T tepont v po s
b,mllﬂd 84 AR 4xoust of wurh

Smuir, euries ot ! gy
oy o Tk st cumplete
= e 1 105 Bamton Py T
daclomd. oo regteseats that 113 1% wous po

i i pralely owasd rghts

LISTOF TABLES « & 4 ¢ @ v o o o v o o o o v o o a s o v« iii

LISTOFFIGURES . « v 4 + ¢ o v o o o v o o o s o s o v o s s« v

I. INTRODUCTION . . . v ¢ v ¢ v e o s o o o o o a s s 0 s v o s 1

II. EXPERIMENTAL MEASUREMENTS

A. Preparation of 21""Bi Sources

1. 2'™Bi Production . . . v v v v v e oL 2

2. Chemical Removal of *¥Po . . . . . . . . .. ... 5

3. Electromagnetic Isotope Separation. . . . . . . . . 9

B. Spectroscopic MeasurementS. . . . . . « o+ + o 4 o o s 23

1. Alpha Singles . . . . . « . ¢ o v v v v e e . 23

a. 2'"BiHalf Life. . . . .. ....00.... 23

b, 2!'™BiDecay to 27%P0 . . . . v 4 b e e e e 26

c. 2V™BiDecay to 2°°TL . . . ... ... .... 30

2. Gamme Singles . . . . . . . . . . 35

3. Camma-Garma Coincidences. . 45

4, Conversion Electron Singles . . . . . .. .. ... 49

5. Alpha-Gamma Coincidences. . . . . . « . « . . . .. 58




CONTENTS
{continued)
page
Tii. CALCULATIONS OF ALPHA DECAY RATLS
A. Introduction . . . . . . . . .. 65
B. Review of Mang's Equations . . . . . . . .. e e i}
C. Calculation Description. . . ., . . . P e e 73
D. Vesults
1. %Mo, Mol L L L L 82
oy, BolEp 8K
IV, C(ONCIUSIONS . . . . . . e e e e e e e e e e w7
APPENDIX A L v 0 0 vt i et e s e e e e e e e e e e s 19
APPENDIX B . . . 0 0 o s o s i e e e e e e e e e e e e 111

REFERENCES .« . . . v o v v o i e i e i v e e e e v e e e e s 113



[
[

il

LIST OF TAHLES

CFEOREALYIN REACTIONS . . . 4 . o v e e e e e e e
Isotope Scparator Efficioncy Memsurementx . . . . . . . .
Ml Lifeof %% L L L. L.
Minimen Beta Docay Half Lives for S9%™i. . . . . . . ..
Alpha Energies and Branching Ratios for "%, . . . . |
Standands (PFESh, CCWEY. L . . . . . L L. ... -
oMy Gamma fneegies and Relative Intepsitics. . . . . .
700G Comma Singles Setnmm . L .. L . L L . e

Cages-Carems Codncldence Poaks . . . L . e e e
Conversion Electron Iatensities . . . . . . . . . . . ..
Paramelers Used to Caleulate ag (266 keV) . . . . . . ..

Conversion Coeffictonts for 19971 Calculated Using
nx(lbb]'.OB.’.........,.. ........

Alpla-Gamms Coincidence Tata fun ¥ . . . . . . . . . L.

Relative Alpha Bras fates for o, . . . . . . . . ..

Alpha Particle Asgular Mopentum (1) Contrilutions
to tie F''Po Alpha Decay Rate. . . . . . . .. R

Variation of the Caleulated Alpha Branching Harios
of TPowith R . L L L L L.

Rolative Alpha Decay Rates for V%o . . . . .. . ...
9871 Wave Pmctions (Approx. #3, Kuo and Ucr!ingsg). ..
fatio of **OBI (3-) Decay Rates . . . . . L .. ... .

Ratio of ¥'°Ri (1-}JAlpha Decay Rates for Mure Hamonic
Oscillator SEates, . . o v v v v v v e e e e e

9% (9. Alpha Decay Rates . . . . . . e

w

N

92



iv

LINT O0F TARLEN
{eoat i)
page

3. Kelaties Mphs Pecar Rates of 2B (2) (o bevels of
7o4ry Calenlated tiibng Pure iareentc Muciliator
@l

e FaRcBions . . . L L L L v e e e
3304 f9e) Golative Alpha hocay Bates. .. .. . L .



LIST OF FIGURES

Alpha spectnmm hefore one dibutyl carbitol extraction , .
Alpha spectyum after one dibuty) carbitol extraction. . .
Overall lavout of cascade jsotape separator . . . . . . .
isotope sepavator don sotrce. . .. L L L L . . [

Ixotope separator directly heated source oven . . . . . .

isotop collector system housing., . . . . . e e e e
Plas view thr collection box . . . . . . . ... e
2% Collector Foil L . . L . . L. . e

#lectrodeposition cell. . . . . . . . . oL oL

Decay modes for the decay of S7°%8i to s, . . . . . .
Alpha singles spectrum of 290 . L 0L L L ..
Alpha singles comling chasber. « . . . . . . . e e

Caussing peak £it to the 1332 ket “®lo gamms prak . . . .
Gasa singles spectnumof H%%mi, . . L L L L L L L.
Two dimensional map of gamma-pamma coincidence data . . .
Electron detector ef ficiencey. . . . . . . . . . .. .. .
Conversion electron spoctrun of ¥9%%ai. . . . . . . . ..

Diagram of detcctor and source locations for alpha gomma
coincidonce measurements . . . . . . . ... .. .

Equigraent schematic for alpha-goamas coincidence run #1,
fguipment schematic for alpha-gamma coincidence wun #2, .
Relat ionships between R and Rye o v e e e
Harmonie oscillator and coulomb potentials, . . . . . . .

Becay scheme of *3'o . . . L L. oL L o

wige

-~



LIST oF FHAURES
{cont inued)
xl:lh'l.'
ReGR) for the alpha decay “HBa (9/2¢) » 7970 (1/2-) . . 8o
Povay schome of *93™Bi . . L L L L L L. L. .. 98
)

Energy levels of “9%10 . . . . . .. .. ..

Single particle proton and seutron states near the
closed shells at 2= 82 and N = 120 . . . . 0. . . . 1w

A s 20206 atpha, beta decay evele. o oL 0 0L L L L T2



vii

Decay Studies of a Long Lived High Spin Isomer of *!'°Bi
Uale Glenn Tuggle
Lawrence Berkeley Laboratory

University of Califomia
Berkeley, CA 94720

Abstract

A source of 30 ug of purc ( > 90%) “'9PBji (In=9.) was preparcd by
irradiating *°®Bi in a nuclear veactor. After chemical scparations to
remove *'°Po from the irradiated bismuth sample were completed, the 2!°Bi
was clectromagnetically separated from the 2°°Bi by a series of two iso-
tope scparations to create the source mentioned above. This source was
then used to conduct alpha, conversion electron, gamma, ganna-gamna
coincidence, and alpha-gamma coincidence spectroscopic studics of the
decay of TV"Ri. The partial haif life for the aipha decay of 2™
was measured as 3.0 x 10%r, A lower limit of 10'7 years was set for
thepartial half life for the decay of 21°™Ri to 7'°Fo. Alpha decay of
2193 1o § excited stateso! 7%Tluas ohserved. A lower limit of 107w
sct forthebranching ratio of the parity forbidden alpha decay of “'%Biwthe
2°6Ti ground statc. ‘Theoretical decay rates for the alpha decays of
Zlemgy  210yi  21lpg and 7!1'™Po were caleulated using the method
developed by Hans Mang. A comparison of the calculated and cxperimen-
tally measured alpha decay rates of 2'°MBi showed good agreement for the

relative alpha decay rates,



viti

Achnowledgment <

I wish to thank my research dircctor, Professor Isadore Peslmasn,
and D, Frank Asaro for their guidince and support throughout the course
ol this work.

I am grateful to Helen Michel and James Harris for their assistance
in the chemical separations and to Duane Mosicr and Id Amold who main-
tained the electronics equipment.

For his puidance during the isotope separations [ am indebted to
Dr. Maynard Michel. The construction of the #!°™Bj coilector system
for the isotope scparator was a difficult task because of its smll size
and I am grateful to Dick Lscobales and G. G. Young for acconplishing
the task.

My greatest appreciation is for my wife, Jeanctte, whose encourage-
ment, support, and patience kept my spirits up even during the difficuls
times.

My parents also deserve a note of thanks for their support and interest.

Work performed under the auspicas of the U. S. Energy Research and

Development Administration.



1. Introduction

The protlem of obtaining exact nuclear wave functions which
could be used to calculate nuclear properties is extremely complex
for all but the simplest nuclear systems ('H,H). Approximate
nuclear wave functions, however, can be determined using various
approximations for the forces in a nucleus and these approximate
wave functions can be used with moderate success to calculate nuclear
propertics. The description of a nucleus in terms of seme sct of approx-
imate wave functions is called a model. Some of the models which have
been used successfully to calculate nuclear properties are the Liguid
Drop Model, the Shell Model, and the Collective Model. Descriptions and
discussions of these models as well as several others can be found in
many placcs.x This work is concerned with the Shell Modcl because of
its prediction of closed nucleon shells at Nor Z = 2, 8, 20, 28, 50,
82, 126.

The isotope *'°Bi has 83 protons which is one more than the number
needed for a closed shell at 2 = 82, and 127 neutrons which is one more
than the number needed for a closed shell at N = 126. In this region
near a closed neutron and a closed proton shell the description of a
nucleus in temms of shell model wave functions is expected to be good,
and in addition the calculation of nuclear properties is simplified be-
cause it is not necessary to use coefficients of fractional parentage.

The specific nuclear property of 2'°®Bi of concern in this work



was its rate of alpha Jdecay to states of “°%i|. A method for calculating
alpha decay rates of nuclei using shell model wave functions was devel-
oped by Huns .\tu\gl's. e purpose of this work wis to measure experimen-
tally the alpha decay rates of 2'°™Bi to varivus states of %7 ) and to
also calculate for vomparison these same alpha decay rates using Mang's
method.

This report is consequently divided into three major parts. the
first discusses the method of preparation of *'°™Bi counting sources and
the results of spectroscopic measurcments using these sources., ‘The
sources were made by electrumagnetic separation of “P"PEi out of a1 chow-
ically purificd sample of irradiated 2°*Bi. Alpha, gama, conversiun
clectron, gamma-gamma coincidence, and alpha-gamma coincidence spectra
of !%"8; were recorded using thrse sources. fhe second part explains
the exact calculational method used to calculate ajpha decay rates and
discusses the results of caleulitions of the alpha decay rate for the
nuclei *iipo, *VPMpo, FiPBi, and MBI

The third section is a summary of the experimental data usalwpreduce
a decay scheme for 2'°™Bi and an energy level diagram of 2°*71. Jhe ex-
perimental alpha decay rates ave compared to the values caleulated using

different configuration mixing schemes for 2°%%1.

1§, Experimental Measurementis

A, Preparvation of 7!"™HRi Sources
1. #1°Mi Production
Although there are several target projectile reactions that can

produce 2'°9Bi, the ncutron capturc reaction of 2°°Bi wus chosen hecause
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of its simplicity and the ability to produce milligram quantities of
2iomg: . The main difficulty with this production method is that the
71998i must be electramagnetically separated from the 2°%Bi target to
produce a source with a suitable specific activity ( > 10°d/min-ug).
Previous studies® 1% of the decay of 2'°%Bj used sources with specific
activities of less than 30 d/min-ug, and consequently were not able to
observe alpha transitions with branching ratios less than 0.1%.

A 10 gram target of ?°Bi was placed in the Savannah River Reactor
Facility where it was exposed to a neutron flux of approximately 10'°
neutrons/cm’- second for a period of about one year. The neutron capture
cross section of 2°°Bi to yield 2}°®Bi has been measured as 192 milli-

barns.13 Using this cross section value and the approximate flux and length

of irradiation, the expected yield of ?!°®Bj was calculated as 60 milligrams.

Table 1. 2°%Bi{n,y)X Reactions

2035 (n,y) *198i (ground state) o, = 1423 (@
20985 (m,2n) 29°Bi o€, > 8 MeV) = 1.3 o ®)
20883 (m,2n) 207Bi o(E, > 8 MeV) = 2.9 b
20983 (n,3n) 2°7Bi o=2.2x10* mp®

(@) Ref. 13
(b) Ref. 14
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The production of the ground state of 2'°Bi posed no problem since
21085 (g.5.) beta decays with a half life of 5.01 days!S to ¢1%0. The
219po which was produced in the 2'%Bi target was removed by chemical
separations which will be discussed in the next section. Both ?°7Bi and
298pj, which were produced in the 2°°Bi target, decay by electron capture
and did not cause any problems in recording the alpha decay spectrum of
210Mp;  but the gamma rays produced following 2°7Bi and 2°°Bi electron
capture decay interfered with measurements of the gamma spectrum produced
by the alpha decay of 2!9®Bi to excited states of 28Tl and the subsequent
gamma decay of these excited states to other lower energy excited states
or to the 2°®Tl ground state. Note that 2°7Bi can be produced from 2°?Bi
by either two consecutive (n,2n) reactions or one {(n,3n) reaction. East-
wood and Ro)'14 calculated the rate of production of 2°7Bi for each of
these reaction paths. A comparison of their calculated rates to the ex-
perimentally measured rate led them to the conclusion that the reaction
{n,3n) is primarily responsible for the production of 2°7Bi in a 2°°gi
target exposed ta a fast ( > 8 MeV) neutron flux.

The %%Bi sample also contained a small amount of Sb. Gamma
spectra taken using the irradiated bismuth sample prior to any electro-
magnetic separations showed gamma peaks with energies and intemsities cor-
responding to those of '?°Sb {t, = 2.7 yr).ls This isotope was probably
produced by two consecutive (n,y} reactions

12355 (n,y) '?'Sb o =33 1
1245h (n,y) 12%b o = 2000 5

c
Because of the much shorter half life for the decay of '2°Sh as compaved

to 2'°™3i and the much larger neutron capturc cross sections of '#3Sh
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and '2"Sb as compared to 2°°Bi only trace amounts ( < 10° atom %)
of 123gh in the original 2°°Bi sample caused peaks to occur in the
gamma spectrum that had intensities of the same order of magnitude as
the intensities of the 2!'°™Bi gamma peaks.
The removal of these impurities from the sample (2°7Bi, 298Bi, 210po,
and 125Sb) and of 2!°®Ri from 2°°Bi are the topics of the next two sec-

tions. Both chemical and electromagnetic techniques were used.

