keV coincidence spectra clearly,
yet here is an outstanding case where this has been successfully done

with relative ease.
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3.2.4. M. 2667.8-keV Level

In such a complicated decay scheme as Bi203 (in which most 1
of the transitions are quite weak), to find a level which is depopula-
ted by 6 transitions to well-known lower-lying states and to find
coincidence data to support such assignments is, without a question,
quite convincing. So begins the fate of the 2667.8~keV level. The
The 820~ and 264-keV spectra reveal enhanced y's of 1847.6 and 1506.9

keV, respectively. Conversely, the 1507- and 1848-keV spectra re-

veal the 263.8- and 820.2-keV y's, respectively. Intermediate states
ruled out, these simultaneously suggest a state at 2667.8 keV. These
in themselves would be sufficient to place the state definitely, but,
to add wood to the fire, additional transitions go even further in
clarifying the level. Weak Y's of 1771.0 and 1634.3 keV are seen in
the 879- and 1033-keV coincidence spectra, respectively., The inverse
relationships also are found to hold true (cf. Figure 33). 1If there
is a level at 1547.6 keV as I have postulated, then the 1120.2-keV y
in coincidence with the 722.4-keV transition also depopulates this
state. I would rather use this as evidence of the existence of the
1547.6-keV state though, as the 1547.6-keV state is less certain than
the 2667.8-keV level.

The last of the 6 depopulating transitions to be placed
was the 2667.7—keV Y. The 2667.7-keV was not seen in theAintegral
coincidence spectra, nor was it enhanced in any of the spectra of
peaks gated upon in the integral spectra. This led me to suggest
that it is a ground-state transition. The only other states that it

could feed (without exceeding the decay energy of Bi203) are the
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126.4~ and 186.4-keV states, but it was not seen in either the 126~

or 186-keV coincidence spectra. As a result; I propose that the
‘2667.7—keV Y does depopulate the 2667.8-keV state. (A sum peak was

ruled out on the basis of intensity vs. source-to-detector measurements, )
With such an avalanche of data, I believe that I can be quite auda-

cious and say that there ig absolutely a state at 2667.8 keV in Pb203,

3.2.4.N. 2713.4~keV Level

The 2713.4-keV state happily falls into the same situation
as the previous state, that is, it has 5 depopulating y transitions,
three of which have large relative intensities. The state was first
revealed by enhanced y's of 1552.1 keV (in the 264~ and 897-keV spectra),
1679.8 keV (in the 847- and 1034-keV spectra), and 1893.3 kev (in
the 820-keV spectrum). In the 1552-keV spectrum the 263.8- and 896.9-
keV y's are enhanced, as are the 847.0- and 1033.7-keV v's in the
1680-keV spectrum. Also, in the 1893-keV spectrum the 820.2-keV y is
definitely enhanced. Each of the y's, placed so as to feed the appro-
priate lower-lying energy state, suggests a level at 2713 keV. Addi-
tional support came from an 1816.9-keV transition which was found to
be weakly enhanced in the 897-keV coincidence spectrum (and the 896.9-
keV y was enhanced in the 1817-keVv spectrum). The last transition, a
2713.3~keV vy, was placed as a ground-state transition on the basis of
essentially the same argument as that for the 2667.7-keV Y. That is,
it is not seen in the 126- or 186~keV coincidence spectra and cannot
populate any higher states (inasmuch as it would exceed the decay en-
ergy for Bi203) guych a wealth of coincidence data can hardly fail to

convince one of a level at 2713.4 kev.
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3.2.4.0. 2748.7-keV Level

Only one y transition depopulating (and none populating)
this state has been placed with any degree of confidence. In the
820-keV coincidence spectrum one can find the 1928.5-keV Y quite
clearly enhanced, and in the 1928-keV spectrum, the 820.2-keV Yy is
likewise enhanced. If the coincidence relationships were not so ex—
plicit, I might be tempted not to place this transition. Such not
being the case, I propose a level in Pb203 at 2748.7 kev solely upon
the excellent coincidence data.

3.2.4.P. 2753.4-keV Level

The state at 2753.4 keV was first suggested by the 820-keV
coincidence spectrdm in which the 1719.6-keV y is strongly enhanced,
and conversely, by the 1720-keV spectrum in which the 820.2-keV y is
the only enhanced transition. Confirmation was amply available - the
381- and 1802-keV coincidence spectra reveal a strong 596-keV y; the
897-keV spectrum reveals a weakly enhanced transition of 1856.7 keV;
and the 1857-keV spectra also reveal a relatively intense 896.9-keV
Y. Further proof comes from the 392-, 1000-, and 719-keV coincidence
spectra, in which all the evidence leads one to believe that the 718.8~
keV y feeds the 2033.8-keV state (cf. Figure 33). This also suggests
the state at 2753.4 and at the same time seems to lend even further
evidence for the state at 1641.6 keV (which in turn feeds the 825, 2-
keV isomeric state). Even more proof for these two states (at 2753.4
and 1641.6 keV) 1is elucidated by the 816-keV coincidence spectrum.
There is a strong 1111.7-keV transition which (when coupled with the

1111-keV spectrum's data) suggests a 1111.7 keV y as populating the
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1641.6-keV state (thus placing the depopulated state at 2753;3 kev).
As 1if all these transitions were not sufficient, the anti-coincidence
experiment showed an enhanced 2753, 6~keV y; The only logical expla-
nation is that the 2753.6-keV Y directly populates the ground state.
If one is still unconvinced then surely no further evidence will
succeed in changing his opinion; therefore without further ado I make
that classic announcement - a pp203 excited state exists at 2753.4
keV.

3.2.4.Q.  2793.7-keV Level

The 816~ and 746-keV gated coincidence spectra reveal an
enhanced transition of 406.1 keV. The 1246-keV spectrum shows that
the 722.4-keV v is in coincidence with a 1245.9-keV y. These rela-
tionships are certainly not among the most clearly defined during
the B1203 study - yet, they seem more than sufficient to alleow me to
postulate a state at 2793.7 keV.

3.2.4.R. 2821.1-, 2964.4-, and 3016.9-keV Levels

The states at 2821.1, 2964.4, and 3016.9 keV are placed on
the basis of rather meager evidence. 1In each case only one associated
transition has been clearly revealed, but these transitions are well
defined by ample coincidence data and can be quite confidently assigned.

" A state at 2821.1 keV is suggested by the 820-keV coin-
cidence gpectrum in which the 2000.9-keV vy is undoubtedly enhanced.
This, alone, is not necessarily conclusive, However, the 2001-keV
spectrum reveals only the 820, 2-keV Y in definite coincidence. The
state at 3016.9 keV is similarly suggested by the 847- and 1034-keV

coincidence spectra in which the 1983.3-keV vy is significantly en-
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hanced. Checking the reverse relationships, I find the 847.0- and
1033.7-keV transitions also enhanced in the 1983-keV spectra (no other
clearly enhanced v's are observed). These excellent data surely
Suggest a state at 3016.9 keV. The last of these states, at 2964.4
keV, is also placed as a result of the enhancement of a single y, at
2144.2 keV. 1In the 2144-keV coincidence spectra (Figure 33) the
820.2-keV peak is only moderately enhanced, but, inasmuch as the
reciprocal relationship is also well defined in Figure 33, I suggest
that there is a high probability of a state at 2964.4 keV,

3.2.4.8. 3045.2-kev Level

The final level placed during the present Y-ray studies of
Bi’03 ig one at 3045.2 keV. This was done on the basis of a 2225.0-
keV y being ip coincidence with the 820.2-keV transition, on the
basis of a 2011.5-keV transition being in direct coincidence with the
820.2-keV transition, and on the basis of a 2011.5-keV transition
being in coincidence with the 847.0- and 1033.7-keV y's (i.e., the
2011.5-keV y populates the 1033.6-keV state previously assigned).
These coincidence relationships are easily confirmed by noting the
847-, 1034-, 2225-, and 2011-keV coincidence spectra in Figure 33.

3.2.4.T. Comments

Once again a few closing words appear to be in order.
The construction of the Bi203 decay scheme shown in Figure 31 was
tedious, though not nearly so difficult as that of the Bi20% decay
scheme, While the majority of the B3203 peaks are of low intensity
(<4% of the 820.2-keV peak), a number are of sufficient intensity

to make the coincidence data completely unambiguous. The decay scheme
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for Bi203 yhich I have presented in Figure 31 is the most consistent
of which I was able to construct. Note the changes that have been
made In the previously suggested decay scheme (Figure 27). The 263.8-
and 1847.6-keV vy's have been assigned new placeﬁentsAon the basis of
excellent coincidence data. The state at 1083.3 keV is consequently
removed. Also, many more transitions (39) and levels (17) have been
placed with good confidence.

The 51 y's placed in the present study represent >80% of
the photon intensity., These 51 v's were placed primarily upon coin-
cidence data, energy sums being somewhat risky. During the course
of this study many other transitions and levels were suggested by
the coincideﬁce data and energy sums, but sufficient evidence was
lacking to place these with a high degree of confidence. Figure 34
shows a level scheme of Pb203 showing additional transitions from the
Bi203 decay which could be placed on the basis of precise energy sums
alone. The dashed lines indicate new states suggested by admittedly
poor coincidence data plus energy sums while the semicircles indicate

that some coincidence data supports such a placement for that transition.

3.2.5. Electron Data and Multipolarities

The y-ray intensities from the present measurements were
compared with the conversion-electron intensity data of Novakov et al.
[No581, Fritsch [Fr56], and Stockendal [St60] in order to learn some-
thing about the multipolarities of some of the transitions seen in
the Bj203 ¢ decay. The two sets of data (the present Y-ray intensi~-
ties and the previously published electron data) were normalized for

the pure M4 825.2-keV transition of Pb 203M The conversion coef-
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The level scheme of Pp203 showing additional
transitions from the B12°3decay which could
be placed on the basis of precise energy sums
and differences alone. The tolerance allowed
was *0.25 keV for y's having energies <1500
keV and #0.30 keV for y's having energies
>1500 keV. A semicircle at the origin of a
transition indicates some coincidence data
support for such a placement.
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ficient used for this normalization was 0.217 [S165]. The results
of these calculations (including selected theoretical conversion
coefficients [S165])and the predicted multipolarities are listed

in Table 14. The theoretical conversion coefficients were also

used to construct smooth curves of M1, M2, M3, M4, E1, E2, and F3
multipolarities over a 100-2000-kev range, upon which I have super-
imposed the experimental points (Figure 34). The error bars were
calculated using the published errors for the electron data (Novakov
et al. [No58], *15%, and Stockendal et al. [St60], *15%) and the
errors listed in section 3.2.3.A. for the Y-ray data. Such a graph-
ical presentation of the complicated Bi?93 (and B120%) multipolar-
ity data is by far a much more efficient and more easily assimilated
method of presentation than that of the table. While many more of
the B1203 intense transitions are listed in Table 14 than in the
corresponding Bi20% tapie (Table 10), it still is unfortunate

that more electron data 1is unavailable, as this would make precise
characterization of the spin and parities for the Pp203 scheme

much more accessible. Several of the transitions listed in Table

14 (cf. Figure 35) have previously been assigned multipolarities

on the basis of conversion-electron ratios and absolute conversion-
coefficient measurementg. These assignments and their relation to
the assignments in thig table are discussed below.

The 825, 2-keV transition is the transition associated

with the 6.1-s il PH203™ state. The X conversion coefficient

3/2

of the 825.2-keV transition has been measured by Stockendal et
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al. [St60] by the method of external conversion to be 0.24%0.05.
This should be compared with the theoretical value of 0.217 given
by Sliv and Band [S165] for an M4 transition of this energy. This
was the transition (and multipolarity) that was used to normalize
to the electron and Y-ray data,

The 126.4-keV y has been assigned an E2 by Novakov et
al. [No58] on the basis of the measured (L1 + Lz)/L3 ratio. The
I~subshell ratios given in [St60] also verify such an assignment.
Finally, the 126.2-keV state has a t% of 75 ns [Be6l] which is in
good agreement with the single-particle transition half-life [Le67)
for an K2 of thig energy. The present data also confirm such an
assignment.,

Little need be said about the 186.4-keV transition.
Both Novakov et al. [No58] and Stockendal [St60] reported an M1
multipolarity for the 186.4~keV transition based upon independent
studies of conversion-electron ratios. However, Table 14 indi-

cates an assignment of M1 or E3 on the basis of an a, of 0,82

K
(from [No58] electron data) or 0.39 (from [St60] electron data).
The theoretical values are 0.51 and 1.2 for an %3 and M1, res-
pectively [S165]. Novakov's electron data appear to predict the
M1 while Stockendal's data seem to suggest an £3 assignment. If
the previous investigations [No58,5t60] are correct in the M1
assignment, then it appears as if Novakov's electron data is more

precise.

The 263.8-keV transition has previously been assigned M1
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[No58] and M1 or M2 [Fr58] multipolarities. A third investigation
[St60] calculated the Op as 0.53%0.10 or 0.67¢0.10 depending upon
whether the interfering 169.8-kev pp20%4 J, line is of M1 or E1 char-
acter. The Pp204 169.8-keV transition was shown to be M1 by the
present study, thereby eliminating the 0.67:0.10 value. The remain-
ing 0.53%0,10 value agrees very well with the theoretical value of
0.46 for an M1 of that energy. All these data corroborate an M1
assignment for the 263.8~keV transition.

The 381.3-keV transition had no electron data available,
but the K-experimental conversion coefficient unambiguously suggests
a multipolarity of K2 for this transition [St60].

The 820.2- and 847.0-keV transitions have been previously
assigned F2 multipolarities on the basis of the measured X conversion
coefficient and internal conversion ratios [St60]. The 820.2-kev
transition assignment is clearly substantiated by the present study
(cf. Table 14). 1In the 847.0-kev transition, however, a disparity be-
tween the [No58] and [St60] electron data results. The [No58] data
suggest an /2 assignment, while the [St60] data appears to imply &3,
Considering the previous results plus the present investigation, the
£2 assignment appears much more reasonable. Once again the Novakov
et al. data seem to be slightly better than the equivalent electron
data of Stockendal [St60].

Finally, the 1033.8-keV transition X/L conversion ratio
was remeasured by Stockendal [St60] and found to be consistent with
the M1 assignment previously suggested by Novakov et al. [No58]. The

present data also substantiate such an assignment (cf. Table 14).
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3.2.6. Spin and Parity Assignments for pp203

As in section 3.1.6., I have used the experimental pho-
ton intensities for Bi203  the calculated (or experimental) conver-~
sion coefficients of some B{203 Yy rays, the Bi203 decay energy, and
the Bi203 t{ to calculate the percent feedings and log ft's to each
of the states in Pb?73, por those vy rays without reported multi-
polarities, I assumed each was an M1 multipole (for the purpose of
calculating log Jt's only). Using the modified DECAY SCHEME program,
the feedings and log ft's to each state were calculated; these are
found in the left-hand column of Table 15. The validity of such a
list is seriously questioned by the well-defined spins of
the 126.4- and 186.4-keV levels; The 1/2- and 3/2- assignments
would suggest highly-forbidden 8 transitions with their resulting
large log ft's.

A much more readily believed set of percent feedings and
log ft's would result 1f the feedings to the 126.4- and 186. 4~kev
states were arbitrarily set to zero. This, not being unreasonable,
(cf. section 3.1.6.) was done and the new set of values are found in the
right-hand column of Table 15. This last set of values was used in
establishing the external quantum numbers (i.e., spin and parity) of
the levels in Pb203,

3.2.6.A, Ground, 820.2-, and 825.2-keV States

The ground state has been assigned 5/2- by several former
investigations [St60,N058,D068]. This is also consistent with an
odd nucleon (hole) in the f5/2 shell-model orbit.

The 13/2+ assignment of the 825.2-keV state follows
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Table 15. Percent feedings and log ft's for the
excited states in Pbp203,

Excited state Percent Log f%a Percent Log f%b
feeding? feeding’

126 1.87 8.68 0.0 large

186 2.28 8.58 0.0 large
820 6.13 7.94 6.39 7.92
825 14.8 7.56  15.4 7.54
866 1.50 8.53 1.57 8.51
896 3.63 8.14 3.79 8.12
1033 0.0 large 0.0 large
1160 3.88 8.00 4.05 7.98
1547 4.10 7.78 4,28 7.76
1641 1.00 8.34 1.05 8.32
1802 1.51 8.06 1.58 8.04
2033 0.38 8.49 0.40 8.47
2184 0.0 large 0.0 large
2387 0.88 7.78 0.91 7.76
2568 2.86 7.02 2.99 7.00
2620 1.14 7.33 1.19 7.31
2667 18.1 6.04 18.9 6.02
2713 21.0 5.88 21.9 5.86
2748 1.38 6.99 1.44 6.97
2753 8.13 6.20 8.48 6.18
2793 1.26 6.91 1.32 6.89
2821 0.94 6.96 0.98 6.94
2964 0.24 6.95 0.25 6.93
3016 0.95 5.97 10.99 5.95
3045 2.01 5.32 2.10 5.31

aCalculated values from relative beta intensities as determined from
transitions populating and depopulating each state in Figure 31.

bCorrected values after the relative beta intensities to the 126, 4~
and 186,4-keV states were arbitrarily set to zero.
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directly from the M4 character of the 825.2-keV y. This assignment

the electron and Y-ray data in section 3.2.5. The log ft of 7.5 ig
hardly large enough for a first-forbidden unique transition. Con-
sidering the difficulty of finding the y's populating the isomeric
state, this is not horribly surprising,

The 9/2- assignment of the 820, 2-key level was firmly fixed
by the study of pp2037 by Doebler et al. [Do68]. The E2 character of the
820, 2-kev transition quite clearly suggests 9/2~ through 1/2-
assignments., The discovery of a 5.0-keV transition in Pp203™”

[Do68] suggests that the 1/2- through 7/2- can be eliminated.

The 633.8-kev transition between the 820.2-keV and 186. 4-kev

levels (cf, Figure 31) must then be an M3, which, being highly
converted, makes it surprising that the previous conversion-electron
studies did not report such a transition.

3.2.6.B. 126.4- and 186.4-keV States

The 60.,0-, 126.4-, and 186.4-keV Y's have M1, E2, and M1
multipolarities, respectively. The £2 126.4~keV transition suggests 1/2-
to 7/2- for the 126.4~keV gtate. The M1 186.4-keV transition suggests
3/2- to 7/2- for the 186.4~keV state. The large log ft's for these states
probably rules out the 7/2- asgignment. The M1 60.0-keV transition from
the 5/2-, 3/2- 186.4-kev state would suggest 1/2- to 5/2- for the 126.4-
keV state,. Comparing the low-lying Pb203 excited states to those in Pp205
and to the shell-model level scheme in thig region (cf. Chapter vy, it

becomes apparent that the assignment for the 126.4~ and 186.4~keV states
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should be 1/2- and 3/2-, respectively. These are the same assignments
Proposed by Novakov et al. [No58]. 1In addition, if the assignment were
other than I have suggested, then one might expect to see more transitions
to these states from the high-spin high-lying states in Pb203,

3.2.6.C. 866.5-keV State

No multipolarity data on any transitions to or from the
866.5~keV state are known. The state, however, does populate both the
/2~ 126.4-keV level and the 5/2- ground state. Assuming the tran-
sitions to be predominantly M1, K1, or 2, this would appear to suggest
an assignment of 1/2+, 3/2:1, 5/2v, or 7/2+. The large log ft of 8.5
possibly suggests an allowed or first-forbidden transition and the
resulting 7/2%, 9/2', or 11/2+ assignment. However, the intensity
balance does not appear to be very good. This might mean that the
log ft should actually be larger than it appears to be. These data
lead me to possible aAssignments of 5/2' or 7/2¢+ . If the 866.5-keV
state were 7/2-, then the depopulating transitions would he M1 and M3
(for the 866.6~ and 739.9-key Y's, respectively); for 7/2+ they would
be /1 and /i3; and for 5/2+ they would have to be /1 and M2, respectivelv.
Branching ratios for these possibllitiecs do not correspond Lo what is
found expertmental ly.  The only reasonable asglgnment fs 5/2-,  This
would requtre multipolarities of Ml and K2 for the B66.6~ and 739.9-keV
transitlons, regpectively. The branching ratio 1s consistent if one
allows for collectlve enhancement of the #2. As a result, 1 assign the
state at 866.5-keV a spin and parity of 5/2-.

3.2.6.D. 1033.6-keV State

The state at 1033.6-keV has been previously assigned as



246

7/2- or 5/2- [No58]. Table 14 indicates that the 1033.7-kev Y is an
M1 transition, thereby suggesting states of 3/2-, 5/2-, or 7/2-.

The 847.0-kev Y is an E2 multipole and subsequently suggests an
assignment of 1/2- through 7/2-, The log ft is arbitrarily large

and suggests a highly forbidden transition. As only =80% of the Bi203
Y-ray intensity has been placed, the log ft value could easily be
Suspected, From the multipolarity data alone I suggest the

1033.6-keV state {ig 7/2-, with 5/2- still a possibility.

3.2.Q}E. 896.9- and 1160.8-keV States

Only the gtrong 896.9-keV transition was found to depop-
ulate the 896.9-keV state. Sadly, no multipolarity data are avail-
able for this transition, i.e., no electron data have been reported.
The 8.1 log ft suggests an allowed or first-forbidden transition.
These support an assignment of 7/2+, 9/2%, or 11/2%. 11/2% can al-
most certainly be ruled out if the 896.9-keV Y can be assumed to be
K2, M1, M2, or k). While I am tempted to reduce this to only the +
parity assignments, to do go 1s uncertain and even dishonest. Be-
cause no population of the 1/2- 126.4—- or 3/2~ 186.4-keV states is
found, T think that I can safely assign 7/2% or 9/2¢ to the 896.9-
keV state. If 9/2+ were a valid assignment, one might expect to see a
transition to the 13/2+ state (which one does not). However, allowing
for complex internal rearrangements, one cannot fully disregard such an
assignment.