2. Chemical Removal of 2!%Po

As. mentioned in the preceding section the beta decay of the 2!°Bi
ground state produces 2!°Po which decays by alpha particle emission to
206py with a half life of 138.4%5 days. The 2!%Po was separated out of
the irradiated bismuth sample for several reasons. One was to reduce the
total alpha activity of the sample to facilitate its handling and ship-
ping. During the irradiation approximately equal amounts of 2!°pPo
(Daughter of 21°Bi) and 2'°™Bi were produced but the alpha activity of
the 2'°Po was much higher (six orders of magnitude) then for 2!°7Bj bhe-
cause of its much shorter half life. Another reason for removing 2!°Po
from the sample was that it produced a high background alpha counting
rate in the energy region of the alpha spectrum where 2!°™Bi alpha peaks
occur. And finally, one part of this project was to search for the de-
cay of 2'"™Bi to 2!°Po, by reducing the amount of 2!°Po in the sample
to a low level and then monitoring the increase in 2!°Po alpha activity
as 2'°Po was produced by the decay of 2'°UBi to 2'%Po.

The separation of 2!°Pc out of the sample was accomplished by

distillation and solvent extraction. The distillation which removed the

bulk of the ?!°Po was done at Savannah River Reactor Facility several
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weeks after the end of the irradiation. The boiling points for Po and
Bi metal are

o - ggrc 16

Bi - 1s6rc 10

The Bi metal sample was ther shipped to Lawrence Berkeley Laboratory
where it was eventually dissolved by veacting it with concentrated nitric
acid. A small amount of this solution was diluted and was used to make
an alpha source by electrodeposition on a Pt plate. An alpha spectrum
was taken using a Frisch grid chamber. The spectrum is shown in Fig. 1la.
The ratio of 2!°UBj alpha counts to 2!°Po alpha counts calculated by
sumning over the channel limits shown in Fig. la was 0.29.

To reduce the amount of *!°Po -further the bismuth sample was dis-
solved in 160 ml of 4M HNO, solution and the solutinn was divided into
4 portions of ~40 ml. Then solvent extractions with 40 ml fractions of
dibutyl carbitol 17 vere performed to remove 2*°Po from the aqueous solu-
tions. An alpha spectrum of a source made using a portion of the agueous
phase after the extraction is shown in Fig. 1b. The ratio of *!°Po counts
to 21MBj coumts was .097. The extraction had reduced the ratio by a
factor of 3. A second extraction produced a further reduction of the
210po/210Wp3 alpha count ratio by a factor of 4.7.

Two extractions were performed on each of the four portions of the
4M HNO,solution and a comparison of alpha spectra showed that in each
case the 2!°Po/?!"Bj count ratio was reduced by a factor of 3 to 5 per
extraction. After completing the extractions three of the four aqueous
solutions were mixed together and shipped to Oak Ridge National Labor-

atory where an electromagnetic separation was conducted. The fourth
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portion was used to pmpare alpha cownting sources used in measuring the
half ife of “1°"8i and to comduct sore trial nns on the elevt romagnet ic
isotope separator at lawrence Berkeley Lab.  The average Po/Ri ratio
of alpka counts for all four samples was .03,

This Po/Bi ratio was reduced cven further in the clectromagnetic
isotope scparations. The exact mechanism for that scparation was not
investigated but since ?!°Po and ?'°FBi havc approximatcly the sume
mass, the scparation is not due to clectromagnetic effects put to some
difference in the physical properties of ?'%Po and ?!°®Bi which causes

them to be lonized at different rates in the ion source of the separatur.

3. Electromagnetic Isotope Separation

After chemical scparation to remove 2!'°Po from the sample had been
completed, a mass analysis of the sample was conducted and the amount of
210mpj in the sample was measured as 0.130:.005 atom % of the total bis-
muth. A comparison of the 2'°Po to the ?'°"Bi alpha decay rates was then
used to calculate the amount of '°Po in the sample as 4 x 107 atom $. And
by comparing gamma ray intensities the amowunts of 2°7Bi, 2°Bj, and '?°Sb
were calculated as 10% atom %, 5 x 107 atom %, and 10* atom § respectively.

Iy an electrodeposition lvchni-quc which is discussed in
Section BI, sources for alpha spectroscopy were prepared and used to
measure the hatf 1ife of “'°™Ri, But thesc sources werc not suitable for
later cxperiments because of their low counting rates. In order to
achieve adequate cnergy rcsolution [ < S0 keV FWM) for an alpha spec-
trum, the thickness of the source had to be kept to o thickness of less
than 500 pg/em® of bismuth. Because 99,99 atom ¢ of the swnplc was

e85, 4 1 an’ arca source with a thickness of 500 pg/em? would have
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contained only .05 ug of T'*7Ri and a 7 !°PRi alpha activity of
~700 d/min.  Since thicker saurces would decrvase the resolution of the
alpha spectnam, the only way to pet sources with higher count rates was
to use an clectromagnetic isotope sejuvator to scparate “*°PHi away from
the *°Bi. Electromagnetic separations would also separate “'°™si from
2078, *9%pi, '?%6h, and thus reduce the backgrownd gamms counting level
in sources made with separated material.

The sepavation of *'°"Bi was donc in two stages. First a 7 gram
portion of the 0.13 atom 3 *!°™Bi sample was nun through the Calutron
at Oak Ridge National Lab. The material collected as output from that
run was then used as input into the isotope scparator at lawrence Ber-
keley Lab and the output of that run was collected on an Al fuil
which was then used as a source for spectrograpiic measurements. ‘These
scpavations are discussed in more detail in the niext fow paragraphs.

The amount of bismuth sent to Guk Ridge National lLaboratory
was measured by running an ETA titration with pyrocatinal vielet
as am indicator on a small fraction of the sample solution.

The total bismuth content of the sanple wias measured as 4.5 grams,

This sample was run through the Calutron and the < 1oMpj

fraction collected on o & mil copper foil. The efficiency
of the run, as measured by integration of the ?°°Bi beam current, was
5%. Correspondingly the amount of ?!°"Bj that should have been collected
was calculated as 0,28 mg.
1t was assumed that the efficiency of the runs to be conducted at

Lawrence Herkeley lab would also be ~5% and an estimate of the final

amount of 2'%%3i that would be collected was made #s shown below.

0.28 mg 2'Omgi x .05 = 14 pg 204
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This amount of 2'°®Ri would have an alpha activity of ~20,000 d/min.
This amount of activity is low so the decision was made to do two
things to increase it.  First another 2 grams of bismuth (.13% atom %
2197Bi) was sent 1o Guk Ridge National lab. And second, the ion source
from the first Oak Ridge National Lab run was washed to recover the
bismuth. This recovered bismuth was added to the 2 gram sample and a
second scparation run was made.

The copper collector foils from both runs were shipped to lLawrence
Berkeley Lab where they were dissolved in a 6M HC! - .IM IINO, solution.
The targets also contained some sputiercd graphite which was filtered
out of the acid solution and placed in a platimum boat. The graphite
was then burned, the Pt boat rinsed with concentrated nitric acid, and
the rinse solution added to the original solution.

The solution was taken to dryness, dissolved in 50 ml of IM HCI,
and diluted to 500 ml causing Bi to precipitate as BiOCl. The soluhility
of BiOC1 in .35 HCl at 25°C hz= been measured as 1.3 mg/1000 gm 11,0 18
and should be significantly lower for .IM HCl and ~20°C. ‘fhe total
amount of Bismuth was estimated at 30 mg (?'°™Bi~2% bascd on an enrich-
ment factor of ~20 for the Calutron) of which < 3% remains in solution
while the rest precipitates.

The BiOC1 precipitate was filtered and washed with .0IM HCl. Then
it was dissolved in 50 ml of IM HCl. By adding 15 mg of powdered zinc
to the solution the bismuth was reduced and precipitated as the metal,
which when filtered and washed was used as input material for the isotope
separation done at Lawrence Berkeley Lab.  ‘The amount of Bi metal col-

lected was 26.9 mg. ‘The ratio of 2'°™Bi/?°%Bi was measured as 2%. Using
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these values an overall efficiency for the separation runs at Oak
Ridge National lab was calculated as 7%.

The clectromagnetic isotope separator at Lawrence Berkeley Labor-
atory was constructed in the mid 1960'5.19 It is similar in design to
the Scandinavian scparators of the 1950's but with some modifications
and improvements. ‘The overall layout of the michine is shown in Fig. 2.
Only the first stage of the machine is currently in use. ‘The machine
has a 90° deflection with a radius of curvature of 152.4 cm and a total
beam path of 4.82 m. ‘The base pressure of the vacuum system is 10°
torr cxcept in the ion source which has a base pressure of 2 x 10° torr.

A diagram of the ion source used for solids is shown in Fig. 3a
and a closer view of the source oven is shown in Fig. 3b. ‘The tempera-
ture of the oven is raised by passing a current through it until the
vapor pressure of the sample becomes high enough that enough material
diffuses into the source chamber to support a plasma.

The bismuth samples were loaded into the oven in two ways. In the
initial series of trial runs using input matcrial that bad not been iso-
tope separated at Oak Ridge National Lab, .001 ml volumes of a dM IINO,
solution which had a bismuth concentration of 6.4 mg/ml werc placed on
a platinum foil and taken to dryness. The platinum foil was then folded
around the sample and this package of bismuth wrapped in Pt foil was
placed in the oven of the isotope separator.

In the series of isotope separation runs which used as input
material the bismuth which had undergone an isotope separaticn at Oak
Ridge National lLab, weighed amounts of powdered bismuth metal were

placed directly into the oven. ‘This powdered bismuth was obtained by
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methods described earlier in this section. A provlem with loading pow-
dered metal into the isotope separator ion source oven was that some
powder stuck to the walls of the oven. This material on the walls of
the oven probably vaporized during start-up and tuning operations when
the separated isotope bcams were not being collected. Uonseyuently the
efficiency for the runs was reduced.

The collector system for the isotope separator is mounted on a
differentially pumped vacuum probe20 which allows the collector system
to be removed without significantly disturbing the vacuun within the
separator. The collector housing itself, shown in Fig. 4, is a rectan-
gular box with two sides open. One end of the hcusing fits onto the
vacuum probe and into the other end which is open a set of rectangular
plates can be fitted. The plates fit into aluminum oxide slots along
the top and bottom of the housing and when completely in place make
electrical contact with a comector at the closed end of the housing.
The surfaces of these plates are placed perpendicular to the beam direc-
tion when collecting the isotope beams.

The advantage of using a series of plates is the ease of assembly
and disassembly of a collector system. The clectrical connections with
the plates serve several purposes. First the amount of heam current
striking a particular plate can be measured to determine beam intensity.
This intensity can then be integrated over the course of a run and used
to determine the amount of material collected (or at least the amount
of material which struck the collector). Secondly, by anplying
a negative voltage to the plate just preceding the one on which

beam intensity if being measured, electrons scattered when
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the beam strikes the collecting plate can be kept from escaping the
plate. The loss of electrons from the collecting plate causes readings
of beam intensity to be too high.

For the collection of ?!"MBj a special set of collector plates was
constructed so that the 2'°"Bi could be collected on an i lhminua foil
which could be used as a source for spectrographic measurements.

Collection of the 2'™Bi beam directly onto the foil was uot feas-
ible because sputtering limited the amount of 2?°™Bi that could be col-
lected to a few pg/am®. After collecting that amount of 2'°MBi an
equilibrium was reached where one 2'°™Bi atom was knocked off of the
collecting foil by each incoming 40 keV 2!°"Bi jon, The self sputtering
ratio (atoms sputtered/incident ion) of 2!°™Bi has niever been measured
but an estimate of 54 was made by extrapolating from the values of plati-
nun and lead which are 52 and 5321 respectively for incident ion energies
of 45 keV. The total amount of 2!°"Bi to be collected was ~30 ug
which would give a thickness of 60 ug/cm® when sprecad over a collection
area of .5 cm?.

One method of increasing the amount of 2!°™Bi which can be col-
lected on a foil is to decelerate the 2!°™Bi ioms before they strike the
foil to an energy of ~1 keV by using a retarding potential. This method
was used by sheline?? to prepare 2'°™Bj targets for use as targets in
accelerator experiments. ‘The difficulty with this method is to maintain
the beam focus in spite of irrepgularities in the deceleration ficld and
the increased cffect of space charge hlow-up.

The probiem ol collecting 218 at thicknesses of ~00 pg/cem’
was solved in this work by letting the beam strike a Be foil and col-

lecting the sputtered material. A diugram of the collector designed to
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accomplish this is shown in Fig. 5. A Be foil target was mounted at an
.

angle of 30° to the beam direction and a curved (3 rym radius) piece of 3
mil Al foil was placed above the Be foil to catch the material sputtered
by the beam. A slit was cut into the Al foil to allow thc bcam to pass
through it. Although some of the sputtercd material escapes back out of
this same slit through which the beam entercd, the amount was less than
3%. This is due to the fact that sputtering at an incident ion energy
of 40 keV is highest in intensity in the direction perpendicular to the
Be foil.21 The intensity as the angle to the perpendicular increases
is proportional to the cosine of the angle to the perpendicular. ‘This
cosine distribution can be seen in Fig. 6 which is a picture of the
Al foil used in the 2!°™Bi separation runs. This foil, which had an
average thickness of ~80 ug/cm® and a total alpha activity of § x 10*
d/min was used as a counting source for many of the spectroscopic meas-
urements discussed in this work.

One final aspect of the 21°™Bi electromagnctic separation is ef-
ficiency. There are many factors that can affect the efficiency and
it is not the purpose of this report to try to explain them. Instead
the efficiency results for the various bismuth separation runs will be
presented. Preliminary runs on the isotope separator were
conducted with natural bismuth metal and with Bi nitrates which wcrc‘
wrapped in platinum foil as discussed earlier in this scction. The
nitrate runs were repeated with irradiated bismuth samples (0.13% 2!°Mj),
fAnd the bismuth which had been separated at Oak Ridge National Lab

(2% 2'O"Bi) wos vun as powdercd bismuth metal,
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Table 2. Isotope Separator Efficiency Measurements

Input Form Av Beam
Natural Bismuth Runs  Amt (Bi) Current (?°%8i) Eff
Metal 2 mg 3 pA 8 3
Bi nitrate 1 mg 1 pA 8.6 %
in Pt foil 2 mg 1A 7.0 1
1,3 mg 3 uA 3.5 %
Irradiated Bismuth Runs
(.13% 210mpj)
Bismuth nitrate S mg 4 pa 8.7 %
in Pt foil s mg 7 ua 439 (a)
5 mg 5 ua 503 ®
6.6 m 5 i 8.0 %
Irradiated Bismuth Runs
(25 *'omgi)
Sample Yorm
Metal Powder 3.7 mg 2 pA 0.2 %
4.1 mg 3 pA 4%
3.7 mg 1 ud 1.3 %
5.4 mg 4 un 5.5 % )
4. 45my 3 pA 13.5 %
Overall Collection .
Efficiency for 2!®Bji 12.2 %
(2% 21mpi)

(a) Machine failure during the run is partly responsible for
the lower vitlue.

(b) Sparking between ion source and extractor forced carly shutdown
of the machine.

(¢) Oven dropped after loading and some material lost.
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B. Spectroscopic Measurcments

The ultimate purpose of obtaining a sample of 2'°®Bi was to ob-
serve spectroscopically its decay and to compare the data derived from
these observations with calculated decay rates. It is the purpose of
this section to describe both the methods and results of various spec-
troscopic measurements on the long lived isomer of ?'%Bi. ‘The division
of this section into parts is based on types of spectroscopy, e.g. alpha
or gamma, or conversion electron. All of these measurements are used
together in Chapter [V to show the decay characteristics of 2'%%Bi and
to comparc them to theory.

1. Aipha Singles

The alpha spectroscopic measurements made on 2'°MBi can be divided
into three groups each addressing a different problem and using a par-
ticular set of experimental parameters. One group of measurements was
done to determine the half life of 7'*®Ri.  Anothier proup ol
measurements was aimed at measuring the approach to equilibrium of the
210pg/219Myi a)pha counting ratio amd thus determining the beta decay
(or possibly gamma) decay rate for *'°PBi. And finally a third group
cf measurcments was taken to measure the branching ratios and energies
of ?'°%y; alpha decays to states in ?°°Tl. Each of these three groups
of measurements will he discussed separately in the next three sections.

a. 2omgi ke Life

‘e alpha decay half life of ?'°"4i was determined by measuring
tie alpha activity of a source containing a known amount of tlie isomer.
710Mm

My the atpha decay rate of ki was used for calculation of the hatt

m,, . -
P17 hecause the rates for other devay wodes of '*™Bi are at

lile of
feast six ovders of mpnitide smller than the alpha decay ate. The value

for the half life found using this method was 3.04 ¢ .96 x 10° yr. which is
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is somewhat lower than the value 3.55 ¢ .12 x 10° found by
Lange and Hagee23 using a similar technique.

Sources for this half life determination were made from a solution
of the irradiated bismuth target after chemical scparations to remove
219pp had been completed but before any clectromagnetic separations
nad been started. This solution was mass analyzed using a wass spectrometer
and found to contain 0,130t .005% 2°“8ji, To measure tne total bismuti
concentration of the solution I ml portions were witndrawn {rom the solu-
tion which had a total volume of =100 ml. These 1 ml sanples were
diluted to 10 ml and titrated wita a .05 M diNa EDTA solution using pyro-
catinol violet as an indicator. The bismuth concentration was found to

be 6.8t.1 mg/ml.
Sources were prepared from this solution by an electrodeposition

technique. A small volume {20 A)of the bismuth solution was placed on

a Pt plate which served as the cathode in tie electrodeposition cell.

A diagram of the apparatus is shown in Fig. 7. After placing the Pt
plate in the electrodeposition vell the 202 solution was diluted to 1-2 ml.
Tais solution was held in the cell by maintaining a slight negative pres-
sure in the cell. A current of 50 milliamps was passed tnrough the cell
for 10 minutes causing the bismuth to deposit on the Pt plate (probably
as bismuth nydroxide but tnvestigations were not conducted to determine
this). After 10 minutes the liquid was rapidly removed from tine cell
without turning ofi the potential across the electrodes.

To pet valid haly life measurements this clectrodeposition had to
be quantitative. ‘The effectiveness of the deposition was monitored by
rinsing the ccll with 4 MINO;, adding this rinse to the original cell
solution, and taking this solution to dryness on a Pt plate. This

plate was then placed in a grid chamber and alpha counted. If this plate
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showed any alpha activity the run was discarded.

The sources made by electrodeposition were alpha counted in a
Frisch grid chamber using a gas mixture of 90% Ar 10% methane at a pres-
sure of 8 1b/in and a flow rate through the chamber of 30 cc/min. A
collimator 3.17 mm in height and 26.95 mm in diameter was used to im-
prove the resolution of the spectra. The efficiency with the coilimator
was calculated by assuming a constant density distribution of the bismuth
in a 7 mn diameter circle and integrating numerically over all points
within the circle. The overall efficiency of the chamber using this cal-
culation was 37.3%. Table 3 shows the values measured for the

half 1life and some of the parameters for those mcasuremenis,

Table 3. Half Life of 2!'%"gj

Amt 21OmBj d/min ?:,1(10’> yr)
(2.2t.1) x 10°g 2.73t,04 3.05¢.15
(2.21£.1) x 10%g 2.98t.04 2.80¢.14
(2.21¢.1) x 10%g 2.83¢.04 2.94¢,15
0.167£.005uy 208t1 3.04:.06

b. 2'°MBj Decay tc 2!°Po
The decay of 2!"™Bi to ?!'°Po is possible through several paths
as shown in Fig. 7.5. The isomeric statc of ?'°Bi can decay by gamma
emission to the ground state which can then beta decay to form 2'°po.
Or the isomeric state can beta decay to the ground state of 2!°Po or

to either of the first two excited states of 2'°Po.
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Figure 7.5. Decay modes for the decay of 219™i to 21°To,
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All of these possible decay modes should be highly hindered by the
large angular momentum changes involved. The purtial hali lifc of the pamm
transition (E8) between the isomeric and the ground state of ?'°Bi was

estimated as 5.5 x 10%° yr, using the Weisskopf formula shown below®?:

b

_ 695 x .645 x 10%) ( 140 )ZL‘+l /b o
S E(MeV)
S =2[1+(1/L)] /
{[ (2L#1)+ (2L-1)+....Sx3xl} [ 1+(L/3)1}2
Beta decay to the first three states of 2:°Po involves angular momentum
changes of 9, 7, and 5 respectively. Because of these large angular
momentum changes it is expected that all of these beta decays will have
a log ft > 20. Using a log ft = 20 as a lower limit for the beta
transitions to all three levels of 2!°Pg estimates of the partial heta
decay half lives shown in Table 3 were made by extrapolating the tables in

reference 15. These values are expected to be minimus for the half life.

Table 4. Minimum Beta Decay Half Lives for *!'°"Bi

(a)

210pg Jevel (keV) Spin, Parity Qp (keV) t, )
0 0+ 1432 10%?
1181 2+ 251 10'3
1426 4+ 6 10%°

(a) 1log ft = 20

Based on these estimates for the minimum partial half lifes of thevarious
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decay modes of 2'°®Bi to 2!°Po, the assumption can be made that the
decay of ®!*EBi to 2!°Po has a maxirum branching ratio of less than
3 x 10°%. But Levy and Periman’! experimentally measured this branching
ratio as 3.7 x 10° by observing the growth of 2!°Po in a sample of
bismuth (~10°% 2!°BBi) which had been purified of 2!°Po. Because no
direct observation of the decay of 2!°@Bi to 2!°Po was made, the mode
of the decay whs not determined.

The decay rate of 2!°"Bi to 2'°Po was also measured by Rusinov’
by comparing the alpha decay rate of 2!°GBi to 2!%Po. The ratio of
the 2!'°Po to %!°PBi alpha decay rate was checked over three half lives
of *'°po (t‘s = 138.4 days) and found to be constant at 5 x 10%.

Using the value 3.04 x 10° yr. for the half life of 2!°"Bi and

assuming that the decay of 2!°8Bj to 2!°Po was at equilibrium during

the measurements, the partial halflife forthe decayof 2!°™Bito ?!°Po can be
calculated as 6 x 10'° yr., a value several orders of magnitude lower

than any of the predicted half lives. Rusinov made this measurement with
a bismuth source having a specific alpha activity of 14 d/min-pg,

whereas the source produced by the final .isotope separation in this

work had a specific alpha activity of 1.2 x 10° d/min-pg.

Using this source the alpha decay ratio of 2!°TBj to 2}%Po was
measured. The ratio was initially found to be <1 x 10%° but measurements
taken slightly less than one year later with an order of magnitude more
counts gave a value of 2.8 z .6 x 107,

This decrease in the ratio of the 2'°Po to 2!°®Bi alpha decay rate
corresponds to the decrease expected if only the decay of 2!°Po is con-
sidered. This indicates that the rate of production of 2!°Po in the
sample was much slower than its rate of decay, and from these measurements

anly a lower limit for the partial half life for the decay of 2!°"Bi to
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210p5 can be determined. This lower limit is 1.0 ¢ .3 x 10*? years which
is several orders of magnitude higher than the partial hal{ life
calculated using Rusinov's data.

The measurements of the ratio of the ?!°Po to 2!°MBj alpha decay
rate was made using a solid state silicon gold surface barrier detector
with a diameter of 6 mm. The detector was placed within 2 mn of the
source to maximize the efficiency of the system. The pressure in the
counting chamber was maintained at ~1S microns by a mechanical pump
trapped with dry ice and alcohol. The resolution of the system was
40 keV because the small distance between the source and the detector
increased the effect of self absorption in the source.

c. 21"™pj Decay to 2°°T1

Alpha decay was observed in the alpha singles spectrum of 2'°MBi
to six excited states of 2°°Tl, as seen in Fig. 20. But no alpha decay
of *19M33 o the ground state of 2°®T1 was scen despite speciat efforts
to search for the decay which had been rcported by refercnce 6.

An alpha spectrum of a 2!°®Bi source is shown in Fig. 8. This spec-
trum was taken using a solid state 150 mm? active area silicon gold sur-
fact barrier detector with a resolution of 32 keV I'MM at room teuperature.

The counting chamber used was designed to prevent internal conver-
sion electrons from reaching thc detector and creating peaks in the
spectrum having an energy equal to the sum of the energy o: an alpha par-
ticle and the energy of a conversion electron. These sum peaks
would particularly be a nuisance in searchiug for alpha decay to
the ground state of 2°5TL. The sum of the alpha particle energy for

the alpha decay to the 266 keV excited state of 2°°T1 and the L conversion
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electron energy for the internal conversion decay of the excited state,
is only 10 keV less than alpha particle energy for the alpha decay to
the ground state, and the resolution for the spectra was not high cnough
to separate two peaks that close in enmergy. A diagram of the counting
chamber is shown in Fig. 9.

The 2!'°™Bi source and the detector were separated by a 4" piece
of metal with a ' collimating hole cut in it. The metal piece was con-
structed of brass and steel so that when placed between the two poles of
a large permanent magnet (firm contact must be made with both pole (uces
of the magnet) a strong magnetic field was created across the %' hole.

Internal conversion electrons emitted from the source towards the
detector were deflected by the magnetic field (~3000 Gauss) into the
walls of the %" hole and thus were prevented from reaching the detector.
On the other hand the effect of the magnetic field on the path of alpha
particles was negligible because of the very much lower charge to mass
ratio of alpha particles as compared to electrons.

The energies #nd relative intensities of the peaks in the alpha
spectrum of *!"™Bi were measured and are shown in Table 5 along with
the results of references 6, 7, and 10.

The energies of the aipha peaks were determined by using the ?'°Po
peak at 5.305 MeV as a reference point and an eneigy scale derived from
two 2'°%3i alpha peaks. Buased on alpha-gamma and gamma-gamma coincidence
data the assumption was made that the energy difference between the
alpha decay leading to the 260 keV level of 2°*Tl and the alpha decay
leading to the 801 keV level of 2°°T1 was 530 keV x 200 = 520 keV. by

using this valuc and the measured distance between thesc two ilpha
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Table 5. Alpha Energies and Branching Ratios for 210mpj

Present _m_s_iM7 Korolev'? Lange6
ranching Branching Branching Branchi
l=.nerg)ﬂ’)B Ratio Energy  Ratio  Enmergy Ratio  Energy Rati;ng
5.207 <10* 5.207 ~,04
4.946 55.0 4.936 60 4,959 57.6 4,935 54.6
4.909( ) 39.5 4.896 3 4,922 36 4.896 40.4
a
4'582(8) 5.1 a5 5 a574 ¢ A8 .95
4,568 4.550 3.74
4.420 0.3 4.486 .5 4.431 4 4.400 .19
4.260 .01 - - - - - -

(a) Unresolved Doublet. Energies were obtained from alpha gamma
coincidence data and have an accuracy of .002 MeV,

(b) Energies have an accuracy of .001 MeV.

peaks the energy scale of the spectrum was determined.

The intensities of the peaks in the alpha spectrum were measured
by graphically drawing background curves and subtracting this background
from the peak area. The alpha peak at 4.574 MeV is actually a sum of
two peaks which could not be resolved in the alpha singles spectrum,
so the intensity given in Table 5 is actually the sum of the intensities
of both peaks. The energies and intensities of the two peaks were mzas-
ured in the alpha-gamma coincidence spectrum and will be discussed in
Section BS of this chapter.

The alpha peak at 4.260 MeV had not been previously observed. It
was identified as the alpha decay of 2!°BBi to a 952 keV excited state of
206T) hased on the alpha decay energy and alpha-gamma coincidence data
where a 4.268 MeV alpha peak was observed in coincidence with a 686 keV
gamma ray. The 686 keV gamma ray was assumed to be produced by the decay
of the 952 keV excited state of *°®Tl to the 266 keV excited state.
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An alpha peak corresponding to the decay of 2!%mBi to the ground state
of 2°°T]1 was not observed, but a lower limit was determined and is listed
in Table S. The importance of this lower limit is that it can be used to
set a lower limit on the degree of parity mixing in either the isomeric
state of 2'°Bi or the ground state of 2°°Tl.

The rules governing the spin and parity changes in alpha decay are
relatively simple. If the spin of the parent nucleus if J; and the spin
of the daughter mucleus is Jg, then the emitted alpha particle can have an
angular momentum relative to the daughter nucleus which falls between the
following limits.

by - gt <L <y + g

The parity change involved in the decay is governed by the value of
L. If L is even then no parity change can occur. If L is odd, the
parent and daughter nucleus must have opposite parities.

If Ji # 0 and JF # 0 then the parity rules are not restrictive,
but if either Ji =0 or JF = 0 or both Ji = 0 and JF = 0, then the
«lpha decay can only occur with one value of L. For example, if Jy=9
and JF = (, then the only allowed value of L is 9, and alpha decay is
only allowed if the parent and daughter have opposite parity.

The spin of 2!%%Bi is 9 and it has negative parity while the spin
of the ground state of 2°°Tl is 054 and it also has negative parity. As in
the above example, decay of 2'"™Bi to states with spin 0 is only allowed
if they have positive parity..

Therefore alpha decay of 2!°™Bi to 27Tl will not occur unless a
violation of the accepted rules concerning spin and parity occurs. One
possible violation of the rules concerning parity would be the mixture
of a slight amount of positive parity into the ground state of ?°°T1 or

into the metastable state of 2'°Bi. A minimum value for the amount of
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this abnormal parity mixing is calculated in Chapter 111,
2. Gamma Singles

The ganma spectrum of ?!°"Bi was studied with two different sources.
One source was ~5 g of irradiated bismuth (0.13 atom % 2!°™Bi) which had
not been mass separated. This source contained '?*Sband ?°7gi
which were used as internal standards to determine the variation of de-
tector efficiency with energy and to establish an energy scale for the
spectrumn. Energies and relative intensities of all but 4 ganma peaks
in the *'%%Bi spectrum were measured using this source.