The 1160.8-keV state assignments are based upon an Ml
263.8-keV y to the relatively poorly assigned 7/2+, 9/2+ 896.9-keV

state. This obviously allows 5/2+, 7/2%, 9/2%, and 11/2*. However,
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it 1is populated by strong transitiong from higher~lying states which
have - parity based upon their log ft's. While not an absolute test,
this appears to suggest that the 1160.8-keV state is of negative
parity although one cannot be absolutely certain. The log ft of 8.0
Suggests, then, an allowed or first-forbidden transition or 7/2%, 9/2%, or
11/2+, The fipajl assignment for these states is 7/2+ or 9/2+.
3.2.6.F. 1547.6- and l641.6—kg!_§p§535
These levels are included under 2 single heading because
their only depopulating transitions are to the 825.2-keV isomeric

state. The 1547.6-keV state has a single depopulating transition of

believe. Thesge assignments would suggest 7/2-, 9/2+, 11/2+, 13/2+,
15/24, 17/24, or 19/2-. The 1log [t of 7.8 would appear to suggest
an allowed or first—forbidden transition and values of 7/2%, 9/2+, or
11/2+, Coupling these choices one is left with 7/2-, 9/2+, or 11/2+.
Having decidedly more confidence in the Stockendal [St60] electron data
(on the basgis of previous results) than in Fritsch's electron data [Fr56],
I further reduce this assignment to 9/2+ or 11/2+. 7/2- can also be
tentatively eliminated 4s no transition to the ground state is seen,
If the 722.4-kev transition is a true A2 multipole and not just an
M1 with a large admixture of collectively enhanced £2, then the assign-
ment would be necessarily 9/2+. Uncertain of this’I leave the assign-
ment as 9/2+ (11/2+).

The 816.4-keV vy depopulating the 1641.6-keV state has no

assigned multipolarity. The log ft of 8.3 might suggest an assign~
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ment of 7/2%, 9/2+ or 11/2+, This state does not populate any of the well-
defined lower excited states, but this would simply suggest that It

is 211/2+, Owing to the undoubtly complex internal structure of

many of these high-lying states, this is not really a good test for

spin and parity assignments. Therefore, I shall leave well enough

alone and retain an assignment of 7/2+, 9/2%, or 11/2%+ for the 1641.6-

keV state,

3.2.6.G. 1802.4- and 2033.8-keV States

The 1802.4-keV state has three depopulating Y tran-
sitions, to the 7/2- (5/2-) 1033. 6~kevV state, to the 7/2- 866.5-
keV state, and to the 5/2- ground state. These would (weakly) sug-
gest an assignment of 1/2- to 9/2-. No multipolarity data exist
for any of thege transitioné. The 8.0 log ft is apparently allowed
or first-forbidden. This allows an assignment of 7/2%, 9/2%, or
11/2¢, The - parity states cannot be absolutely excluded so I sug-
gest the 1802.4-keV state ig (in order of preference) 7/2-, 9/2-
(7/2+, 9/2+).

The 2033.8-keV state has transitions to the 7/2- (5/2-)
1033.6-keV state and to the nebulous 1641.6-keV state. The log j't
of 8.5 appears to imply an allowed or first-forbidden 8 transition,
once again this suggests 7/2%, 9/2%  or 11/2t. The Y transitions
from this state tell me next to nothing, and any conjecture as to
the nature of their multipolarities is certainly to be extremely
tentative, Pessimistically, then, the assignment of the 2033.8~kev

state is left as 7/2+, 9/2%, or 11/2+.
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3.2.6.41. 2184,.0~ and 2387,8-kev States

The 381.3-kev Y, which depopulates the 2184 ,0-kev state,
has been calculated to be £2. This implies an assignment of 3/2+
through 1372, The arbitrarily large log ft reveals nothing. The
only remaining depOpulating transition ig the 542.9~kev Y to the
poorly defined 1641. 6~kev level. The 569.4-keV Y feeds the 2184.0-
keV state from the 7/2-, 9/2- 2753.4-keV state (cf. section 3.2.6.M.,).
These data do not appear to be very conclusive, so the 2184.0-keVv
State is left as 3/2: to 13/2+,

The 2387.8-keV state is assigned 7/2%, 9/24 or 11/2+
primarily on the basis of the log [L of 7.8 (allowed or first-
forbidden transitions). The single depopulating transition goes
to the 9/2+ (11/2+) 1547.6-keV state, but this does not tell a great
deal.

3.2.6.1. 2568,9-keV State

The log ft of 7.0 could suggest an allowed or first-
forbidden transition. This would mean a spin and parity of 7/2+, 9/2+,
or 11/2+. However, the two depopulating transitions are to positive
parity states, and this would lead me to suggest that the transitions
are M1, £1, E2, when coupled with the reasonably low log ft.

The 7/2%, 9/2¢, or 11/2¢ assignment is entirely consistent with such
transitions. Nothing more can be said with much confidence about

this state.

3.2.6.J. 2620.5- and 2748.7-keV States

The 1800.3-keV transition to the 9/2- 820.2-keV state is

the only v associated with the 2620.5-keV level. The log ft of 7.3
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SUggests an allowed B transition (or poss ibly flrst—forbldden). Un-
fortunately,this tells very little about the character of the 2620, 5-
keV state, The assignment must be left deliberately ambiguous, as
7/2%, 9/2+ or 11/2+,

The same arguments hold true of the 2748.7-keV state with
the substitution of "1928.5-keV" for the ""1800. 3-kev",

3.2.6.K. 2667.8-key State

Of the six depopulating transitions of thisg state, only
the 1847.6-kev Y has been assigned a multipolarity (E2 or El). The
£1 appears to he correct although 42 cannot be absolutely excluded,
This suggests (the trénsition is feeding the 9/2- 820, 2-kev level)
an assignment of 7/2+, 9/2+, or 11/2+ (or possibly 5/2-, 7/2~, 9/2-,
11/2-, or 13/2-), The log ft of 6.02, however, clearly suggests
an allowed transition. (But note that Alburger and Pryce [A154] have
Suggested that in such a heavy nucleus allowed and first-forbidden
transitions whould compete favorably.) 0np this basis and the
realization that log ft's are not as sensitive a test as one might
like to suppose, I propose an assignment of 7/2-, 9/2~, or 11/2-.

The reasonably strong 2667.8-keV y to the ground state (5/2-) also
“1lght suggest the 7/2- and 9/2- ag the most likely assignments. The re-
mainder of the depopulating transitions go to states which have
assignments that are consistent with thisg assignment, Consequently,
I assign 7/2-, 9/2- to the 2667.8-keV state.

3.2.6.L. 2713.4-keV State

While five depopulating transitions are known for this



state, only one (the 1893.3-keV y) has an experimental multipolarity
assignment. If the 1893.3-keV y is a pure E2 as Table 14 appears to
indicate, then, the spin and parity of the 2713,4-keV state is limited
| to 5/2- through 13/2~. The log ft of 5.9 almost conclusively labels
it as an allowed transition, suggesting 7/2-, 9/2-, or 11/2- assign-
ments. Unfortunately, no other data are available so the assignment

must remain as 7/2-, 9/2-, or 11/2.

3.2.6.M. 2753,4-keV State

The 6.2 log [t suggests 7/2-, 9/2-, or 11/2- for an
allowed transition. Six depopulating transitions would normally
establish the assignment of a level quite securely - if only the
multipolarities were known. The strongest depopulating transitions

populate the 7/2- (5/2-) 1033.6-keV state and the 5/2- ground state,

respectively. This would appear to limit the spin and parity to <9/2-
The remaining depopulating transitions g0 to levels that are too poorly
defined to be of much value to the present assignment. Consequently,

the 2753.4-keV state is assigned 7/2- or 9/2-.

3.2.6.N. 2793.7-keV State

The 406.1-keV transition to the 2387.8-keV state (7/2%,
9/2%, 11/2%), and the 1245.9-keV y to the 1547.6-keV state (9/2+, 11/2+),
certainly tell little about this state. The 6.9 log ft suggests an
allowed transition, although first-forbidden cannot be strictly

ruled out. At best, the assignment can be reduced to 7/2%, 9/2+, or

11/24
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3.2.6.0, 2821.1~, 2964.4~, and 3016.9-keV Stateg

Each of thege states was placed on the basis of a single
transition, well established through coincidence data. The states
at 2821.1- and 2964 .4-keV are depopulated by 2000.9- and 2144, 2-keV
v's, respectively, to the 9/2- 820.2-kev state. The log ft's are
6.9 for each state. This would Suggest either an allowed or first-
forbidden transition, thereby suggesting an assignment of 7/2%, 9/2+,
11/2¢ for both states. The transition to the 9/2- 820.2-kev state
adds no further information, as these transitions could easily be
71 or M1, However, 1t would be tempting to assume M1 multi-
polarities, which would 1{mit the assignments to 7/2-, 9/2-, 11/2-.
One might also bhe tempted to rule out 7/2- and 9/2- on the argument that
No transitions from these states feed the 7/2- (5/2-) 1033.6-keV
state. 1In lieu of the undoubtedly complex structure of these states,
1t might be reasoned that complex internal rearrangements hinder
such possible transitions. To be entirely honest, I do not feel
Justified in reducing the assignment in this manner, so I conservative-
ly leave the agsignment of the 2821.1- and 2964.4-keV states at
7/2%, 9/2+, or 11/2:.

The state at 3016.9 keV has a single transition; it feeds
the 1033.6-kev 7/2- (5/2-) state. This suggests 3/2%, 5/2%, 7/2%,
9/2%, and 11/2%, not very helpful to be sure. The log ft of 6.0 would
most probably limit the assignment to allowed transitions, or a state
having 7/2-, 9/2~ or 11/2-. No additional information is available,

s$o I cannot reduce the assignment further.
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3.2.6.P. 3045.2-keV State

The 3045.2-keV state has two depopulating transitions, one
to a 820.2-keV state and a second to the 1033.6-keV state. The in-
tensity ratio ig 0.41/5.5. This would seem to suggest that the 3045, 2-
keV state should have an assignment of 5/2+, 7/2%, 9/2%, or 11/2+.

The low log St of 5.3 almost certainly rules out the positive parity

states. The low log St also would rule out the 5/2- state. The

consistent assignment would therefore appear to be 7/2-, 9/2- or

11/2-,

3.2.6.Q. Comments

This last section on spin and parity assignments necessarily
concludes the Bi203 experimental sections. The theoretical or semi-
theoretical discussion of the meaning (or "so what") of the Pb203
level scheme is left to a later chapter (Chapter 1V ). The remain~
ing comments on the Pp203 investigation are identical to those
found In the last scction on the pp?0" experimental results; and
rather than repeat them here one should refer to section 3.1.6.V.

for the appropriate details.