The second source was ~.35 mg of mass separated bismth (~2%
2tomgi),  The mass separation removed the '25Sb and greatly reduced the
levels of 2°7Bi and *°%Bi. ‘This source was used to measure the encrgy
and intensity of the 2!'°®Bi gamma peak at 635 keV which had been obscured
by a gamma peak of !2%Sb, and to locate several very low intensity guamma
peaks which were hidden by the background in spectra taken with the first
source. Spectra taken with both of these sources will be discussed
separately below.

The gamma spectrum of 2!%UBj was taken, using the 5 g source, with
a 6 cm® Ge (Li) solid state detector. The absolute efficiency of the
detector was measured as ~2.6% at 279 keV using a 2°%ig standard, and
its resolution ranged from 1.6 keV at 266 keV to 2.3 keV at 1332 keV.

A sumary of the energies, peak areas, and reiative intensities for the
internal standards '2°Sh and 2°7Bi is givem in Table 6. The energies
and relative intensities listed are from the litcraturc whereas the peak
areas listed were measured in this work. The measured energies and rela-
tive intemsities of the peaks in the gamma spectrum of 2!°"™Bi are listed

in Table 7 along with the results of References 9 and 0.
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Table 6. Standards ('25Ssb, 2°7Bi)

_E_n_(“) Rel Int(®) Peak area
i125gh 176.3 22.4 3.27 x 10
427.9 100 4.40 x 10*
463.4 32.9 1.07 x 10*
690.6 64.8 1.14 x 10*
606.7 20.6 3.44 x 10*

636.0 43.6 7.07 x 10° (Sum of '2%sh,

zlomBi)

207g5 569.7 100 1.57 x 10°
1063.6 76 4.69 x 10°
1770.2 7.5 2.08 x 10*

(a) Reference 28

Table 7. 2'°™Bi Gamma Energies and Relative Intensities

Energy Rel Int
Present Ref. O Ref. 9 Present Ref. 0 Ref. 9 Peak Area (Prescnt)
265.6 266  265.7 100 100 100 1.93 x 108
304.6 305 304.8 55.4 54 ~54 8.65 x 10°
329.6 329 329.1 1.46 1.1 =2 2,01 x 10*
344.3 344 344.0 1.40 1.4 =2 1.80 x 10*
368.9 368  360.6 1.25 1.3 ~] 1.42 x 10*
sgaf@) . . .onn(@ . -
535.5 534 - 0.51 0.5 - 2.55 x 10°
6353 634 . .02 02 - .
649.6 651  649.8 7.7 5.6 ~4 2.32 x 10*
ou6(d) . . .012(a) . . .
301@) >, 005

(a) Measured from a gamma sgectrum taken with isotopically separated
bismuth source (~2% 2!'°"Bi}.
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The values listed in Table 7 for the 384, 635, 686 and 801 keV
peaks were measured using the isotope separated sample. The 384, 086,
and 801 keV peaks were not seen in spectra taken using the unseparated
bismuth source because their counting rates were too low in comparison
to the Compton background counting rates caused by 2°7Bi gammas. The
635 keV peak was obscured in the spectra taken using the unseparated
bismuth by a gamma peak of '?5Sb at 636 keV.

Only a lower limit for the intensity of the 801 keV is listed be-
cause the measured intensity corresponds to that expected for a peak
caused when two gammas (in this case a 536 and 266 keV) simultancously
strike the detector and create an electronic pulse which corresponds to
the sum of their energies.

The 635 keV measured peak intensity also had a component caused by
a sum peak. The intensity listed in Table 7 is the measured peak inten-
sity minus the calculated intensity of the sum peak.

The peak areas were measured by using a computer code MAGIC developed
by Janis Dairikizsand a CDC 6600 computer to fit a gaussian shape to the
peak after subtracting background. An example of this peak fit is shown
in Fig. 10 for the 1332 keV peak of ¢°Co.

The gamma spectrum of 2'°"Bi was taken using the mass separated sam-
ple with a 6 cm® intrinsic Ge detector. The efficiency of the detector
was ~3.4% at 280 keV and its resolution was 1.5 keV at 330 keV.

The purpose for measuring the gamma spectrum of 2'®™Bi with this
source was to scarch for very low intensity gamma peaks which werc hidden
by the high background counting rates in the spectra taken with the
unseparated sample. To keep the background counting rate from other

sources in the room to a minimum, the detector and sample were enclosed
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in a lead cave., The spectrum recorded is shown in Fig, 11 and the
energies and identification of the sources of the peaks are listed in
Table 8. Two peaks that had not been previously observed were seen in
this spectrum, They were at 384 keV and o486 keV. The 384 keV peak is
produced by a gamma transition from the 650 keV excited state of 296T1
to the 266 keV excited state. The 086 keV transition was identified as
the decay of the 952 keV excited state of 2°5Tl to the 266 keV level.
This identification was supported by alpha gamma coincidence measurements
where the 686 keV gamma appeared in coincidence with an alpha peak cor-
responding to the alpha decay of 2!°®Bi to the 952 keV excited state of
ZOSTI.

The intensities of the gamma peaks correspording to gamma transitions
in 2%6T1 following a %!°™Bi alpha decay were calculated as before with
the peak fitting program MAGIC.

For three of the gamma peaks (635, 650, and 801 keV) it was necessary
to split the measured peak intensity into two components. One component
was the intensity due to a single gamma ray with the appropriate energy.
The second camponent was the intensity caused by two separate gammas with
energies E; and E, such that E; + E; = E; where Ls is the energy of the
gamma peak being studied. If these two gammas strike the detector in
coincidence they can give rise to a pulse corresponding to an energy Li.

The 635 keV excited state of 2Tl has three paths by which to decay
to the ground state of 2°5T1, These are: 1) direct decay to the ground
state, 2) decay to the 305 keV excited state of 2°$Tl followed by the
deciy of the 305 keV excited state to the ground state, and 3) decay to

the 266 keV excited state of 2°°T1 followed by the decay of the 266 keV
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excited state to the ground state. All of the decays can occur by the
emission of either a gamma ray or an internal conversion electron.

The measured intensity of the 635 keV peak was the sum of the in-

tensities for these three paths where

1 1 1
L,1635)= P <—__) E(635) . R(635) + (——)(__)
Rl L S 635

635 L+ aggpf Mo+ agyg
1
E(330) E(305) R(330) R(365) + | — J| ———— JE206) Ef369)
635 305 1+ %369 1+ %66

R(369) R(266}
635 266

and
IM(635) is the measured intensity of the 635 keV gamma peak in
counts/min
P is the rate of 210mpj alpha decay to the 635 keV excited state
of 2°5T1 in d/min (feeding of the 635 keV excited state of
206T] from higher excited states is neglected)

o, is the conversion coefficients (K + L + M) listed in Table 12.

1 is the fraction of decays occuring by gamma emission
1+aq
€

E(c) is the gamma detector absolute efficiencies for energy ¢

R_(e7) is the branching Tatio for the excited state of 2°°Tl with
energy €
e' is the transition energy.
The 266 keV and 305 keV excited states of 2°°Tl decay
exclusively to the ground state and therefore

R(266) = R(305) =1
266 305



-43-

The measured intensities of the 330 and 369 keV peaks can be ex-

pressed as
1
I,(330) = Pa(l g ) Rg35(330)
330
1
IM(369) = Pa( ) R635(369)
1+ 0369

and substituting into the equation for the measured intensity of the 635

keV peak gives

1,,(635) = 15(635)
1
+ 1,(330) (——-—) E(305)
1+ o505
+ 1,,(369) (_ ! E(266)
1+ ax6

1
vhere IS(635) Py (———) R635(635) E(635)

1+ 0435

is the intensity in counts/min of the 635 keV gamma ray. Using this equa-
tion the value of I was calculated aud used to calculate the relative
intensity value shown in Tables 7 and 8 for the 635 keV gamma transition.
The relative intensities of the 650 and 801 keV gamma transitions
were calculated following the same procedure as with the 635 keV gamma
transition. For the 650 keV gamma transition Is(650) = IM(650) but for
the 801 keV transition Is<<IM. Therefore only an upper limit could be

set for the relative intensity of the 801 keV gamma transition.



-44-

Table 8. *'°Bj Gamma Singles Spectrum

Peak Enmergy Rel Int Remarks

1 258 20671 266 keVy - 9 keV Ge X-ray escape
2 2566 100 208T] transition (266 + 0)

3 296 28871 305 keVy - 9 keV Ge X-ray escape
4 305 56 20671 transition (305 + 0)

5 330 1.3 206T] transition (635 + 305)

6 338 20671 266 keVy + 71 keV T1 X-ray

7 340 206T] 266 keVy + 73 keV Tl X-ray

8 344 1.4 208T] transition (650 + 350)

9 349 20671 266 keVy + 83 keV T1 X-ray

10 352 298T] 266 keVy + 85 keV Tl X-ray

11 369 1.2 205T] transition (635 + 266)

12 376 20877 305 keVy + 71 keV T1 X-ray

13 378 206T1 305 keVy + 73 keV Tl X-ray

14 384 L011 2°®T1 tramsition (650 + 266)

15 388 206T] 305 keVy + 83 keV T1 X-ray

16 390 20671 305 keVy + 85 keV T1 X-ray

17 401 20671 330 keW + 71 keV Tl X-ray

18 403 20871 330 keVy + 73 keV Tl X-ray

19 416 29671 345 keWy + 83 keV T1 X-ray

20 419 29671 345 keWy + 85 keV Tl X-ray

21 536 .52 2°5T] transition (801 + 266)

22 570 207ph transition

23 635 ,02  29°T1 transition (635 + 0)

24 643 297pb 570 keWy + 73 keV Pb X-ray

25 645 207pp 570 keWy + 75 keV Pb X-ray

26 650 7.5 20871 transition (650 > 0)

27 655 207ph, 570 keWy + 85 keV Pb X-ray

28 686 ,012 2°°T1 transition (951 + 266)

29 748 207ph 1771 keVy double escape peak

30 301 206T] Sum event of 266 keWy + 536 keVy
31 834 Chance coincidence Sum of 2°7Pb 570y + *"°T1 266y

32 1063 207ph transition
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Table 8. (cont.)
Peak Energy Rel Int Resmarks

33 1501 208ph 2615 keVy double escape peak

34 1632 207pb Sum of 570 and 1063 keV Y's

35 1664 208ph 1591 keV double escape peak + 75 keV
6 1769 207p, transition Pb X-ray
37 2102 209ph 2615 keVy single escape peak

38 2615 208pb transition

39 2670 20%ph 2615 keVy + 75 keV Pb X-ray

3. Gamma-Gamma Coincidences
The gamma-gamma coincidence spectrum of 2!°™Bi was recorded using

two Ge (Li) detectors. The detectors were placed with their axes at
an angleuf 90° and lead shielding was placed between the detectors
to minimize the occurrence of false coincidences caused by the scatter-
ing of a gamma ray from one detector to the other. The source used for
these measurements was the mass separated sample mentioned in the dis-
assion of the gamma singles spectra.

The analyzer in this experiment was operated in a multi parameter
mode. When the coincidence circuitry detected a coincidence, a gate
was triggered and the electronic pulses due to the two gamma rays deter-
mined to be in coincidence were sent to the analyzer where each was con-
verted to a channel mmber proportional to the energy of the gamma ray
causing it. The channel numbers were then written in the next sequential
analyzer memory word. When the analyzer memory became full its contents
were automatically transferred to magnetic tape, it was cleared, and then
began filling again with more data.

At the conclusion of the experiment the magnetic tapes were analyzed
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using a 7600 computer and a code named MULTY written by Dave Gorman and
modified for use in this particular experiment by the author.

The program reads the magnetic tapes and uses the data to construct
either plots of one parameter in coincidence with some specified region
of the other parameter or two dimensional scan maps. The plots look
exactly like those produced by single parameter data and can be analyzed
using the same techniques. An example of a scan map is shown in Fig. 12.

The scan naps are 40 x 40 arrays of a region specified by input
instructions to the program. They are particularly useful in identify-
ing false coincidences caused by the scattering of gamma rays out of one
datector and into the other. The scattering events show up as a diagonal
ridge whereas a true coincidence appears as a peak with two tails, one
in the vertical and one in the horizontal direction. Examples of both
a scattering ridge and a peak can be seen in Fig. 12.

Note that, because of space limitations in the computer output, the
largest number that can be expressed on the scan may is 999. A number
larger than 999, eg. 1123, is printed as +23. Then a second scan map
is printed wiere all values have been divided by 100 so that 1123 appears
as 11. Thi: process of dividing by 100 is repeated again if necessary
until all channels can be expressed as a three digit number.

Another advantage of the scan maps is that the background under a
peak can be cstimated fairly easily. If the peak occurs on a back-
scattering ridge, then intewpolation between points of the peak area
can be used to estimate the background counting rate due to backscattered
events.

Another source of background is caused hy the Compton scattering of
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of one or both gammas involved in a true coincidence. This effect
causes the horizontal and vertical ridges below each coincidence peak.

At the point where two ridges, which originated from different coinci-
dence peaks, cross a false peak occurs. This peak is due to the fact
that the two sources of background are additive and the height of the
false¢ peak is simply the sum of the heights of the horizontal and verti-
cal ridges.

Besides these horizontal and vertical ridges which are caused when
only one gamma of a coincident pair is Compton scattered, background is
produced over a large area by the Compton scattering of both gammas of
a ceincident pair. This background caused by Compton scattering of both
gammas is reasonably smooth and its value under a coincidence peak can
be estimated from channels below and to the right of the coincident peak,

(ne other source of background is the chance coincidence which can
occur between two unrelated gammas, This background rate was measured by
adjusting the timing on the coincidence circuitry so that the pulses
from one detector were delayed by several psec. This delay caused all
real coincidences to appear as if they occurred several psec apart and
were not in coincidence. But the chance counting rate is not affected by
this timing change, and was recorded and found to be negligible in com-
parison with other background sources,

Analysis of the gamma-gamma coincidence data for 2!°"Bj showed the
same four coincidence peaks scen by reference f. They are listed in
‘fable 9. The measured intensitices of these peaks can be used to confirm
the gasma ray intensitics measured by gamma singles. ‘The ratio between

the 369 keV and 536 keV gammas in coincidence with the 266 keV y should he
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the same as the ratio measured in gamma singles. Likewise the ratio
between the 330 keV vand the 3435 keVy in coincidence with the 305 keV vy
should be the same. A comparison of ratios measured from gamma singles

and measured from gama-gamma coincidence data is shown in Table 9.

Table 9, Gamma-Gamma Coincidence Peaks

it ¥, Coinc Ratio Y2 Singles Ratio
1 266 369 2.53 2.50
2 266 536

305 330 1.03 1.04
4 305 345

4. Conversion Electron Singles

The internal conversion electron spectrum of 2!°MBi was recorded
using a 0.785 cm® x 5 mm active area Si (Li) gold surface barrier detec-
tor. Using a 2“3Cf source the resolution of this detector was measured
as 2.2 keV at an electron energy of 262 keV. The efficiency of the detec-
tor was measured in terms of electrons/(100 2*°Cf alphas) where both the
electron and alpha counting rates were measured with the same detector.

Since the geometric efficiency of the detector is the same for both
alphas and electrons, the ratio of their counting rates needs only to
be multiplied by an intrinsic efficiency factor which is the ratio of
the instrinsic efficiencies of the detector for electrons and alpha par-
ticles. The instrinsic efficiency of the detector for electrons is less

than that for alpha particles because electrons striking the detector
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can be scattered backwards out of detector with a much higher probability
than the much heavier and more energetic alpha particles.

Using the data of reference 26 and the measured conversion electron/
(100 2%°Cf alphas) ratios for several conversion electron peaks in the
243Cf conversion electron spectrum, the plot of the imstrinsic efficiency
ratio shown in Fig. 13 was constructed. This plot was used to obtain
factors to multiply conversion electron/alpha counting ratios for 2!'°Mpj
by so that conversion coefficients could be determined for the transi-
tions between levels of 2°®T1.

The 2!°™Bi source used .to record the conversion electron spectrum
was the collector foil from the isotope separation conducted at Lawrcnce
Berkeley Laboratory.

The conversion electron spectrum of 2!°MBi is shown in Fig. 14.

The resolution of the 180 keV peak was 2.1 keV. The various peaks in
the spectrum were identified and their peak areas minus background wcre
calculated. In Table 10 the intensities for the various transitions
are shown where all intensities have been normalized to the intensity
of the 180 keV transition (266 K conversion). The method by which the
conversion coefficients were calculated will be briefly discussed bclow.

The K conversion coefficient for the 266 keV transition of 2°ST1
was the only conversion coefficient which was calculated directly from
the electron/alpha counting ratio. The other conversion coefficients
were calculated using only the relative intensities of the gammas meas-
ured from the gamma singles spectrum and the relative intensities of
the conversion electrons wherc both sets of relative intensitics (gumma
and conversion clectron) were nomilized to the 266 keV transition of

206y,
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Table 10. Conversion Electron Intensities

Counting Det Rate/ Rel

Transition Rate/1000 min Eff Eff Int
266K 6208 .73 8504 100
266L 3853 .74 5207 61
266M 867 .74 1170 14
305K 14,077 .74 19,000 220
305L 2304 .75 3070 36
305M 651 .75 868 10
330K 298 .74 403 4.7

77 .75 100 1.2
345K 144 .74 195 2.3

33 .76 43 0.51
369K 156 .75 210 2.5
369L 36 .76 47 .55
650K 162 .81 200 2.4

The equation used to calculate the conversion coefficients was
1

X,E
%,E~ %, 266 X 1
v,E
where
Oy E is the conversion coefficient to be calculated

X refers to the sh2ll from which the conversion electron is
ejected

E refers to the tramsition energy
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“K,266 is the K conversion coefficient for the 266 keV transition

IX E is the relative intensity of the conversion electron peak
»
for the transition of interest
IY E is the relative intensity of the gamma peak for this
»

transition

The K conversion coefficient for the 266 keV transition was cal-
culated from the ratio of 266K conversion electrons to alphas leading
to the 266 keV excited state of 2°®T1l. This ratio was measured in the
same manner as discussed earlier for 2*®Cf. The measured conversion
electron counting ratio was corrected for detector efficiency by using
Fig. 13.

The number of alpha decays leading to the 266 keV excited state
is a sum of three terms. The largest is due to alpha decay directly to
the 266 keV excited state. The second is due to alpha decay to the 635
keV excited state followed by a transition from this excited state to
the 266 keV excited state. The third term is similar to the second,
but is for the 801 keV excited state.

Alpha branching ratios used in the calculation were obtained from
alpha-gamma coincidence measurements. These branching ratios were cal-
culated using theoretical electron conversion coefficients. Then after
the conversion coefficients were calculated, these alpha branching ratios
were recalculated and then the conversion coefficients were recalculated.

The branching ratio for decay of the 635 keV excited state to the
206 keV excited state of “°®Tl was also calcuated from alpha-gamma coin-
cidence data using theoretical values for the conversion cocfficients.

The 801 keV excited state was assumed to decay only to the 266 keV
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excited state. The parameters discussed ahove are shown in Table 11.

Table 1i. Parameters Used to Calculate ay (266 keV)

Alpha Branching Ratio 4.946 .56
4,589 .016
4,417 .0023

Branching Ratios for 635 keV excited state decay
635 » g.s. .08
635 ~ 266 .46
635 + 305 .46

Total Branching Ratio for decays leading to 266 keV excited state = .57

Total alpha (*'°"Bi) Decay Rate = 187,490 counts/1000 min
Alphas leading to 266 keV excited state = 107,000/1000 min

Electron Counting Rate 620871000 min
Electron Efficiency 6.73

Electron Counting Rate/Eff 8504/1000 min
266K conversion electrons/100 alphas(a) =7.95

(a) Only alphas leading to the 266 keV excited state of 2°°T1

The number of 266 keV gammas per 100 alphas leading to the 266 keV

excited state of *°°T1 was calculated as follows:

N =100—NK-NL_NM
= 100 - 7.95 - 4,85 - 1.11 = 86.1
where
Nr is the mmber of ys/100 alphas
Ny is the mumber of conversion clectrons per L00 alphus

for the K, L, and M clectron shells
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And finally the conversion coefficient was calculated

N _7.95

N, 86.1

%266 = = .092

Using this value and the equation discussed earlier, the internal
conversion coefficients were calculated and are listed in Table 12 along
with soine values for the conversion coefficients calculated?'? using

the multipolarities listed in the Table.

Table 12. Conversion Ceafficients for 2°°T1
Calculated using o (266) = . 092

Transition Electron Gamma Ratio Conversion a X Line
(Multipolarity) Intensities Intensity Electron/ Coefficient (Th®) Norm to 1
Gamma

266K (E2) 100 100 1 .092  (.086)

266L 61 100 .61 .057  (.058) .61
266M 14 100 .14 .013 .14
305K (M1) 220 55 4.0 .37 (.32) 1
305L 36 55 .65 .060  (.05) .16
305M 10 55 .18 .017 .016
330K (M1) 4.7 1.5 3.1 .29 (.26) 1
330L 1.2 1.5 0.8 .074  (.04) .26
345K (M1) 2.3 1.4 1.6 A5 (.23) 1
345L 0.5 1.4 .36 .033  (.04) .22
369K (M1) 2.5 1.3 Ly .18 (.19) 1
369L .53 1.3 .41 .038  (.03) .20
635K <.5 .02 - - (.013)

650K (M1) 2.4 7.7 .31 .029  (.047) 1

(a) ‘Theoretical values for the indicated multipolarities tuken
from reference 27.
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5. Alpha-Gamma Coincidences

The alpha-gamma coincidence spectrum of ?!'°™Bi was recorded using
a 6 cm® Ge(Li) gamma detector and a 150 mm* active area gold surface
barrier silicon alpha detector and the ?!'™Bi source produced by the
isoiope separator.

The detectors and !°®Bi source were arranged as shown in Fig. 15.
The efficiency of the Ge(Li) detector was calibrated using standard
sources of 2“'Am, 22Na, **7Cs, %7Co, **Mn, and °Co. This calibration
was checked by recording a 2!°®Bi gamma singles spectrum and comparing
the relative intensities calculated using this efficiency calibration
to the relative intensities discussed in Section B2 which were calculated
using '2%Sb as an internal standard.

The ahsolute efficiency of the detector at 266 keV was 2.85% and at
650 keV, .46%.

The resolution of the Si detector was measured using the 2'°™Bi
source as 25 keV at 4.420 MeV.

The alpha-gamma coincidence data was recorded in the same multi-
parameter mode discussed in Section B3 for gamma-gamma coincidence data.

Two sets of alpha-gamma coincidence data were collected. The [irst
set of data had a lower energy cutoff at a gamma energy of 85 keV so that
coincident events involving gammas with an energy less than 85 keV
(primarily X-rays) would not be recorded. The purpose of making this
cnergy cutoff was to reduce the overall volume of data recorded on mag-
netic tape. The second data set had a lower gamma cnergy cutoff of
450 keV. Again the purposc of this energy cutoff was te limit the over-
all volume of data recordud while increasing the amount of data collected

for pammas with energies greater than 450 keV by rumning for a longer



.59.
period of time.

A diagram of the equipment used to record the first data set is
shown in Fig. 16. Pulses from the gamma detector were fed to two linear
amplifiers. Two different amplifiers were used so that the signal going
to the coincidence circuitry could be amplified more than the signals
going to the analyzer. The single channel analyzer was set to gate only
on gammas above 85 keV to produce the energy cutoff discussed earlier.

Pulses from the alpha detector were fed to the linear amplifiers.

A pulser signal corresponding to an energy of 5.500 MeV was fed into the
pre-amplifier and was used by the analyzer for gain stabilization.

A second output from linear amplifier #2 is shown going through an
energy window to the ADC. The energy window was set so that only
pulses corresponding to an alpha energy range of ~5.3-5.7 MeV would
trigger it. The signal from this energy window was then sent as a
gate pulse to the ADC. These gate pulses identified those alpha
pulses which were to be used for stabilization but not recorded.

The box labeled COINC contains circuits which determined when an
input signal from the gamma side was in coincidence (*1 us) with a
pulse from the alpha side. When it recognized a coincidence it sent a
gate pulse to both ADC's which told them to store the pulses they
were processing (gate pulses arrived ~2us after the signal pulses).

The purpose of the delay is simply to delay the signal pulses to pre-
vent them from reaching the ADC's before the coincidence pate. A

sumary of the data collected in this run is shown in Table 13.
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Table 13. Alpha Gamma Coincidence Data Run #1

Alpha Gamma Counts (Corrected for Rel Alpha Branching Ratio
Energy Energy Det Eff. § Conv. Coef) Int

4.420 266 1812 .37 ovie) o singles
4.420 S36 (@) 1944 .39 A 3
4.582 266 6746 1.4

4.582 308 ®) _

4.582 330 6337 1.3 1.4

4.582 369 5891 1.2

a.582 635 (@) 348 .07 5.3 541
4.568 305 ® _

3.568 345 6240 1.3 3.9

3.568 650 28350 5.85

4.909 308 341000 69.9 38.8 39.5
4,946 266 488000 100 55.5 55.5

(a) Use theoretical Values for the conversion coefficient

(b) Unresolved doublet of the 4.582 and 4.568 MeV alphas in coincidence
with the 305 keV gamma

(c) Abundances from coincidence measurements normalized to 100%,

The alpha energies of the coincidence peaks were calculated by using
as reference points the two 2!°TBi alpha peaks whose emergies had been
measured as 4.946 and 4.420 MeV in alpha singles spectra. The accuracy
of the energies listed in Table 13 is * 2 keV. The energies of the two
alpha peaks which could not be resolved in the alpha singles measure-

ments were found to be 4.584 and 4.568 MeV.
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The gamma energies of the coincidence peaks were calculated by
using an energy scale calibrated with the standards ¢°Co, 2%Na, *“Mn,
137cs, and $7Co, and are accurate to + 1.0 keV.

The relative intensities of the coincidence peaks were calculated

by multiplying the measured peak area by the factor

(+ep
where ap ic the sum of the K, L, and M

Eff. conversion coefficients
and Eff is the relative detector efficiency for
the gamma ray involved in the coincidence

The alpha branching ratios were calculated by summing the relative
intensities for all of the coincidences involving an alpha with a par-
ticular energy. The only exception to this was that all of the coin-
cidences involving the 266 and 305 keV gammas were not included in the
sums except for the 4.946 and 4.909 MeV alphas. These relative intensity
sums were nornalized so that their total equaled 100 and are listed
in Table 13.

A diagram of the equipment used to record the second alpha-gamma
coincidence data set is shown in Fig. 17. The equipment on the gamma
side was the same as for the first data set except that the emergy cut-
off of the single charnel analyzer was raised to 450 keV.

Several changes were made on the alpha side. The pulser was removed
and gain stabilization was accomplished using the 4.909-4.936 MeV doublet
of 21%%pi, The single channel amalyzer (2) was set so that it would give
output pulses only for input pulses corresponding to an alpha particle

with an energy greater than 4.7 MeV.
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The output pulses from single chamnel analyzer (2) were split into
two groups by the scale down unit and coincidence unit (2). Ninety-nine
out of a hundred pulses were sent to the gain stabilization trigger.

The pulses triggered the gain stabilization unit to look at the alpha
pulse in the ADC and use it for gain stabilization.

One out of every one hundred puises out of the single channel ana-
lyzer (2) was sent through the linear gate to the ADC's as a coincidence
signal, indicating that the pulses being processed in the ADC should be
stored. Thus one out of every one hundred alphas with energy greater
than 4.7 MeV was stored as a coincidence event regardless of whether it
actually occurred in coincidence with any gamma. (If no gamma pulse is
in the ADC when it receives a coincidence trigger, the event is stored
as the coincidence of an alpha with a gamma in channel zero.)

The purpose of recording 1% of the singles alpha pulses with energy
greater than 4.7 MeV was to produce a peak in the data which could be
used as an energy reference point.

A sumary of the data recorded in this second alpha-gamma coinci-
dence run is shown in Table 14. Three alphas were observed in this rum
which had not been seen in the first run because of their low intensities.

The alpha and gamma energies of the coincidence peak were calculated
in the same manner as with the first alpha gamma coincidence run. The
accuracy of the alpha energies decreased to * B keV because of gain
changes in the electronics.

Three of the coincidences observed in this run were also seen in
the first alpha gamma ~nincidence run. These are the last three coin-

cidences listed in Table 14.
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Table 14. Alpha-Gamma Coincidence Data Rum #2

Coinc PegksEnergy

(a) ° Tl(c) ® Relative
Alpha level Gamma Intensity

1 4,100 (1126) 457 1 x 10*
2 4,100 (1126) 536 2 x 10%
3 4,100 (1126) 650 1.2 x 16°
4 4,100 (1126) 1120 7 x 10%
5 4,230 (996) 734 8 x 10
6  4.268 (952) 687 6 x 10°
7 441 (801) 536 .29
8 4.574 (650) 650 6.5
9 4.589 (635) 636 17@

(a)Accm'acy is * 8 keV

[b)Accuracy is 2 keV

(caiculated by subtracting the alpha particle energy and 2°°T] recoil
energy from the Q value for the alpha decay of ?!EBi to the ground
state of 2°°T1,

(d)'I'his intensity is primarily due to sum peaks and not a single 635 keV
gamma.