CHAPTER 1V

DISCUSSION OF RESULTS

As I implied in the introduction to Chapter I, one of the
fundamental functions of experimental nuclear and particle science
is to provide a detailed test of the current nuclear models. Perhaps,
I might even be naive enough to hope that the present study would
significantly contribute to the formulation of a new, more sophisti-
cated, more comprehensive nuclear model. The experimental chapter
(Chapter III) has already described the "wealth" of information un-
covered by the present investigation. It is frightfully tempting,
then, simply to close this thesis with an impressive comparison of the
present data with the previously reported results - and, with a
flourish, quit. If anyone has had the stamina and fortitude to "wade"
through Chapter III, he certainly does not deserve such a fate. Such a
closing would also leave the inquisitive reader with the anticipated
reply of "so what"; The content of this chapter is designed to tie
the loose ends.together, and to attempt some, albeit simple, expla-
nation of the Bi203 gpd pj20% decays in terms of the current nuclear
models. In section 4.1. a deliberately cursory comparison with the
previously reported results is presented. The shell-model discussions
are found in section 4.2. Section 4.2.1. discusses the nuclear shell-
model level spacings near Z=82 and N=126 in the Pb isotopes. Sections

4.2.2, and 4.2.3. also deal with the Pb203 and Pb20% Jevel schemes,
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respectively, in terms of the current models and previously performed
calculations. Section 4.3. is what might be called the Grand Finale,
i.e., a final summary of the topics covered in this thesis, and a

few proposals for future investigations.
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4.1. Comparison With Other Investigations

4.1.1, Pbiou Experimental Data

Thé two previous major investigations [St58,Fr58] of the
Bi20h4 ¢ decay utilized high-resolution permanent-magnet conversion-
electron spectrometers. Excellent transition energies in the low
energy region (<1.0 MeV) were obtained and are in good agreement with
the present values. Rather than list all 67 previously reported
transitions, I would refer the reader to reference [Nu65] which in-
cludes a compilation of the results from both of these investigations.
The electron data (i.e., X and I relative electron intensities) for
these transitions can also be found in Table 10. Only the 78.6-,
90.9-, 92.2-, and 368.0-keV transitions previously reported were
not found in the present study, though many more were added (some
143). Also, inasmuch as the tentative decay scheme proposed by
Stockendal et al. [St58] was based almost entirely upon énergy sums,
little can be gained by a detailed comparison with the decay scheme
proposed.in the study. The changes (and primarily the additions)
made in this decay scheme by the present study have already been
discussed (section 3.1.4.) and will not be rehashed here. Rather
tragically though (fortunately for me however), this will be the first
reported investigation of the BiZ0% y rays specifically, and no data
exist for this comparison.

It is rather interesting, however, to compare the results
of recently reported scattering data with the present results. Hol~-

land et al. [Ho69] have investigated the Pb2°6(p,t)Pb20“ reaction
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and reported 15 e#cited states. These are tabulated in Table 16

(cf. Figure 23). Also, tabulated in Table 16 are the states re-

vealed in the Bi20% ¢ decay which apparently are equivalent in energy
to the (p,t) data. Quite remarkable agreement is evident. One other
investigation [Re67] has reported data on the same reaction. The reso-
lution was significantly poorer and very few states were reported -
none of additional significance. A third group [Bj67] has reported
performing a Pb?0%(d,d’)Pb20% reaction. The results of their in-
vestigation are also included in Table 16. It is rather intriguing

to note that they report a new state at 1.353 MeV. In neither

(p,t) study nor the present & decay study has this state been seen. A re-
investigation of the (d,d') reaction might well be in order - hope-
fully, to confirm such a state. At present DWBA calculations are be-
ing performed [Ho69] to determine the spins (and parities) of some of
these states accurately. It should be quite rewarding and exciting to
learn of their results, as a more detailed comparison with the states
revealed by the decay of Bi2®% should then be possible.

4.1.2. Pb203 Experimental Results

The several investigations of Bi203 already discussed
[No58,Fr58,5t60] have revealed a wealth of information about the Pb203
excited states, their associated transitions, the spins and parities
of these excited states, and some about the multipolarities of a few
of the Pb?03 transitions. For an excellent summary of the previous
B1?03 data one should consult reference [Nu65]. The previously pro-

posed decay scheme and the multipolarity data have already been com-

pared earlier and will not be repeated (cf, section 3.2.5.). Rather
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Table 16. Comparison of Pb20% excited states revealed
by scattering reactions with those of present
study.
E Men)?  E Mev)®  E MeV)¢ E_ (ev)?
scatt scatt scatt €
0.0 0.0 0.0 0.0
0.899 0.90 0.90 0.899
1.274 1.27 1.27 1.274
- - 1.353 -
1.569 1.56 1.5 1.563
1.663 - - 1.720° + 1.727°
1.824 - - 1.817
1.932 ; - 1.936
2.173 - - 2,185
2.267 2.2 2.268 2.258
2.482 - - 2.480 + 2,506
2.642 - 2.630 -
2.831 2.8 - -
2.898 - - 2.912°% + 2,920
+ 2.928
3.139 - - 3.170
3.246 - - 3.232
3.461 - - 3.461°

aEnergies from szoe(p,t)Pb20L+ reaction [Ho69]. The reported energy

error was +25 keV.
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Table 16. (continued)
bEnergies from Pb206(p,£)Pb20" reaction [Re67].
CEnergies from Pb20%(d,d")Pb20% reaction [Bj67].

dEnergies of Pb20% excited states revealed by € decay of Bi20%
(present study).

®Excited states suggested, but not confirmed, in the secondary
Pb20% jlevel scheme (Figure 25).
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sadly, only one scattering reaction producing Pb203 has been reported.
Bjerregaard et al. [Bj67] have investigated the szoq(p,d)Pb203 re-
action. Their results are tabulated in Table 17. Also tabulated
are the states revealed by the present study which most likely corre-
spond to their reported states. While not extensivé, quite close
agreement is evident. DWBA calculations were attempted, but inconclu-
sive results were reported with no new spin assignments being made.

The comments made in sections 4.1.1. and 4.1.2. seem to
be rather perfunctory but enlightening - and so they are. I would like
to think that this is not necessarily the fault of the author. In-
stead, it pointd up the fact that comparatively little was actually
known about the Pb203°20% aycited states and related y-ray transitions,

and precisely for this reason was the present investigation under-

taken.
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Table 17. Comparison of Pb20%(d,¢)pp203 scattering
data to the present study.

E iary (MeV)? E, (Mev)

0.0 0.0

0.12 0.126

0.19 0.186

0.82 0.820 + 0.825
1.03 1.034

1.56 1.547

2.25 -

2.77 2,748 + 2.753

2 Taken from reference [Bj67]. Energies have reported error limits
of +0.02 MevV.

Energies from € decay scheme proposed in the present study.
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4.2, Shell-Model Characteristics of the Pp20* and Pb203 Level Schemes

While neither extensive nor intensive, a cursory treatment of the
shell-model calculations on the Pb20722065>205 isotopes has already been
presented in the Introduction (Chapter I). 1In short, these calculations
have used the experimental single-hole energies of Pb207 plus various
residual interaction potentials (i.e., nucleon-nucleon interactions)
and configuration mixing to calculate the theoretical energy levels
in several Pb nuclei near Pb208, For Pp 206 quite excellent agreement
was obtained, but for Pb20° the calculations have already become con-
siderably more sensitive in the theoretical evaluation and the
results are comparatively lousy. Perhaps, the present re-investigations
of Pb205 [Ko701, szo“, and Pb203 at MSU will rekindle serious theoretical
interest in these Pb isotopes and lead to their re-examination in
light of the cufrent nuclear models.

Having nearly completed the experimental investigations of
Pb20% and Pb203) 1 soon began to consider the characteristics of the
Pb 2045203 1evel schemes in terms of the several nuclear models of in-
terest (the shell model, the collective vibrational model, and the
quasi-particle model). With trepidation and yet a certain boldness, an
attempt was made to "analyze" the results of Chapter III. After sev-
eral unsuccessful bouts with the shell and collective models, it grad-
ually became apparent that these decays are quite unwilling to yield
their information so easily. This meant that the present discussion
is considerably less detailed than originally hoped. However, it is

hopeful that the present experimental investigation and brief theo-
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retical presentation will lay a new foundation and, perhaps, suggest a
few guidelines for a reconsideration of the fundamental structure of
these isotopes.

As Pb20% was the first to be experimentally investigated,
"equal time" requires that the Pb2%3 level scheme be discussed first.
Actually, the reason for taking Pb203 first is not nearly so naive.
While more work of a theoretical nature has been done on Pb20% phb203
appears to be far simpler and, therefore, more easily described. Once
Pb203 jig completed, the more difficult Pb20"% level scheme will be under-

taken.

4.2.1. Nuclear Level Spacings in the Pb Region near PbH2032204

Previous theoretical studies have shown that it is possible
to explain some of the experimental information in the Pb isotopes by
using either pure shell-model calculations or by modifying them by the
inclusion of collective-motion terms. It is fairly evident, though,
that because of the hole-hole residual interactions and the config-
uration mixing as well as other difficulties, shell-model calculations
advanced by Kisslinger and Sorensen [Ki60] appears to avoid some of
these difficulties (details will be discussed in section 4.2.3.),
and are more easily handled from a strictly qualitative viewpoint.

For the most part, the present discussion will be confined to a dis-
cussion of the decay characteristics in terms of the shell and col-
lective models.

In attempting to assign the shell-model configurations in
these nuclei, one first must know the nuclear level spacings of the

shell orbits. The spacing of the ground and first two excited states
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in the adjacent odd-mass T1 isotopes gives one some idea of the single-
proton configurations near the Z=82 closed shell. Figure 36 shows the
ground and first two excited states in the odd-mass T1 isotopes. The
spins of 1/2+, 3/2+, and 5/2+, respectively, are consistent with
the shell-model assignments, 81/2, d3/2, and ds/z. The two states
immediately above the Z=82 closed shell are the h9/2 and f7/2 orbitals;
this can be determined from the ground and first excited states in
Bi209, which has a single unpaired proton outside the Z=82 closed shell,
For neutron numbers just below the N=126 closed shell, the
odd neutron (in Pb203) can populate the fs/z’ P/, p3/2, i13/?, f7/2,
or hg/z orbits in the ground or low-Iving states. The large pairing
energy of the i13/20rbit forces neutrons to fill it in pairs and not by
odd particles (perhaps the reason why no i13/2 ground states have yet
been observed), Examining the systematics of the better—known odd-mass
isotopes having a closed Z=82 shell and an unpaired neutron, one can
get some idea of the ordering of the shell-model orbits in this region.
These systmatics (Figure 37) indicate that most probably the neutron
states (i.e., holes) are, in order of increasing energy, f5/2, p3/2,
and p1/2. Figure 38 shows a compilation of the experimental and theo-
retical data for the fs/z, p3/2, and P, , neutron level spacings in the
lead region [Be6l]. The quasi-particle calculations of Kisslinger and

Sorensen for Pb203 appear (Figure 38) to predict an order of f5

. /2’
p3/2, and p1/2' However, it is apparent from Figures 37 and 38 that
the spacing between the pl/2 and p3/2 is probably small in Pb203,
as the qualitative quasi-particle calculations indicate an inversion

of these orbitals quite near Pb203, Ag experimental systematics are,
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no doubt, more reliable in this case than the semi-qualitative the-
oretical calculations, the ordering is taken as f5/2, pl/z, p3/2
for neutrons immediately below the N=126 closed shell.