III, Calculations of Alpha Decay Rates

A. Introduction

As early as 1912 Geiger and Nuttalzg, based on a systematic
study of alpha decay half lives and alpha particle ranges, were able
to show that the logarithm of the decay constant varied linearly with
the logarithm of the alpha particle range. With this relationship the
first calculations of alpha decay constants were done and indeed, the
half life of Ionium (22°Th) was successfully predicted before it had

been measured experimentally.
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A model for alpha decay which successfully explained this empiri-
cally derived relationship between alpha decay half lives and energies

30 and by Condon and (julrney:"1 in

was developed independently by Gamow
1928, This model assumes that an alpha particle exists inside the nucleus
and that it interacts with the other nucleons through an attractive square
well potential which is bounded at the nuclear surface. Outside of the
nucleus a repulsive Coulomp potential is used to describe the interaction
hetwean the alpha part icleand the remainingnucleons inside the nuclearvolume.

In a classical treatment of this model the escape of the alpha par-
ticle from the square well is not possible unless it has a total energy
greater than the height of the Coulomb barrier, but in the quantum mechan-
ical treatment used by Gamow and by Condon and Gurney, an alpha particle
with a total energy greater than zero has a finite probability of tunnel-
ing through the Coulomb barrier. The probability of alpha decay (i.e.,
escape of the alpha particle from the square well) is the product of two
terms. The first is a measure of the number of times that the alpha hits
the barrier in some unit time (usually one second). The second factor is
the probability that an alpha particle that hits the barrier will tumnel
through it instead of bouncing back into the square well. Both factors
are functions of the alpha decay energy but the frequency factor only
varies by a factor of 1.5 over a range of alpha decay energies 4 to 8 MeV,
while the barrier penetration factor changes by more than thirteen orders
of magnitude over this same energy range and also reproduces the energy
half life relationship observed by Geiger and Nuttalzg.

Calculations of alpha decay rates using this model were relatively
successful for predicting the ground state to ground state alpha transi-

tions in even-even nuclei, but calculations for odd-odd nuclei and for
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transitions to excited states in even-even nuclei consistently gave
values that were higher than experimental values, This led to the use
of hindrance factors to represent the ratio between experimental alpha
decay rates and calculated alpha decay rates,

The necessity of using hindrance factors indicated that although this
simple model accurately described the energy dependence of alpha decay
rates through the barrier penetration factor, a more sophisticated treat-
ment of the behavior of the alpha particle inside the nucleus was needed.
Indeed the existence of a reformed alpha particle moving freely around
inside the nucleus at all times did seem rather improbable, and attempts
were made to redcfine the alpha particle nucleus potential.

Winslowsz modified the square well potential by localizing it at the
nuclear surface. This model assumed the existence of a preformed alpha
particle on the nuclear surface only,instead of throughout the whole
nuclear volume.

Calculations of alpha decay rates using this model were still too
large, but Winslow offered a possible explanation. He proposed that
alpha particles do not exist in the surface well at all times but are con-
stantly teing formed at the nuclear surface with some finite probability.
Once formed the alpha particle can either tunnel through the Coulomb bar-
rier and escape from the nucleus or break up into four nucleons.

Winslow suggested that the alpha decay constant should be expressed
as a product of the probability of an alpha particle existing in the sur-
face well and the probability that an alpha particle in the surface well
will escape through the Coulomb barrier, but he did not develop a method
for calculating the probability for an alpha particle to form at the

nuclear surface.
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The development of a formalism for calculating alpha particle for-
mation probabilities at the nuclear surface was accomplished by Hans
Mangz_s. In this formalism which is cutlined in the next section, the
formation probability for an alpha particle at the nuclear surface is
calculated using nuclear model wave functions. This formation factor is
then multiplied by a barrier penetration term to give the alpha decay con-
stant.

2°5 vas able to obtain agreement with ex-

Using this formalism Mang
perimental results except for some problems with absnlute values. The
usefulness of Mang's model was also demonstrated by Poggenburg:l's and by
Mang and Rasnussenm.

Because of this success of Mang's formalism for calculating relative
alpha decay rates it was chosen for use in calculating alpha decay rates
for 21Bi. In the next section a brief summary of Mang's equations will
be presented. Following that a brief description of the method of cal-
culation used in this work, and the results of alpha decay calculations

for 2'ipg, 2'!Mpg, 210MBi  and 21°Bi will be presented.

B. Review of Mang's Equations

The alpha decay constant for a nucleus with A nucleons can be cal-
culated easily if the time dependent wave function ¢ (1...A,t) for the
system can be determined, but at present the determination of the wave
function for all but very simple nuclei is impussible. Instead nuclear
properties such as alpha decay constants are calculated using approximate
nuclear wave [unctions.

For calculating alpha decay constants two scts of time independent
approximate wave functions are combined to get an appropriate time depen-

dent wave [unction. This combination of two sets of time independent
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wave functions is necessary because one set, nuclear model wave func-
tions*, is a good approximation only if all of the nucleons are contained
inside some nuclear radius R and the other set is valid only for a
nucleus with A-4 nucleons and an alpha particle separated by a distance
larger than R, ‘The definitions of R and R, are shown in Fig. 17u.
Mang's expression for the time dependent wave function shown below

was derived from an expression used by Casi.mirSS.

? (LaAt) = a(t) o) (L..a)

+ I Jde b, . (e,t) ¥
Job. JoL

{XudlL(R,e) fl C (LjJ; mMm

v, ®/R) wJ.OM'“‘ L. (A8}

where

oM (1...4) and VjUM'm(l.‘.(A-4))

are nuclear model wave functions with angular momentum J and j.
o is used to represent all other quantum numbers for the wave function V.
ch is a wave function for the internal degrees of freedom of an
alpha particle
.7 is an antisymeterization factor
C (LjJ;m M-m) is a Clebsch-Gordon coefficient
¢L(R,e) is a radial wave function for the reduced center of mass

*Shell Model wave luactions were used in this work.
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Figure 17a. Relationships betwzen R and Ro‘
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Harmonic oscillator and coulomb potentials.

Figure 17b.



-71-

of an alpha particle in the Coulomb* field produced by a nucleus
with Z protons

YLm (R/R) is the angular part of the wave function for the
center of mass of an alpha particle in the Coulomb field produced by
a nucleus with Z protons

€ is the total energy for the alpha reduced center of mass
interaction with the mucleus

a(t) and bJuL(e,t) are the coefficients which 1link the two time

independent approximate solutions to give a time dependent solution

The first term of Mang's approximate Llimc Jopendent wave function
is & nuclear model wave function for a nucleus with A nucleons. A
typical shell model harmonic oscillator potential is shown in Fig. 17b.
The second term is an approximation to the wave function for a system
consisting of a nucleus with A-4 nucleons and an alpha particle where
the only interaction between the alpha particle and the nucleus is via
the Coulomb* potential which is shown in Fig. 17b.

The reason for using a combination of two approximate wave functions
is that the actual potential between an alpha particle and a nucleus
with A-4 nucleons can best be approximated by using some nuclear model
potential out to a radius Ro and outside of this radius using the Coulomb
potential. For this potential shown in Fig. 17b the appropriate wave
function is that used by Mang.

An expression for the alpha decay constant can be obtained by using
Mang's wave function in a Schrodinger equation and using various approx-
imation tcclmiqucs.3 The expression derived is

*Other potentials can be used for the interaction of a nucleus with A-4
nucleons with an alpha particle. The effect will only be seen in

d (R,€).

1V
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-2 2 pk i —GaY (Ro)
] o - )|

where

J “pE oA
GJL (®) = R, ‘_S{J‘l g 46, d 9pe

ol x, (6 = 2 gty mem Y™ G ¥ )

MY 1 JRu
o (R) =( )———,_——exp (_ q(R)d.R)
L Yo ThZ P L
ZRo 9, (Ro) R
%
e® =i [ 2(2‘-‘2)12 ne RgL+1J _ E]

Ru is the outer turning radius such that qL(KA] =0

M is the reduced mass of the alpha particle

A simplified form of this equation derived by Mangz is shown below.

-1 2
. A (ORI
Ry
P(e) = B ay®y) e (=2 [ () ar
2 Ro
T J 2
Vit f6;] ®;)1

A computer code was developed to calculate alpha decay probubilities
using this expression. A discussion of the procedures and steps of the

calculation is given in the next section.
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C. Calculation Description
The calculation of alpha decay constants using Mang's equation
involves the calculation of two terms. The first, the penetrability
factor, involves a fairly straightforward integration which can be done
analytically if the Coulomb potential is used. Calculation of the second
term, though, the reduced width, is fairly complicated and involves cal-

culating the value

6.7 ®) = R %] £ c(Lidim Mom
L Vo o mo s Mom)
m -m M
xrx (Ea) YL (QArel) q,;d (EK) %J d El( d Eol. d fret

where
£, are the internal coordinates for the alpha particle
EK are the internal coordinates for the daughter nucleus
ey are the angular coordinates for the alpha particle relative

to the daughter nucleus

To calculate this integral the first step that must be taken is to
separatc the shell mode) wave function ¢o?]d into two parts; one, a core
wave function with angular momentum quantum numbers equal to those of the
daughter nucleus; and the second, a wave function for four particles*®

coupled to a total angular momentim L.
oM. =T C ¢ Y nMm
oy (Lee- o jJs

%ﬁ“‘ (L...(a-49) o] (17,2',31,4')

*Two protons and two neutrons
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where
o represents various intermediate quantum numbers such as the
total proton or neutron angular momentum which must be summed over
C, is a product of all the coefficients produced in factorimg the
wave function. It is a function of the quantum numbers of the
single particle wave functions making up OAT (1,2,3,4), the total
proton angular momentum of the two protons in the four particle
wave function, the total neutron angular momentum of the two ncu-
trons in the four particle wave function, and other possible

intermediate angular momenta.

1.2,...(A-4) refer to the radial and angular coordinates of the
nucleons not in the four particle wave function
1',2',3',4" refer to the radial and angular coordinates of the

nucleons in the four particle wave function

The exact method used to split ¢£ (1...A) into two factors
is dependent on the nucicus involved. Detailed descriptinns of the
method used for the nuclei discus: d in this work can be found in
Anpendices A and B.

The next step in the calculation is to assume that the shell mcdel
wave functions ¥ M-m

3 and %Jm (and consequently s ) are based on the

same hammonic oscillator potential parameters so that

Jw“‘“‘q:“‘“‘dc =1

J KJ K

where £y represents the radial and angular coordinates of all of the

nucleons (1...{A-4}).
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Also, the use of the magnetic quantum number and Clebsh Gordon
coefficients is dropped. 7he value of the integral is independent of
m so that the Clebsch Gordon coefficient if carried through appears in
the final result as

E D [C(LJ'J;m M-m) ]2 =pD.1

m
where D is the value of the integral. Also the antisymmetrization factor
& is dropped. Since the product wave function L% (1...7) en (1...4)
was not antisymmetrized, the function shown below should not include

an antisymmetrization factor.

m M-m
Xy (B Yy~ (R)) ¥y (B

This neglect of antisymmetrization does not affect the final result.
At this point the problem has been reduced to calculating the ex-

pression shown below.

G-J(R)=R3‘ZC oy (1',2',3',4') X (E)

jL Yo ° 4, AL 2=y o

Y[. mrelJ d Cu d nrel

To evaluate this expression a form for the alpha particle wave function
X, must be selected. The form used by Mang as shown below was also

used in this work.

= yO 0
X (£ €0 €0 S, 5,5, 5) = X5 (5152) X) (S3Su)

3 3,
Za’z 2 B
&P [‘— (52 v e e’)
514n 2 ! 2 3
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where
ML
v r,-r,
1
>
Ez-\—a_(rs-ru)
1
> - ->
EJ—_Z—(rl*I}-r!-rh)

S,S5,S8,S = spin coordinates
[ A SO

Xg = singlet spin function

1,2 refer to protons
3,4 refer to neutrons

8 = 0.47/F

- -> - - . N N
rl, T, r, T are radial coordinates of the four nucleons with

respect to daughter nmucleus
The next step is to tyansform the wave function ¢AL(1',2‘,3',4')
from j+j coupling to 1-s coupling. This is done by factoring the wave

function into single particle wave functions in the following manner.

¢AL(1'r2"3"4') = [(¢n1j| 1) l»nzjz (2); JP) (d'n;j;(s) ¢n-.ju(4);‘m); L]
and by using Fano coeffil:ients‘% to recouple the angular momentum vectors.

The resulting expression is

O (1,2,5,8) = Do 1(231%1) (25241) (232+1) (2 #1) (23P+1) (2IN+1)
WL o

LN,SN

L

X(11,%,51,12,'%,32,LP,SP,J 1) X(13,%,)3,1u,%, ju,LN,SN,JN)

z[(%lj‘(l’) «pnljz(Z'); LI’)(X!&X%; SP); JP]

[“’n,j,“') %5, 3 OGS 53 JN] ;}L
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Because the alpha particle wave function contains only spin functions
where the proton spins are coupled to $P=0 and the neutron spins are
coupled to SN=0, the only terms in the summation in the expression
shown above which will contribute to the final result are those with
SP=SN=0 and consequently LP=JP, IN=JN. The spin zero functions can be
factored out of the wave function and the integral over the spin coordin-

ates performed
o . -
JXO (stz) (X;}X!j, 0) dsxds2 1

to bring the expression for Gj‘ll_ (R;) into the form
J y [ 267 : . . : %
Gp R) =RI-=—] z¢ J[ (25141} (232+1) (2j 9+1} (2 4+1) (2JP+1} (2JN+1)] =
iL Yo o L14m c ©

X(L 53 o1 3 00P,0,0P) XC1 k) 01, 05 IN,0,08)
Y, @) 3[@,1 50 85 (@5 I8y (3) 9y 5 (40); JN] ; Lﬁ

B (r2 2 2y g2 2 2 2
exp —-; “:1 + Ez + 5,3) Eldil Ezdgz Ead-‘;a E‘df.b

The final series of steps inwolves transforming the single particle
harmonic oscillator wave fimctions from the oscillator potential basis
where they have radial coordinates r;, rz, ra, and ry respectively,
into wave functions expressed in terms of the relative and center of
mass coordinates which were used in the definition of the alpha particle

wave iunction.

b

o

Nh—- &p—-

2@ ) g, =i g

»-ﬁi

g 1=~ (rpr) r+=-1-1)

S
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B
Nll—l §|

(r *rotr +r)

This transformation is accomplished in three steps using the method

and coefficients defined by Moshmsk137 38

The first step transforms
the proton wave function into a form expressed in terms of 51, the
relative coordinate, and E]', the center of mass coordinate. The
second step transforms the neutron wave function into a form expressed
in terms of Ez, the relative coordinate, and Ez', the center of mass
coordinate.

Each of these tranformations results in a summation of temms as

shown below.

[inll(rl,ﬂl) anlz(rznz); g =

fmlmzlzJP
\%zM {viA1viA P, } vh[g nprel) % 'A,'(E pcm) Pl
pYY P

U, y,0,,0) & 4 (r,0); JN]=

UJZWM [32123}}\% \)z).z[E 9m'elJ ovz'Az'(E hends W
Asky
where M represents a Moshinski coefficient.

Only those temms with ).l and Az equal to zero will affect the final
result though because the integral of the product of a harmonic oscillator
wive function QN(E,] with the temm e -8/2 £2 from the alpha particle
wave function is only non zero for A=0.

The third step is to first recouple the wave €inctions so that
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the proton and neutron relative wave functions are coupled together and

the proton and neutron center of mass wave functions are coupled together.

:[w}.,(g Qrel), ¢v1'}.,'(5 pcm) JP]

[d’\)z)\z(gz’ﬂrel) ovzlkzl(gzltnnan); JN]; L}=

‘3
3 (20P+1) (2IN+1) (REL# 1) (2JQH1)
JREL
JM
X (A LA 'R0 L0 !N, JREL, JLM,L)

{ [ v,h(g a rel) tvzz\,(gz’ﬂnrel); ‘JREL]

[ 'A I(E ) ¢ IAZI (E ’sz'lan) Jm] }

Since only terms with '\1= /\3-—- 0 need to be considered, the transformation
shown above can be simplified. The sumation over JREL and J(M is
reduced to the one term JQM=1, JREL=0 and the Fano coefficient for this

term always has the value one.

P
[(2JP+1)(ZJN+1)(2L+1)] x (0,JP,JP,0,JN,JN,0,L,L) = 1

Then the center of mass part of this wave function is transformed
from the coordinates El' and gz' by a Moshinski transformation to the
coordinates ‘5, and R. As with the proton and neutron transformed wave
function only those with zn angular momentun valne of zero for the rela-
tive wave function will contribute to the final result.

The expression for GJL (R ) ca.a now be written
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G L (Ro) - Ro [’1!31! ﬁ Ca
. - . s ;i
{25 #1025 2125 #1235, 21 2w 2oov1)
X(L, 503 01505 o TE00P) x (105551, 103, 0,0, 0N)

mlng 1 J| [nal;n-. Lo IN] [v,up vt INL

b [vlo vi'dp JB) M oot NN M fvs o N LL

[ LBRERre1) Y (Reg)

-84 E2 L2
J %085, prel) LTI A dﬂprel

2

"Blzg 2
I%zo nrel) £ € d€ @, nrel

B €S 2
J ov;o(g Byret) ¥ 27 F’ dg e
For the wave functions @v)‘ (£,2) harmonic oscillator wave functions
as shown below were used.

x
8,60 = at [-———Zﬁi——{] @)
(g

1% g% exp (-5 08 ¥, (@)
where

= (h/mo)

<Ilv-

= k/m
k is the harmonic oscillator potential constant

L\A;”’ (a£?) is a Laguerre polynomial
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Using the wave functions the angular integrations can be performed

2 =
J T pep) ey = 1

and
I IYO @;) de; = 1, L/%i &, = -i’% ]3 = (4m=
where i = PREL, NREL, AREL

Using this formal expression for Gii (Ro), a computar code ALJHA
was developed to calculate alpha decay constants. It was run on a
CDC 7600 computer where it used 60K of small core memory and 70K of large
core memory. The CPU time required to run the program depends on the
angular momentum values of the single particle wave functions and the
angular momentum of the parent and daughter nuclei. An average value of
~16 seconds of CPU time per configuration was used to calculate the decay
constant for the alpha decay of 2!°™Bi (9-) to 2°°T1 (2-, 266 keV)
using the configuration mixing for 2°°Tl calculated by Kuo and Herling?’9
which includes 16 configurations as shown in Table 19, The 2*®®Bi(9-)
configuration was assumed to be pure (hkgl; 9).

The program produces as output on punched cards the value of Gj',‘:(Ro)
for each configuration calculated for a configuration mixed wave function,
so that they will not have to be recalculated to determine the alpha
decay constant for the decay of thc same parent state to other states of
the daughter having the same spin and parity, but different linear com-
binations of the same configurations. This procedure was very useful in
reducing the computational costs associated with calculating the alpha

decay rates of 27°"Bi to the 2- and 1- spin states of 2°ST1,
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Calculations were conducted for the alpha decay rates of 2''Po,
21ipg, "10Bi  apd 2'%MBj, The results of these calculations are dis-

cussed in the next section.

D. Results
1. 2lipg, 2Mimpg

The calculation of the alpha decay constant for the decay of %!'Po
to 2°7Pb was conducted to provide a basis for the comparison of the cal-
culations done in this work with those of Zeh and Mang.4

The decay scheme for ?'*Po is shown in Fig. 18, Alph: decgy of the
211pg (%+, g.s) has been ouserved?045 45 shown to the ground state and
to the first two excited states of *°7Pb. Alpha decay to the third ex-
cited state was reported by Neuman and Perlmam'10 but was not seen by
Galovkove Lal_.d's, who set an upper limit for this branching ratio of
.002%.

The present calculation was conducted using the normalized wave func-
tion for the ?!!'Po ground state given by Zeh and Mang4. Pure harmonic
oscillator wave functions were used for 2?’Pb instead of the wave func-
tions of Bloomguest and watborn*®. The harmonic oscillator constant o
was set equal to 0.17 x 10%¢/cm? and the alpha particle wave function
constant B was set equal to 0.47 x 102°/am®. The radius chosen for the
calculation was 9.0 Fermis. All of these parameters were chosen to
agree with those used by Zeh and Mang.

A comparison of the results of the present calculation and thosc of
Zch und Manp is shown in Tubles 15 and 16. ‘The relative decay rates of
21lpg to the 3~ and 3- of 2°7Pb as calculated in this work were slightly

less than twice the values cal ulated by Zeh and Mang, but this
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Figure 18. Decay scheme of 2!,
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Table 15. Relative Alpha Decay Rates for *!!'Po

297ph Level Present  Zeh § Mang Exp (b

2 - 1® 1@ 1
5/2 - 0045 .0079 .0053
3/2 - 0025 .0047 .0050
13/2 + 5 x 16° - -

(a) Normalized to 1. The calculated absolute values are orders of mag-
nitude lower than experimentally measured alpha decay rates.

{b) Reference 30.

Table 16. Alpha Particle Angular Momentum (J.)
Contributions to the 2'!'Po Alpha Decay Rate

Relative Alpha Decay Rates

207pp Jevel L Present Zeh § Mang
12 - 5 1 1
5/2 - 3 1 1
5 .85 .81
.42 .37
3/2 - 3 1 1
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discrepancy was not considered significant.® Excellent agreement was
obtained for the ratios between the alpha decay rates for different
values of alpha particle center of mass angular momentum L.

The dependence of the alpha decay constant of 2!!Po on the radial
parameter R was measured by calculating the relative decay constants
at several values of R':> ranging from 7.0 F to 9.5 F. The results shown
in Table 17 agree with Zeh and Mang's results in that the values are only
slowly varying if not constant over the radial range considered. The
data point 7.5 F is significant in that the maximum value of
R-G_*Z (R) occurs at that radius as shown in Fig. 19.

An area where a large disagreement occurred between values calculated
in this work and those of Zeh and Mang was the absolute value for the
alpha decay constant of *!'Po. At 9.0 F Zeh and Mang calculate the *!'Po
alpha decay constant as 6.5 x 10° sec® while in this work the value at
9.0 F was calculated as 4.6 x 107 sec®. No source for this discrepancy
could be found. Note that both values are in extreme error when compared
to the experimentally measured value of 1.33 sec”. Recently Fliessbach47
has presented evidence that a renormalization of the alpha particle

nucleus wave function will bring the calculated results into better agree-

ment with the experimentally measured values.

Table 17. Variation of the Calculated Alpha Branching
Ratios of *!'Po with R

§§J}n of R

Po State 7.0 7.3 7.5 8.0 8.5 9.0 9.5
1/2- 99,1 99.2 99.2 99.3 99.3 99.3 99.3
5/2- .03 .50 .51 .45 .43 .41 40
3/2- .23 .24 .24 24 .25 .25 .25

AEspecially since Mang used "realistic radial functions" for 2°’Pb and
pure hammonic oscillator wave functions were used in this work.
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Alpha decay of the metastable 1.45 MeV excited state of 2!!Po has
been observed S , as shown in Fig. 18 to the ground state and first three
excited states of 2°’Pb. The spin of this metastable state is thought
to be greater than 19/2 based on Weisskopf single particle estimates of
transition rates of this level to the ground state.

Alpha decay constants were calculated for the alpha decay of
#1Mmpg for several different harmonic oscillator wave functions. The
calculations used a radius of 9 F and 0.17/F?, 0.47/F? for alpha and

beta respectively. The results are shown in Table 18.

Table 18. Relative Alpha Decay Rates for 2!!'Zpo

Decay to 2°7Pb(%-) 207ph Level
211 Configuration 2limpgy2ilpy - 5 i i
Lth 328 g %l 2 .17 1 .037 .045 .0038
(e gy1 L .023 1 .20 L0011 4 x10°
9 9 25
thz)® 8 g7, 3+ .616 1 .02 .062 .037
Lh P2 85 i 2112 .0081 1 .27 .001 10
9 9.25
LhprE ]y 8; g 515 14 1 .053 .%62 .017
9. 7 o, 11,27
(h3)(f ) 8 i 15+ .073 1 .28 .001 10°
Experiment (%) .0016 1 .03 .24 13

(a)l{eference 37.
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The agreement with experimentally measurcd relative alpha decay
rates was much worse for this case as compared to the ?!'Po ground state.
The ratio of 2!!%Pp to ?!'Po calculated alpha decay rates for the decay
to the ?°7Pb ground state was in all cases higher than the experimental
value. The calculated relative alpha decay rates of %!!'™Po to the second
and third excited states as compared to ?!!MPo decay to the 2°?Pb ground
state were too low in all cases. This discrepancy was particularly bad
for the (—123#] level of 2°7Pb for which the calculated relative alpha
decay rate was for the best case a factor of ~800 lower than the cxperi-
mental value. Zeh and Mang also observed this discrepancy in their cal-
culations and hypothesized that the enhancement of the alpha decay of
2iimpg o 207ph (1—234-) is due to the presence of terms in the ?!'™Po wave
function where a neutron vacancy exists in the 11233 shell and two g%

neutrons exist.*

2, *21ogj, 2loumgj

The alpha decay of the 27°Bi (1-) ground state to levels of 2°6T1
was not studied experimentally in this work but has been previously ob-
served® to the first two excited states of 2°Tl. A diagram of the states
of 2°®T1 can be seen in Fig. 20.

The ratio of the alpha decay constents for the decay of 2!°Bi to the
266 keV and 305 keV excited states of 2°°Tl1 was calculated using a radius
9.0 F, « = 0.17/F%, and 8 = 0.47/F?, The wave function used for the
21083 (1-) state was [h-g— , g% ; 1-]1, while for 2°®T1 the configuration

39

mixed wave functions of Kuo and llerling™, shown in Table 19, werec uscd.

9.2 9.2 L1301
AL PG @ PG (7 10

)
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Table 19. 2°°Tl Wave Functions (Approx. ¥3,Kuo and Herling’®)
Tl Excited States
Config- 266 keV 305 keV 635 keV 650 keV 801 keV 952 keV 998 keV 1120 keV

uration 2- 1- 2- 1- 3- 4- 2- 1-

Og T OhJ +.020 +.025 -.002 -.062  +.021 +.025 +.016 +.058
ogF 167 +.015 -.009 -.018 +.024  -.007 +.014 -.010 -.009
opd 1F5 «.042 -.006  +.000 -.003  +.005 +.038 +.017 +.021
ogf 3 w035 - -.023 - +.006 +.019  +.007 -
wypy - - - - 017 +.056 - -
43 ong -037 - +.036 - +.020 -.018 -.015 -
3 163 .01 «001 -.034 -.130 4,035 -.007 -.072 +.113
143 13 -.051 +.038 «.124 -.057  +.126 -,095 +.014 +.035
45 2p3 -.088 +.082  -,047 -.052  +.041 -.063 -.146 +.033
143 2py +.06 - +.032 - +.158 - w28 -
W3 g - - - - +.067  +.033 - -
43 1ef -.002 - -.156 - +.038  +.092 -.119 -
43 1F3 w230 +41 .48 -.259 4172 %984 213 +.536
43 2pd +200 -.558 -0 s274 e198 - -156  +.210
13 2py +.860 -.109 +.073 -.822 - —  -.486  +.389
3wy - - - - - -.0%0 - -
w3 1EF - - - - -.027  +.020 - .
253 165 -3 - +.640 - +.936 - .57 -
3% py -.267 153 -2 -.262 - - -.527  +.664
5% wy - 90 - -a2 - - - -.03
ontd 0if3 +.054 -.016 +.020 +.246  -.061 +.023 +.080 -.173
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A comparison of the calculated ratio to the cxperimentally measurcd ratio
is shown in Table 20. The calculated value was a factor of 2.5 lower
than the experimental value.

This ratio betwcen decay rates to the first two excited states of
29T1 was also calculated without using configuration mixed wave func-
tions. The results of these calculations are displayed in Table 21 wherc
the wave function used for the 266 keV (2-) excited state is displayed
on the vertical axis and the wave function used for the 305 keV (1-)
excited state is displayed on the horizontal axis. Several different
combinations of wave functions reproduce the experimental value for the
ratio of alpha decays of ?'9Bi (1-) to these excited states of *°“Tl.

The alpha decay of 2!°®Bi (9-) was observed in this work to eigiht
excited states of 2°*Tl as shown in Fig. 20. The alpha decay constants
for these transitions were calculated using the same parameters used in
the calculation of 2!'°Bi (1-) ground state alpha decay rates. The wave
functions of Kuo and Sterling as shawn in Table 19 were used for the
295T] states while for the 2!°®Bji state a pure (hg gg; 8-} hammonic
oscillator configuration was used. The results of these calculstions

are shown in Table 22.

Table 20. Ratio of 2'°Bi (1-) Decay Rates

296T] Wave Ffunction 308 (1-) / 266 (1-}
2- 1-
Exp@) bp@® 1.5

Conf Mixed™  Conf Mixea® .58

(u)Rcference 6
(b)Wavc Functions shown in Table 19.
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Table 21, HRatio of #'®Bi (1-) Alpha Decay Rates
for Pure Hammonic Osciliator States

" 7,9 77'75 Se? 5.5 53 8.5 33 31 13 11,11.13
heV \ lgghy gyly 83f7 &yfy dyfy dapy dyfy dppy dypy s3p7 sypy 3y

g-zh-, 0.7 5.3 2.6 85125 8.2 4.7 16.0 5.8 8.8 14.2 2.1

gfF | AL 1010 -
g3l 0.5 1.8 0.9 30 4.4 2.9 1.6 5.6 2.0 51 5.0 0.7

&2 | 01 0.6 0.2 0.