The neutron orbits above the N=126 closed shell can be
found by considering the low-lying states in Pb20%, These indicate
that the level ordering should be, in order of increasing energy,
99/2, ill/z’ and j15/2' The energy spacings are also large enough
that these levels should not have crossed upon reaching Pb203,
Figure 39 illustrates the nuclear shell-model orbits near the Z=82

and N=126 which will be used in the subsequent discussions. The

113/2, f7/2, and h9/2 orbits are included in the same order as in

Pb207,
f7/2 ' le/Z
' 1
h 11/2
9/2
/ 9q/2
N=126
81/2 oo Ts/2
Py/2
d3/2 P3/2
Y1372
d.y.
5/2 f7/2
h9/2
™ Vv

Fig. 39. Shell-model orbitals near ¥=121 and Z=82.
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4.2.2. ‘Discussion of Pb203 Results

Having at least qualitatiﬁely determined the level spacings
in Pb203, I can finally return to the original purpose of this chap-
ter - an evaluation of the shell-model characteristics of the Bi203
€ decay. This section has two subdivisions, but they are not neces-
sarily to be considered mutually exclusive. The second section con-
cerﬁs the characteristics of the B transitions to the Pb293 excited
states, while the first deals with some possible configurations of a
few low-lying Pb203 excited states. Because the two descriptions
are not exclusively independent some cross—referencing may be neces-
sary, but this should not prove too confusing.

4.2,2,A, Pb293 Excited States - Shell-Model States

The order of the neutron orbits has already been estab-

lished (section 4.2.1.). Before charging into a description of the

shell-model states, consider the question which invariably arises concern-
ing the collective and/or core-coupled states. The position of the first
2+ quadrupole vibration state in the adjacent (to Pb203) nuclei are
experimentally known: szoz, at 961.4 keV [Mc57], and szoq, at 899,2

keV [Fr58,5t60,Cr70a)]. The energy range of states in Pb203 certainly
does not preclude such vibrational characteristics, but it has been
suggested [Hy64] that these isotopes should be considered as pre-
dominantly multi-particle states, with only minor overtones of col-
lective vibrational states. This appears to be confirmed by the

lack of E2 admixtures in the M1 transitions, as is borne out by

Figures 26 (Bi20%) and 35 (Bi203), For this reason I will not con-

sider collective effects extensively but only briefly touch on them.
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In all of the following remarks it must be recalled that only a few
of the states of the nucleus are being discussed, and to be entirely
correct the collective modes and configuration interactions with all
possible states should be included. As a result, these comments
should be considered as only tentative - but (optimistically) thought
provoking.

In attempting to assign shell-model configurations in
this even-odd nucleus, one can assume that the low-lying states
should result primarily from multiple neutron hole-particle config-
urations. The proton core-excited states would be expected to lie
high enough not to cause significant configurational mixing in the
low-lying states, and it is precisely for these states (i.e., low-
lying states) that one is most likely to be able to assign a config-
uration. Unless otherwise specified, all shell-model orbitals are
assumed to apply to neutrons, and as such, the standard notation for
neutrons (v) will be omitted.

The ground state of Pb293 hag already been suggested to
have a configuration of f5/2‘ This is simply the 121st neutron oc-
cupying the lowest available neutron shell-model orbital. The next
two states have well-defined spins and parities and appear to be
good single-particle states. The 1/2- 126.4-keV state almost cer-
tainly has (fS/?)z(pl/z)"l (formed by promoting a Py, meutron to the
f5/2 orbit) as the predominant configuration in its wave function.
The half-life of this state, though, is some 6x slower than the anal-
ogous state in Pb207, Tpe quasi-particle effect according

to the Kisslinger and Sorensen treatment {Ki60] suggests a slowdown
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factor of 25x; as a consequence, Bergstrom et al. [Be6l] suggest
that this might indicate the influence of strong collective effects.

However, they also forgot that Pb203 ig composed of 5 hole-states, not
1 hole-states, which, per se, makes for less pure configurations.
According to the Moszkowski single-particle estimate [Mo55], however,
the 126.4~keV E2 should have a half-life of =115 ns as compared to

the observed 75 ns. The agreement is not terribly poor. The dis-
crepancy raised by Bergstrom (above) does have a possible explana-
tion; Kisslinger and Sorensen [Ki60] used the Pb407 single-hole
energies in the Pb203 calculations, and to be strictly correct, new
single-hole energies should be employed for each isotope of interest
(in this case Pb203), 1In this way the large theoretical slowdown
(25x) would possibly be decreased. Such a theoretical re-evaluation
would be most welcome. As a consequence, I suggest that the 126, 4-
keV state has the dominant configuration of (f5/2)2(p1/2)“1. The
single-particle estimates apparently justify such an assignment; also,
0.126 MeV would be quite low for collective effects to appear

when compared to the collective states in the adjacent Pb nuclei.

The second excited state, a 3/2- 186.4-keV level, has all
indications of having an analogous configuration. The most obvious
configuration for such a low-lying 3/2- energy level is (f5/2)2
(p3/2)—} easily formed by promoting a P,/, neutron into the f5/2
orbital. If true, then the 60-keV M1 transition corresponds to a
P1/s M1 P32 single-neutron transition.

The excited state at 820.2-keV has been quite unambiguous-

ly assigned 9/2-. Ostensibly, this could be a 2+ single phonon vi-
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brational state coupled to (or based upon) the f ground state.

5/2
Such a configuration, (2+)vib(f5/2) spans spin values from 1/2 to 9/2.
Considering that the spins of the high-lying states are predominantly
7/2, 9/2, and 11/2, one would not normally expect to see the lower
spin states of the vibrational states, e.g., say <5/2., The 9/2-

spin of the 820.0-keV state certainly makes it look like a likely
candidate. The branching ratio of the E2 820,2-keV y and the M3
633.8-keV y, however, severly questions such an assignment. Single-
particle estimates [Mo55] suggest a ratio of 8.IX106,while experi-
mentally a ratio of *22 is observed. It is rather curious why the M3

should be so terrifically enhanced. The 820.2-keV state almost

certainly is not a pure single-particle state, and if it is collective

in nature, then the 633.9-keV transition might be expected to be even more

hindered than in the single-particle case (a weak argument, however). On

this basis, a collective state at 820.2 keV is tentatively ruled out.
other possible configuration that might be predominant for this state
is a multipole-hole state of (fs/z)'3(p1/2)'1(p3/2)'1. This would
suggest a f5/2+ p1/2 single-neutron transition, for the 633.8-keV
transition.

The fourth excited state (at 825.2 keV) is the well-known
825.2-keV, 6.1-s isomeric state. The adjacent odd-neutron lead
isotopes have systematically decreasing 13/2+ states, from a 13/2+
1634-keV Pb207 state to a 13/2+ 424-keV state in Pb199, 50 & 13/2+
825.2-keV isomeric state in Pb203 is not unreasonable. The assign-

ment here is practically unambiguous, as the 13/2+ assignment requires

One
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that the i13/2 state be involved somehow in the configuration. The
825.2-keV state can quite confidently be assigned an(i13/2)'] (f5/2)2
configuration, and the transition to the ground state then may be
represented as (7213/2)‘1 (f5/2)2 Mh (f5/2)1.

The next logical configuration to look for would be one
which involved predominantly a configuration with a hole in the f7/2
shell-model orbit. Such a configuration might be (f7/2)-1(f5/?)2.

It is also possible that such a state could be significantly fragmented.
The states at 896.9 (7/2+,9/2+) and 1033.6 (7/2- [5/2-1)

keV all satisfy the spin and parity requirements, and are so closely
spaced that systematics are unlikely to tell one much. 1In a previous
paragraph it was noted that the collective 2+ states fell at 961-

and 899-keV in Pb202 apd Pb204, respectively. Interpolating, one

miéht suspect.the center of gravity of the compound collective
multiplet in Pb203 ghould lie somewhere in the vicinity of

930 keV which, just possibly, could be a 2+ vibrational state

coupled to the fs/z odd neutron. This suggests, tentatively, the 896.9-keV
state as a strong candidate. Not only does it decay directly to the
ground state, but it also does not populate any intermediate states.
These data are certainly not conclusive evidence, but the [(2+)vib
(f5/2)17/2—,9/2- configuration can tentatively be assigned to the
896.9-keV state. The subsequent discussion should also help to lend
credence to such an assignment.

If the 896.9-keV state is indeed one of the collective
states, then one possibility remains for the (‘7“5/2)2(3“7/2)—1 config-

uration, the well-defined 1033.6-keV state. The analogous state in
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Pb207 lies at 2,3 MeV. The single-hole state similar to the 825.2-

keV state in Pb?03 lies at 1634 keV in Pb2V7, If the f7/2 and i13/2

are depressed approximately alike in the transition from Pb207 to

Pb203 (not necessarily a good assumption, though) [Kr68] then one might
simplistically expect the (.7“5/2)2(_7"7/2)'1 state to lie somewhere near
1.15 MeV. This suggests that the 1033.6-keV level is, perhaps, most
likely to have such a configuration. This is also the state (com—
pared to that at 866.5 keV) that has very fast transitions to the
ground and second excited states. I suggest, then, that

one component of the 1033.6-keV state is (f5/2)2(f7/2)'1.

The 866.5~keV state is the last state for which I attempt
to assign a specific configuration in this section. It might just be
possible that 866.5-keV state is of the same collective vibrational
nature as the 896.6-keV level but possessing one of the remaining
spin values. The small splitting between the levels (330 keV) might
easily be accounted for by neutron-neufron and/or neutron-core inter-
action perturbations as well as by configuration mixing of near-
lying, similar spin states. Quite cautiously, one can then assign
the core-coupled [(2+)vib(f5/2)]5/2- configuration to the 866, 5~

keV state and the remaining [(2+) state to the 896.9-

vib(fs/z)]7/2_,9/?-
keV state. This also makes BergstrSm claim [Bebl] that the 126.4-

keV state has some collective behavior more palatable, as I find a
definite transition between the 866.5- and 126.4-keV states (nominally,
an F2 transition). From single-particle estimates this A2 is too

fast, which may mean that the transition goes partially by collective

de-excitation.
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The higher-lying states are much too difficult to evalu-
ate in simple shell-model terminology (partially because the spins
are more poorly defined). To be entirely proper, one would have to
consider not only the multiple neutron-hole particle cohfigurations,
but also the residual interparticle interactions, the collective vi-
brational modes, the various core-coupled states, and also the core-
excited proton states. In addition, with a high level density al-~
most a certainty, configuration mixing between all these modes of
excitation cannot be neglected. It ig perhaps naive to have even
hoped to have assigned configurztions to the low~lying pp203 excited
states, but one should be forgiven a streak of optimism at times,
Before continuing to a discussion of the B transitions involved
in the Pp203 decay, a final comment is in order. Until more multi-
Polarity data are available so that the spins (and parities) of the
states are better defined, or until more scattering data are
available, the configurations discussed above should be considered
strictly tentative. Table 18 summarizes the results of this section,
and includes the probable dominant configurations of several low-

lying states in Pb203,

4.2,2.B, B1203 B Transitions

The first step is to consider the ground state of Bi203,
The spin has been measured by atomic beam techniques [Li59] to be
9/2-, Presumably, this is an h9/2 proton (one proton outside the
Z=82 closed shell). The normal selection rules for electron cap-
ture favor transitions in which the change in spin (AI)=0 or tl1. For
an electron capture g transition a proton must change into a neutron.

If the B4203 ground state ig ﬂhg/z and the Pb203 ground state is
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Table 18. Possible neutron configurations for some low-lying
excited states in Pb203,

Excited Spin and Possible
state (keV) parity configuration
0.0 5/2- (fs/z)
2 -
126.4 1/2- Fsp0%, 0
186.4 3/2- ey, 01
820.2 9/2- (fs/z)s(pl/z)_l(p3/2)'1
20z -1
- 825.2 13/2+ (fs/z) (113/2)
866.5 5/2- [(2+)vib(f‘5/2)]5/2_
896.9 7/2+,9/2+ [(2+)vib(f5/2)]7/2-,9/2-

1033.6 7/2-[5/2-] Fsp)2(f, 0!
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v 5/2° then the transition to the ground state would go by nh9/2 >
vfs/z. This would involve an unfavorable, second-forbidden transi-
tion and is not to be expected. Now, electron capture into states
with I=7/2, 9/2, or 11/2 would satisfy the selection rules. A
consideration of the spins plus the selection rules leads one not
to expect transitions to the first two excited states (126.4 and
186.4 keV), which are 1/2- and 3/2-, respectively. Such tran-
sitions would be fourth- and second-forbidden transitions,
respectively, and as such are not likely to be seen in competition
- with other more likely transitions.

The relatively high log ft's of the 820,2-, 825.2-,
866.5~, 896.9-, and 1033.6-keV states are also easily accounted
for. Consulting Table 18, one can see that to change a h9/2 proton
(in B1203) configuration into any of the neutron configurations
of these low-1lying states would involve considerable internal
rearrangements, and are, therefore, less likely; the higher log
ft's are an immediate consequence. For those states which appear
to be vibrational in nature (866.5- and 896.9-keV states) the higher
log ft's are not terribly surprising. Transitions to- these states
not only involve a particle change but also a change in the collective
nature of the nucleus,

The intermediate states (>1 MeV and <2.6 MeV) are nearly
untouchable by the present discussion. Nothing distinguishing marks any
of these states, and until more data are obtained to narrow down their
spins and parities, nothing of considerable value will be forthcoming.

The transitions to the high-lying states (which have poorly

defined spins and parities) do have low lég ft's, In fact, all states
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>2.65 MeV have log ft's <7.0, and three states have values <6.0 (cf.
Figure 31). The highest state placed by this study, 3045.2 keV, has
the very low log ft of 5.3, This certainly implies an allowed tran-
sition. 1In the succeeding paragraph several possible B transitions
to these excited states are suggested, but final assignment of a
specific transition to a specific level must await more experimental
and theoretical data.

One possibility was that the h9/2 proton was being con-
verted into one of the neutron orbitals above the N=126 closed shell,
that is, the 99/2, i11/2’ or jls/z’ The 99/2 orbital in Pb207 1jeg
2.77 MeV above the P/, orbital (which closes out the N=126 shell).
With 3.2 MeV of decay energy such a transition appears to be
a possibility. However, a wh9/2 > Vdg /2 transiﬁion would be first-~
forbidden and should not have such a low log ft as 5.3 or 5.9 (for
the 3045.2- and 2713.4-keV states, respectively). Alburger and Pryce
[A154] have suggested (without proof) that in such a heavy nucleus
allowed and first-forbidden transitions should compete favorably. This
might mean that one of the low log ft transitions may go by such a
transition, but almost assuredly not any transitions having log

ft's <6. Similar reasoning might be used for a nh9 > vi]]/? tran-~

/2
sition, while the nh9/2 > vj15/2 transition should not be seen at all
(a second-forbidden unique transition). These transitions may account,
then, for a couple of the middle-log ft range states. Sadly, no
systematics of adjacent nuclei are available to allow one to place
accurate energy limits on these various transitions.

A third possibility is best explained in terms of the



279

Kisslinger and Sorensen quasi-particle model. According to their

model there is a finite probability that the orbitals below the
Fermi surface may be unoccupied. This means that some probability
exists for finding holes in the'hg/2 and f7/2 orbitals below the N=126
closed shell. Conversely, there is some noninteger probability that
neutrons exist in the orbitals above the Fermi surfaces. In addition,
even the simple shell-model predicts h9/2 and f§/2 holes at high energies.
Consider the h9/2 proton of Bi293, The most favored transition one
could hope for would be a whg/z > th/z' This would be possible if
the nh9/2 is converted into the vh9/2 quasi-particle., One of the low 1ogv
ft states very likely has a large portion of such a configuration in
its wavefunction. Along the same line of reasoning, the transition
could be the allowed (l-forbidden) transition - nh9/2-+ vf7/2. Very
likely one of the high-lying excited states has such a dominant con-
figuration.

One last case might be suggested. If enough energy is
available it is possible to convert an internal d3/2 proton of Bi203
to a f5/2 neutron in Pb203, A first forbidden transition to be sure,
but it should complete favorably with the slower allowed transitions

in the heavy elements [A154]. Such a transition might be represented

(nhg/z)l(nd3/2)“ > (vfs/z)l("hs/z)l (nd3/2)_1.

4.2.2.C. Conclusion

The foregoing discussion has been admittedly qualitative
and cursory. However, until more data of both a theoretical and

experimental nature are available little can be said with much cer—
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tainty concerning the characteristics of the B transitions and/or

Pb203 excited states. I fully realize that such an evaluation is
hardly sufficient - but - perhaps, a foundation and stimulus has been

laid for future re-evaluation of this isotope.

4.2.3. Discussion of Pp204 Results

Having made some qualitative predictions concerning the
B1203 decay, it is now time to return to the more difficult Bi20%,
As it will turn out, little can be said with much confidence concern
ing the shell-model configurations of Pb20% excited states. In lieu
of such assignments this discussion also includes (section 4.2.3.A.)
a survey of the previous theoretical calculations on Pb204, followed

by a few qualitative predictions.

4.2.3.A. Shell-Model Calculations on Pp204

The earliest shell-model calculations by True [Tr56] uti-
lized the theory of Alburger and Pryce [Pr52,A154] to predict the
expected energy levels in Ph20%4, Pryce [Pr52] suggested that in the
case of the two-hole Pb206 the energies of the single-hole states
can be taken to be the energies of the low-lying single-hole states
in Pb207, The single-particle states then combine (in Pb206) | in the
first approximation, to give a set of degenerate states with an ener-
8y equal to the sum of the Pb207 gingle-hole states. Because of
nucleon-nucleon interactions, the degeneracy is removed and
the states are split, some being raised in energy and some lowered
in energy. Pryce did not calculate this interaction explicitly but,

using a zero-range nuclear force of pure singlet exchange character,
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he "estimated" the interaction parameters by a rough empirical method.
Explicit configuration mixing effects were also estimated by addition-
al empirical adjustment. True used this same method to calculate the
levels in Pb20% py assuming that the states are based upon config-
urations of four neutron holes, where each hole in PH20% will have
the same energy as the analogous single-neutron hole in Pb207, The
energy shifts in each set of degenerate states were estimated using
the semi-empirical two-particle interaction parameters previously
reported by Alburger and Pryce [Al154]. Configuration interaction

was not included in his preliminary calculation. Figure 40 shows
some 49 distinct levels calculated by True below 2.5 MeV of excita-
tion (arranged by spins). The principal success was the prediction
of the 9- state at 2.05 MeV. This compares well with experimental

9- state at 2185 keV. An unpublished recalculation (cited in [St58])
of True's energy values (but using new interaction parameters) has
been performed by Blomquist, but at this time it remains a mystery

as to which set yields better results.

Using a nuclear model patterned after the BCS supercon-
ductivity theory, Kisslinger and Sorensen (KS) [Ki60] have also cal-
culated the levels of Pb20%, Their quasi-particle model idealizes
the residual interactions between nucleons as a pairing force (the
short-range force) plus a long-range quadrupole force. Using the
Pb207 peutron single-hole energies to establish their parameter
choices, they were able to predict many excited states in Pb20Y4,
These are graphically depicted in Figure 41.

Several additional investigations [Ri64,Ri63, and Kr68]

have been patterned after the Kisslinger and Sorensen quasi-particle
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model and/or pairing model. Richardson and Sherman [Ri64] have cal-
culated exact eigenstates of the pairing force Hamiltonian for the
Pb206,204,202 j55¢0pes, They also used an interaction strength which
was larger than that used by Kisslinger and Sorensen, who used the
approximate BCS theory of superconductivity to study the'pairing model,
The larger interaction strength used by Richardson and Sherman plus
the exact solutions appear to lead to an error only 1/3 as large

(for the states involved in the Pb204" decay) as in the calculations
in which the weaker pairing interaction was used (Kisslinger and
Sorensen). The second investigation, by Kriechbaum and Urban (KU)[Kr68]
used a model closely resembling that of KS. They also used the pair-
ing force as the short-range component but instead of a quadrupole

P2 force they used a quadrupole plus octupole force as the long-

range component. The results are not substantially different from
that of KS, except that the states appear to be slightly perturbed
toward lower energies. It is interesting to note the f5/2, p1/2’
and p3/2 level spacings predicted by such a calculation (Figure 42).
Whereas the KS quasi-particle model predicts a 5/2-, 3/2-, and 1/2-
spin for the low-lying states in Pb203, the KU model correctly pre-
dicts 5/2-, 1/2-, and 3/2- spin sequence experimentally observed.

One last theoretical paper needs to be mentioned. Hader-
ménn-;nd Simonius [Ha67] have calculated the energy levels of Pb206
and Pb20% using a delta force to approximate the residual interactions.

The long-range force is assumed to be included in the mean potential and

was not explicitly calculated. The energies and transition rates are

calculated using the quasi-boson approximation [Ha67], which is strictly
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exact for only 1 pair outside the closed shell. The Pb20% calcula-
tion was only briefly touched, and the correlation between the cal-
culated and experimental energy levels was not terribly good. : |
For a more complete understanding and appreciation of the
theoretical calculations mentioned, one should really return to the
original papers. It was not the intention to present a detailed
description of each of these methods, but rather to summarize the
general content of the theoretical attempts on the Pb20% level scheme.
What it does point up, however, is how relatively little has been |
done on light-lead isotopes. Once again, the original plan of action
was to include a correlation between the experimental data and the

energy levels predicted by the various methods and models. Two

problems precluded this correlation. First, the spins and parities
of the Pb20% excited states are far too ambiguous to say anything
concerning these levels with much confidence. Second, the present

investigation, as well as those preceeding, seem to indicate that

one of the basic assumptions in these calculations is "all wet". Each
of the forementioned has assumed that the single-hole energies of the
Pb207 single-neutron hole states are good representations of the
single-neutron holes in the PbH2067202 isotopes. Considering the
theoretical evaluations of the level spacings ([Ki60,Kr68]) and the

Pb odd-mass isotope systematics (Figure 37), this does not appear to

be a valid assumption. Rather, one should use the single-hole energies
of the isotope of interest, or, at worst, the adjacent isotopes.

Table 19 compares the single-hole energies in Pb207 to the hole-particle

energies (for analogous states) in Pb203,
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Table 19. Single-hole energies in Pb207 gpd pp203,

Hole a Pb207 PbH203
configuration energy (keV) energy (keV)
N 0 126
(fs, 2)‘1 570 0
(Py),)7" 900 186
(213071 1634 825
(Fg,)7" 2350 1034

11 paired nucleons (neutrons) are ignored in the configuration.

A re-evaluation of these calculations in terms of this
new set of values would be most welcome here. Actually, it is not
quite this simple. The states in Pb203 are really five~hole states.
Although four of these presumably do tend to remained paired, they
still could affect the "single-hole" energy. In other words, a "single-
hole" state in Pb203 ig not perfectly a single~hole state, but will be
perturbed a little from the true "Pb203 single-hole" position. This
is what complicates the calculations so - the Pb207 single-hole energies
are not good for this region, the "single-hole" energies for Pb?03 from
above are better, but what is really needed are the true single-hole
energies for Pb203, Perhaps, a re-evaluation of these calculations

with the "single-hole" energies in Table 19 would still be fruitful.
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When the time comes that the spin and parity assignments
are better-defined and the theoretical calculations have been re-

considered, then a correlation such as proposed earlier would be of

great interest.

4.2.3.B. Pb20% Excited States and Bi20% B Transitions

One first needs to estimate the configuration of the B{i20%
ground-state spin. Using atomic beam experiments the ground state
has previously been shown to be 6+. Bi204% j5 4 nucleus with one pro-
ton outside the Z=82 closed shell and five neutron holes in the
N=126 closed shell. From section 4.2.1. the order of shell orbits
just below the N=126 closed shell was found to be fs/z, p1/2’ p3/2,

113/2, f7/2, and hg/z' I assume that the extra proton is in the

whg/z'level (in analogy with stable Bi29%) and that the unpaired

neutron is in the f shell. By a theorem due to Kurath [A154], the

5/2
lowest state of a configuration with one proton in a level J and one
neutron hole in a level j’ is the one with I=j+j'-1, which in the
present case is 9/2 + 5/2 -1 =6. The parity is even, leaving a

B1204.
configuration of [(ﬂhglz)(vfs/z)]6+ for the ground state of Bi20%;
this is in agreement with experiment,

The e decay should, therefore, go preferentially to states

having spins of 5+, 6+, or 7+, in Pb20% (if these are energetically

possible). Only one transition to an excited state in Pb20% appears
to be reasonably fast in the ¢ decay, a transition to the state at

4250 keV, with a log ft of 6.0. Consider now that the 83rd proton in

Bi20% i5 in the nhg/z shell. Also, consider the shells (orbits) above

the ¥=126 level. From Figure 39 these are 99/2’i11/2’ and 515/2-
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A very plausible € decay transition could take placebby converting
an h9/2 Proton into a neutron in one of these levels. The whg/z -+
vjls/zor vd5/2 transition would necessarily involve second-forbidden
(unique) and first-forbidden (unique) transitions. Thus, these are
almost certainly out of question when one considers a log ft of 6.0,
The remaining transitions, = h9/2 > Vgq, and nh9/2 > vill/z’ are
both first-forbidden transitions and also should not be so fast.

The two possible B transitions which do éppear feasible
were discussed in section 4.2.2.B. when the Bi203 decay was discussed.
These will only be fleetingly re-mentioned here. One possible tran-

sition was converting the ﬂh9/2 proton into a neutron to fill the (th/z)_l

hole. The second suggested transition involved converting an in-

ternal wd3/2 proton into a vf

5/2 neutron. Such a transition would
result in a proton broken pair state and would be expected to lie
high, but just how high only more calculations will reveal. In Pb206
Alburger and Pryce [Al54] suggest that an analogous transition occurs
to states around *3.3 MeV. Perhaps the 3170.0-keV state is populated
by such a transition. This is all that will be said concerning the
B transitions, as anything further is purely conjectﬁre and cannot
be substantiated by evidence at this time.

The Pb20"% excited states are also only poorly understood.
The O+ ground state has the configuration (\)fs/z.)2 as would be an-
ticipated (from the shell-model) for this even—even nucleus. The

first excited state at 899.2 keV has a spin and parity of 2+. Kiss-

linger and Sorensen have shown that this state is collective in
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nature and as such should correspond to a one-phonon vibrational
state. This was not totally unexpected inasmuch as several investi-
gations [Kr68,Ri64,Ki60] had shown that there existed an anomaly
in the 899.2-keV state. (In spite of the criticisms I aimed at the
prior theoretical investigations, they did find that all the Pb204"
states including the second 4+ state, were predicted reasonably well
except for the "peculiar" 899.2-keV state.)

Only the three remaining states in Pb204" (at 2185.4,
1562.8, and 1273.9 keV) are sufficiently well-defined to make any
predictions. Following the arguments of Kisslinger and Sorensen
some pogsibilities can be advanced. From simple shell-model theory
the 9- state necessarily involves the i13/2 state,as this is the only
nearby orbit which can yield a negative parity for this state. The
)32 )71

most obvious configuration would be a [(f ; or in

5/2 13/2 9

or in other words, an % and an f quasi-particle coupled

13/2 5/2
to their maximum value. The 9- 2185.4-keV state decays into two 4+
states by a 0.912 and a 0.622 MeV E5 transition. The quasi-particle
calculations of Kisslinger and Sorensen suggest that the 1273,9-keV
state is composed mainly of two fS/Z quasi-particles, while the 1562.8-
keV state is mainly one f5/2 and one ps/2 quasi-particle. As these

lie so closely in energy one might well expect an admixture of these
configurations due to mixing. On the other hand, True [Tr56] claims

that the 1273.9-keV 4+ state is composed of 72% (pl/?)z(pB/z)(j}/z)

and 28% (pl/z)z(fs/z)z' However, until further theoretical data
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become available these assignments must certainly remain tentative.

The remaining 25 excited states will not be assigned
specific configurations, not for any lack of possible assignments,
but because one could assign any hypothetical configuration to many
different possible states. Before abandoning the Pb20% excited
states, some mention should be made of the previously published
scattering data, particularly the (pst) reaction. 1In such a reaction
one would expect to see excited states in Pb20% which could be pro-
duced by simply "plucking" pairs of neutrons from various orbitals.

A number of the states revealed in the (p,£) reaction [Ho69] are also
revealed by the Bi204 ¢ decay. Some of these possible configurations
mighF be (‘7"5/2)‘2(X)'2 where X = Py/ys Py ils/z’ f7/2, or h9/2.
Other excited states of Pb29® from which a neutron pair could be
"plucked" out are also possible, but listing all these tentative
configurations does not lead one very far. Suffice it to say, that
the excited states of Pb20% are sufficiently complex that no single
configuration is likely to be assigned at this time with much con-

fidence.
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4.3, General" Summary

During the present investigation high-resolution y-ray
spectroscopy has been employed to study the very complex e decay
schemes of Bi203 zpq Bi20%, |

A fairly detailed Introduction deals with the characteristics
and structure of each of the Pb isotopes as one moves from Pb208 (a
doubly-closed shell nucleus) to Pb2%3, Somewhat lengthy for a tra-
ditional introduction, it thoroughly "sets the stage" for a discussion
and subsequent investigation of the characteristics of Pp203>204
Theoretical, as well as experimental, data are taken under consider-
ation.

A rapid survey of the apparatus and methods utilized for
data acquisition and reduction is given. Several routine computer
programs (TAKE CARE, VALTAVA, and COINPLOT) are introduced. Hardly |
sophisticated, they are nevertheless, samples of (and solutions for)
the inordinate difficulties encountered in the construction of very
complex decay schemes (such as those of B{203 and Bi204%),

The versatility of Y-ray spectroscopy in studies of the

behavior of nuclear states is evidenced by the Bi203»20% decay schemes
formulated in this investigation. Some 210 and 147 Y rays were iden-
tified in the B120%2203 decays, respectively. 1In addition, 60 Y-rays
were placed between 30 excited states in Pbh2 04 comprising almost 90Y%
of the photon intensity. In the B3203 decay scheme 51 y-rays were
placed between 25 Pb203 gxcited states, including >80% of the photon
intensity. Supplementary decay schemes show additional transitions

which can be placed on the basis of precise energy sums alone.
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Comparisons with previous conversion-electron and reaction
studies on each isotope are made; Shell-model level spacings in the
vicinity of Pb203220% 544 the various theoretical calculations on
these isotopds are discussed. Some perfunctory comments and suggest-
ions were made concerning possible shell-, collective, and quasi-

particle configurations of a few selected excited states.

It seems rather unbelievable that this thesis is nearly
completed, but before concluding I feel compelled to make a few sug-
gestions concerning the direction of future investigations of these
isotopes. The recent advances in nuclear spectroscopy technology
are almost certain to continue, and with such advances a re-investi-
gation of these isotopes in a few years will, no doubt, become worth-
while, particularly in the realm of coincidence information. Present-
ly, however, the most fruitful direction would be in the field of
theoretical re-calculations. A quote from [Hy64] expresses this
conviction quite amply - ",..quantitative assignment of experimental
and theoretical levels and transitions cannot be made without more
refined treatment of the theory and more extensive experimental work
on the decay scheme." The "more extensive experimental work" is now
available - the next step should be toward a theoretical re-evalu-

ation.
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APPENDIX A

TAKE CARE FORTRAN Listing
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APPENDIX B

VALTAVA FORTRAN Lisgting

(AS?XS?Ir?tAex) L&1g VD
sEnes 00 TwENNY i X

*C=A

X 3

*12AS

s12X3

T+EANSYNEEANVY A

C23XuVA

(4v9T,X9T) LViWHG4
INTHdI(ETET=HNI70CSTaANI’GISOT) QY 3y
INNILINGD

C=ENNVW
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Aom0¢vz<.ﬁoﬂvkzmaa~ NGISNIWIG

*3230 3HL 3LVYNIWY3L QuvD 3714 46 ON3I ANV vk v OGNV v¥123dS
48 S13S N33M139 SHVYId4Y QNVD CHvVEEIE MuVW V EETTREE N @
SI SCHVD ASH3IN3 3kL ¥64 lVwdad4 fI38v7 SIHL NI ¥v3ddy

€1 ADY3INI 34l QNY C3938VT 38 81 »¥v3Ig 3IHL 46 13INNVHD
ILIVNIX84ddY 3IHL SIIN¥VD Guvo HIOVI  £SagyvI 136V ACu3N3
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PLBTTING BOBRDER AND TIC MARKS

CALL PIBT (0es00s0s1eale)
Cal.LL PLET (0045004251 0,109)
CALL PLBT (C0es09s0010s10)
CALL PLBT (0902104005 1510010)
CALL pLBT (40950, 10400s10100104)
CALL PLEOT (409502005151 0010)
CALL PLET (00s021210s10)
X230,

P 4 J=1,8

JI1=2

XaX+500

Yel15,

CALL PLBT (X2Yad1,SX,8Y)
Jie=g

Yl'lSo

CALL PLBT (X2YaJ1,SX,8Y)

CANTI
CALL
CALL
CALL

PLOT

CALL
CALL
CALL
CaLL
IF (NE
De 10
ANCT)

Beis

AUTBM

0o 11

NUE

PLBT (4095'00'12)1011')
PLOT (0os0e212010s10)
PLOT (00,10400s1510010)

TITLE

PLBT (100049954,2,10,14)

CHAR (1000:9950:IPRINY:6“00000030)
PLOT (00s09s2010,10)

CREAD (N,NCHAN,NRUNJNERRR)

RRReNECO) GB TB 1313
In1,NCHAN
asN(]1)el
ATIC SCALING AND DATA PLBTTING

I«1,NCHAN

IF(AN(I)OGToB)B'AN(I)

EN=g,
IF(B
1F(Re
IF(B.
IF(Be

LE«100000¢)EN2S,
LE®10000e)ENB4,
LE«1000¢)EN=3,
LE!lOOo)ENIEo

DB 676 Is1sNCHAN

ANC(T)
Ji=1
X=Qo

*ALBGLOCAN(]) )% (7500 /EN)

LB 16 I=1,NCHAN

XaX+1
YzAN(
CaLL

[ ]
1)
PLEBT (X2Y2J1,SX,SY)
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89 16 CAONTINUE ‘
90 C
;é C SCALING AND PLOTTING L8G SCALE
C
93 CaLL NCHAR(~7001001100'30111000)
94 CALL PLET (»15620602s10010)
95 CALL PLBT ¢ 1500000111051')
96 YsQo :
97 NENSEN
98 De 111 I21,NEN
99 Yu(7500/EN) »]
100 CALL PLBT ("1500Y,2510,10)
101 CALL PLOT ¢ 1500Y,1010,510)
102 Xauw100,
103 CALL NCHAR (XoY2120030,140¢0)
104 CALL NCHAR (=7092Y404003021,000)
105 YaY+28
106 CALL NCHAR (=4002Y2140025,1,040)
107 111 CONTINUE
108 Xa(e
109 C
110 E LABELING PEAKS WITH ENERGIES
11
112 666 READ (105:55:END-15OOJERR-1313)KIIPRINT
113 55 FORMAT(14,16A4)
114 XK=K
115 IF (XKeLTo(X4250) ) XKu X+ 25
116 X XK
117 CALL PLBT (Xs750es2010s10)
118 CALL PLBT (Xs8100s01s10s10)
119 XaXK+15e
120 CALL PLOBT (X2810¢s2s10s10)
121 CALL CHAR (X,8100sIPRINT26290020+30)
122 G8 TO 666
123 1500 MARKEsMARKE+1
104 IF(MARKE+EQep) GB TB 1700
125 Xak300
126 Yae50,
127 JI=2
123 CALL PLOT (XaYadlaSXaSY)
129 GO 16 999
130 1700 Jlsal
131 CALL PLBT (XsY¥,J1,SX,SY)

132 1313 END
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CN3

NyN13y

(dCQ)QS8) # *02e2S X = x

(dQ)AONIS » *71 275 + A = 4
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Iz ]
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(4S81)8RNN = (PINTY4

T 81 @9

T + 11 = 1]

(TT) BWAN = () Nldg

e 81 g9 (Te*53e21) 41

2 81 89 (Teigeyiol) 41

T + i8] = 19]

i91 = = 151 (044719]) 41
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APPENDIX C

COINPLOT FORTRAN Listing

TSEUI A IMUNE FNVHIW WY ] IV X 7SSOND *3INuNB(00LT=*ANI 7 £L9Gn*S0T ) Qv Iy
QYYD 6¥INBD 3HL Qviy

CzENNY A
(€618IN 53931N]
(960%INV(9T) ININdAI NOISNIWIQ

SMJ3Q Vviva 48 135S SN3!A3dd 3HL Ng T gL 43S 3g

1SAW Wyl N3HL fQ¥v3 16uINSD 9NILL8d 3ML 3IONVHD 81 HSIM
NBA 3ON3NC3S ONIL1871d ONGT v SNIMNG 3WIL ANV LV 41 857y

‘€ 468 S3TdILNW d6/ ANV ‘S»I33Q € LSv¥3T LV 33 LSNW 3¥3HL N3HL
*De¢3 g2 3JyvX¥ 4] NeILlNVD) f(Qavd 39411 ONIGNTIND)Y SMo3g
vivQ HIONNYD Q¥vaNYLS 3HL 3¥v QuvD 8uLNE3 3HL DNIMET164
(SIHIONT NI 7SIXV A) 187d L1SyI4 3IHL 40 NIgIdg 3IHL o 1Sey)
(S3MINI NI fSIXv X) 187d LSuld4 3HL 468 NIpl¥g 3IHL = Txyng
(960%=1Nv 430) d31187d 39 QL ST3INNVHDI 48 ¥IGWNN 3JHL = NYHIW
Q¥VY T8¥INGD 3IML S3¥IND3IN X23Q VvIVvg 1SH! 4

3HL ATING N3HML (Lnv33C) O0=wvI 41 fQy¥vD 16MINGD ILviVg43S

VY S3uINC38 SX23@ vivQ 468 L3S HIOV3 N3HL T=wvI 41 = WV]

€ = 19Nv33Q ‘39vd ¥3d S189d 46 ¥ITWAN 3IHL = 3uVy

(SIHIONI NI fSIXvy A) S167d YNI4 3HL 48 LHDI3H 3HML = SSgi)
(S3HONI NI *SIXV X) 1670 IYNId4 3HL 46 HIQIN 3JHL = 3IdNyNg
1SOHIPINUNE INVHIR TWV ] F3HY X CSSENI 3¥NNY

{SYILINYHYD 3ML 46 SLISISNGD QuVD Tg¥INED LNdNI 3IHL
*NYWSL14Yyd VY 48 S32IAE3S 3HL A8dW3

6L ONIAVH NYHL d3Mivy C3IONA8Yd3y ALO3INIQ 38 NVYD Q31VYy3NID
SNHL S189d 3ONICIDONIGD 3HL LvHl NI S3I9 S$SS3INAIN43ISA IHL
*31VNIQue QNV VYSSIJ8Y 3Mi ¥84 KIGH 187d MIVI NG SHuVW OIiL
ONV d3Q¥88 v SiNd STV LI  ¢349vDS 987 V Ng ViIVQ 3HL 187d QANV
39vd *NI 1T A8 2/7 8 CGHVANVLIS V N8 Ll4 81 S167d 3IHL 3vIs
ATIVITLVWELNY £SX33C vIVQ HINNYD N Lg3JIY IM L87gNI8D

LETGNT8D wYd9gud
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4567 FORMAT(2FS592,211014,2F542)

999

oo

IF (MCHAN+FQe0)MCHAN® 4096
IF(KARE+EQe0)KARER3
IF(BURK1eEQeOsQ)BURK182
IF(CROS1¢EQe0e0)ICRBS1u20
BURK1=BURK1 #1000
CROS1sCROSLI*100
CaNTINUE

PL8T THE BBRDER

CALL PLBT (0es0020s10s1s)
MARK3=MARK3I+1

IX*MARK3#13

CALL PLBT (1Xs0%23s10s1e)

CALL PLBT(00211000s1s10214)
CALL PLEOT (8500211000510l e010)
CALL PLBY (850e¢40es1s10s10)
CALL PLBT (Qes0%s2s10,10)

CALL PLBT (BURK1,CROS1s2s10s1¢)
CALL PLBT (00s00s0010010)
YQ=0o

De 158 JIM=s1.KARE

READ (105,5,END*1700,ERR*1313) IPRINT
FORMAT (16Xs16A4)
SX®(100¢/MCHAN) *BURKE
SYs(100+/(1040¢*KARE)) #CRBSS
YsYQ

CALL PLBT (OesY22,5X,8Y)

CalLlL PLBT (00s0020s8XsSY)
CHANSMCHAN®1 o

CALL PLBYT (0¢s104002012SX2SY)
CALL PLOT (CHAN2 1040+, 1,5SXs8Y)
CALL PLBT (CHAN20O¢s1,SX,SY)
CALL PLBT (0es0es1s8Xs5Y)

X=Qe

—

PLBT THE TIC MARKS FBR THE CHANNELS

JeCHAN /500

e 4 I=1,y

JIsi

X=2X+5000

YzQo ’
CALL PLBT (XsYaJ1sSX,SY)
Y=z15,

J1s1

CALL PLOT {(X2Y,Jd1aSXaSY)
Yaw15,

CALL PLBT (XsYs1s5XsgY)
CaLL pLBT (X20921,SX,8Y)
CeNTINUE

CALL PLBT (CHANsQes1,5XsSY)
CalllL PLBT (CHAN2 10%0041258X28Y)



91
92
93
94
95

97

98

99

100
1014
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
12%
126
127
128
129
130
131
132
133
134
135
136
137

aNeXe]

11

676

16

111
158

1700
1313

. 309

CALL PLOT (0¢s1040951,SXsSY)
CALL PLOT (Oes0021s8XsgY)

CaLL CREAD (NJNCHAN)NRUNJNERRR)
IF(NERRR'NE+0) GO TO 1313

AUTBMATIC SCALING AND PLOTTING DATA

08 10 I=1,NCHAN

AN(I)aN(])el

Iio
DB 11 1s=4,NCHAN

IF (AN(I)eGTeB)BwaAN(])

ENw6

IF(BeLE«1000004+)EN=S,
IF(BeLEe310000¢)ENabs
IF(BeLEe1000¢)EN®3
IF(BoLEs100e)ENE2,
IF(BeLEe10e)ENEL

0o 676 Is1sNCHAN
ANCT)sALBGIO(AN(]) ) #(800s/EN)
Jisg

X-OQ

Do 16 1=1,MCHAN

XsX+1s

YsAN(])

CALL PLOTY (X2Y)J1,SX,8Y)
CONTINUE

CALL PLOT {*18¢00es2,8%X,8Y)
CALL PLOT ¢ 15040001,5%X,8Y)
YaQo

NENSEN

D8 111 Is1,NEN

Ya (800¢/EN)»!

CALL PLBT (*15e0Y,2,8%,8Y)
CALL PLBT ¢ 1502Y,105X,SY)
CONTINUE

YO=®1040+
CANTINUE
CALL PLOT (00510400,2,8X08Y)
BACKI-(CROSI*CRBSS*iooo)
FﬁR-BURKltaURKE*100o+200| .
CALL PLpT (FBR)BACKI2)10010)
IF(1AMeEQe1)GE TO 987
G8 T8 999

JIism}
CALL PLBY (X2aYaJ1sSX,8Y)
END