G5 AL 2100 .
¢S loos0d 0.2 0.7 Lo 07 0 L3 03 0.7 L1 0.2
dpflor 07 v 12 LS 12 07 23 08 L3 20 0.5
|61 08 04 12 18 12 07 23 68 13 2.0 0.5
Sdlor 07 0.4 1.2 L7 L2 0.7 23 0.8 1.2 2.0 0.3
d;’p% PN 7 L1 J .
apl 0.1 0.5 0.2 0.8 1.2 0.8 0.4 1.5 0.5 0.8 1.3 0.2
s363 | 0.1 0.9 0.4 L4 21 1.4 0.8 27 L0 LS 24 03
sipd | 0.05 0.5 0.2 0.5 0.8 0.5 0.3 10 0.4 0.6 0.9 0.1
Widl o2 17 s 27 39 26 15 S L8 28 45 07
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Table 22. Vo™ (9-) Alpha Decay Rates

R Branching Ratios

‘9Tl Spin Cong(®) e conf(®?

266 2 56 85.9 sy 5 69 .98(s% £3) - .17(s3 p) SO

308 1- 39 12.3 s} py 27 9}; Py as

635 - 14 015 & p-'; 11 -.ms, ) o .98(s3 p.:}) 1.2
vs0 - 59 LM &fpf 24 di-p;: 1.0
$01 5= .20 .03 sy 3 L0083 .95(s} £3) ¢ 3T(s} 6 3
as2 s oo o020 a3 6§ .on & 019
998 2 0008 00087 d3py 002 o v} .003
1120 1. .00z .0t012 sipy  .002 s% by .003

iave funczions of Reference 3.

“b)Cnlcul:mI as described in the text to fit cxperimentad data.

The agreement between the calculated and measured values is only
fair. The calculated branching ratio to the first 2- level of *°*T) at
260 keV is hiph while the calculated branching ratio to the second 2-
level at 635 koV is too low by a factor of 7. The calculated branching
ratios for the first twe I- levels are both low, but the ratio between
them is correct,  The branching ratio to the 3- level at B0} keV is low
by a factor of 10, but agreement is fairly good for the 4- level at 952
eV ane the 2- level at 998 ke¥, The calculated branching ratio for the

1- level at 1120 keV was low by a factor of 20,
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As with 2'°Bi (1-) the calculation was also done using pure harmonic
oscillator wave functions for 29T1. The results of these calculations
for the first five excited states of ?°“T1 are shown in Table 23.

The experimenta) valuc for the ratio of the alpha decay rates to the
200 keV (2-) and 635 keV (2-) 2°“Tl1 levels was best approximated by using
the configuration (sé, fs; 2-) for the 266 keV level and (s%, p;}; 2-)
for the 635 keV levcl, but the calculated value was still too low as
shown in Table 23. The correct ratio was reproduced by introducing con-
figuration mixing between the two configurations (sé,f%; 2-) and (s%, p%; 2-).
Two sets of configuration mixed wave functions calculated to give the
correct ratio between the alpha decay rates to the 266 keV lovel and the
635 keV level were calculated.

VOTL (206 keV, 2-)  -98(s) £ - 1755 pD)

0471 (635 keV, 2)  -.17(s} £]) « .98(s} p)

and
206 ' wcred gl ]
TL (266 keV, 2-)  .TS(s} £]) - .5(s3 p})
BET] (035 keV, 2)  -.5 (sh 63) + 75(sh pY)

Colum three in Table 22 was calculated using the first set of con-
figuration mixed wave functions. Calculations with the second set gave
a value for the decay rate to the 260 keV excited state which was a factor
of 5D too low whea comparcd to the calculated alpha decay rate of 7'°FBi
1o the 305 keV excited state.

Configuration mixed wave fwctions were also calculated using the
(d:i; p%; 2-) configuration mixed with cither the configuration (:'r-i, f;-; 2-)
or (s%- p%; 2-) but for both tuses the wave functions calculated to produce
the correct ratio between the alpha decay rates of 2'°™8i to the 635 keV

and 266 keV excited states of 2°°T1 gave decay rates for the 266 keV
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Table 23. Relative Alpha Decay Rates of ?!°"Bi (9.) to Levels of *°°Tl
Calculated Using Pure Harmonic Oscillator Wave Functions

Wave 26 keV 305 keV 635 keV 650 kkeV 801 keV
Function level{2-) level(l-) level(2-)x10° level{l-}xl10® level(3-)x10°
nihdd .22 .23 1.3 .18 2.7
o3 .15 .10 .93 .73 2.9
sEy (oS .89 10 .70 4.0
PSS .43 1.9 2.9 1.5 2.3
8p3 .57 - 3.5 - 5.9
ﬂ;i’zlr - - - - 8.4
&3h3 .40 - 2.5 - -41
&1 1.39 6.3 8.7 5.0 7.5
&5 10t .82 10 .65 .80
3p3 1.89 1.1 12.0 .81 2,7
Sl 1.06 - 6.2 - .14

guo
i
i
|
I
o
=

I

&y 1.03 - 6.4 - 10.4
e 1.07 .62 6.6 .46 L5
43p3 s 3.7 105 2.9 32.4
&ps 1.59 1.3 9.8 3.4 -
S{;f; - - - - 23.4
33 .98 - 5.7 - 12
sipy 2.4 6.6 15 5.2 -
W w - =

larrier l'cn(‘IJ
for Lowest L 1 (L=8) .03 (L=8) 0062 (1=8) L0042 (1~8}) .UU?HS
(L=6

(@)yormalized to the value for L=8 and 4.946 MoV
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excited state that were too low by a factor greater than 10 when com-
pared to the decay rate of 2!°™Bi to the 305 keV excited state of 2°6T1
using the configuration (s% p‘%; l-]'

The experimentally measured ratio between the alpha decay rates to
the 305 keV and 650 keV levels of 2°¢Tl was best reproduced by using the
configuration [sép_%:; 1-) for the 305 keV level and (s% pg-; 1-) for the
050 keV level. All other choices of configurations for the 305 keV (1)
level result in values for the ratioc that are too low, particularly for
the configurations (s-i; p%), (d; p%), and (d% pg) for which the ratio is
too low by factors of more than 10. This indicates that the predominate
character of the 305 keV level of ?°%Tl is (s%- p%-').

For the 801 keV level of 2°°T1 the branching ratio calculated using
the configuration (s% E—;; 3-) was too low by an order of magnitwde. Using
the configuration (5% E-;-; 3-) results in a value that is too high by a
factor of ten. The amount of configuration mixing between these two con-
figurations necded to produce the correct branching ratio was calculated
and is shown below.

206T) (801 keV, 3-)  .93(sy £) + .37(s} £3)

or .97(sy £) - .26(s} £

As discussed in Chapter {1, Scction R, alpha decay of 2!°mBi (9-)
is forbidden to the ground state of 2°°T1 (0-) because the alpha porticle
must carry off 9 units of angular momentum (L=9), and for L valucs which
are odd number the parent and daughter states must be of opposite parity.
taly it a slight amount of a positive parity configuration is mixed into
cither the #*°™Bi or ?°°Tl ground statc wave function can this alpha

decay occur.
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The admixture of a positive parity wave function into the 2°“T1
ground state is unlikely because no combination of a proton hole with
a neutron hole can be formed with spin and parity 0+ by using proton
and neutrmn hole states with energics less than 3.5 MeV below the closed
shell encrgy.

Two positive parity configurations that could mix into the *'°%3i (9-)

wave function are

w i¥ed
or @ K33 Y

The alpha decay rate of *'°™Bi (9+} was calculated using the same
parameters used previously with ?!°™Bi and the results of these cslcula-
tions arc shown in Table 24. ‘the minimum amount of parity mixing was
valculated by equating the calculated and experimsital values. This
minimm value is a limit on the extent of pavity mixing in the wave func-

tion of 2'°™Bi (9-}.

Table 24. *'°™Bi (9+) Relative Alpha Decay Rates
Contiguration Branching Ratio
2remm rem cae” gy axwe®
l;;.z. + s;:palz;O- a? 6083  <IC* <1.3
iBgdio d3p3:0-  ataoyr <o 1.1
hgid3 ;0 sEpy 0 al 1105 <ot 3.0
h$jBie  d-p-io atunz ar 2.6

(3)gased on Colum 2 of Table 23.

(b)Culculutcd by equating the experimental and calculated values.
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Iv. Conclusions

In the sccond chapter of tie work the results of various spectro-
scopic measurcments conducted with 2'°"Bi sources were presented but
very little attention was given to the relationships between the results
of the different spectroscopic measurements and to the description of a
decay scheme for “'°%Bi. ‘Thosc tasks were reserved for this chapter.
The decay scheme of 2'°%Bi will be presented and discussed and the spec-
troscopic information pertaining to cach of the states of 2°°Tl will
ke reviewed and summarized.

‘The decay scheme of *'°7Bi as measured in this work is shown in
Fig, 20. For comparison a diagram of the levels of °°T observed by
several different experimental methods 9733 i5 given in Fig. 21. Also
included in Fig. 21 is a diagram of the levels of °°T1 as calculated
by Kuo and |lcrlillg.59

No alpha decay of ?'°PBi was obscrved to the ground state of 2°°71
which is consistent with the measurement by Cussins et al. 55 of the spin
of this state as zero since the alpha decay of ?!°MBi (9-) to a state
with zero spin and negative parity is forbidden as discussed in Chapter I
Section Blc.* The assignment of zero spin and negative parity is further
supported by the 2 character of the 265.6 keV transition between the
first excited state and the ground state of ?°¢Tl. The E2 character of
this transition was observed in the intemal conversion electron spectrum
as shown in Tuble 12. The most probable shell model confipuration for
this state is (5% pé-; 0). A diagram of the neutron and proton singic
srticle shell model levels around the closed proton shell at Z=82 and

the closed neutron shell at N=1260 is shown in Fig. 22.

*he possible extent of parity viotation is discussed in Chapter 111
Section D2.
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The first excited state of 2°®T1 observed in this work was at
265.6 £ .2 keV. This energy is buised on the gamma ray energy for the
ransiticn between this state and the ground state as shown in Table 7.
The alpha branch leading to the 265.6 keV excited state was identified
in alpha-ganma coincidence experiments where a strong coincidence was ob-
served between an alpha particle with an energy of 4.9406 + .001 MeV* and
a 266 keV gamma ray. The intensity of this alpha branch was measured
as 56 t 1% in alpha-gamma coincidence measurements and 55 % 1% in alpha
singles measurements.

Confirmation that the 4.946 MeV alpha decay of 2'°™Bi leads directly
to the 265.6 keV excited state of 2°°T1 was obtained by checking the
A=210, 206 o,B decay cycle, a diagram of which is shown in Fig. 23. The
total energy for the two sides agrees within experimental error. The E2
character of the 266 keV transition discussed earlier supports the assign-
ment of a spin of 2 to this level.

The results of calculations of the branching ratio te this excited
state of 2°°Tl using several different wave functions are shown in
Table 22. On the basis of the single particle energy levels shown in
Fig. 22, the predominant configuration in the wave function for this ex-
cited state should be (d% p%; 2-) but the best agreement between calculated
and experimental values was obtained using the configuration (s%- E—;; 2-).

Alpha branching to a 304.6 * .2 keV excited state of 2°°T1 was ob-
served in alpha singles measurcments with an energy 4.909 + .001 MeV and
an alpha branching ratio of 39.5 % .8%. In alpha-gamma coincidence
measurements a coincidence peak involving the 4.909 MeV alpha and the

305 keV gamma was observed with an intensity which was calculated to

*This energy value was measured using an alpha singles spectrum.
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271 kV

210

Bi
Qg 1161 MoV
Qs 5.042 MeV
266K Po
I
Qs 5.408 MeV
" 208 Q31534 Mev

Total = 6.840 MeV
Total =6.842 MeV

Figure 23. A = 210,206 alpha, beta decay cycle.
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correspond to an alpha branching ratio of 38.8 t ,7%. No coincidence
was observed involving the 4.909 MeV alpha and the 266 keV gamma. Con-
version electron nieasurements indicate that the 304.6 keV transition is
Ml which in turn indicates that the spin of this excited state is one.
Calculations of the alpha branching to the 304.6 keV excited state of
79671 shown in Tables 22 and 23 indicate that the predominate config-
uration in the wave function for this excited state is (5%— p%—; 1-).

The third excited state of 2°¢T1 observed in this study of the
alpha decay of *'°™Bi had an cxcitation energy of 634.2 ¢+ .3 keV. The
energy of the alpha decay leading to this excited state was measured
as 4.584 + ,002 MeV in alpha-gamma coincidence measurements. In alpha
singles spectra the 4,584 MeV alpha peak could not be resolved from an
alpha peak with energy 4,569 £ .002 MeV. The alpha branching ratio to
this excited state of 2°°T1 was calculated using alpha-gamma coincidence
intensities as 1.4 * ,1%.

Five gammas were observed in coincidence with the 4.584 alpha.
Their energies were 266, 305, 330, 369, and 635 keV. These coincidences
occur when the 634.2 keV excited state of 2°®Tl gamma decays to the
266 keV or 305 keV excited states or to the ground state of 2°°Tl. Con-
firmation that the 330 keV and 369 keV gammas were produced by the tran-
sitions from the 634.2 keV excited state to the 304.6 keV and 265.6 kev
excited states, respectively,was obtained by gamma gamma coincidence
measurements. Coincidences werc observed between the 266 and 369 keV
gammas and between the 305 and 330 keV gammas. Conversion clectron
measurements indicated that the 329.6 keV and 308.9 keV tramsitions were
M1 but the conversion electron intensitics for the 635 keV transition

were too low to be observed. The M1 character of the 329.6 keV
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trznsition from the 634.2 keV excited state to the 304.6 keV excited
state of 2°®T1 which has a spin and parity 1-, indicates that the spin
of the 634.2 keV excited state is 0, 1 or 2 and its parity is negative.
Since the alpha decay of *!'°™Bi (9-}) to a state of 2%l with spin and
parity 0- is parity forbidden, the spin 0 possibility can be ignored.
Also, if the spin of the 634.2 keV excited state were zero, the milti-
polarity of the 365.9 keV transition would be E2 instead of Ml. ‘The
ratios between the relative intensitics for a 035 keV E2 gamma and o
369 keV Ml gamma were calculated using Weiskopf single particle for-
mulus.M The calculated ratio of .012 agreed fzirly well with the ex-
perimentally measured ratic of .016. This same ratio calculated between
a 635 keV Ml gamma and a 369 kcV M gamma was 5.10.  Based on these com-
parisons of calculated relative gamm intensity vatios to thie measured
values, a spin of 2 was assigned to the 635 keV excited state of “°*T1.
Alpha decay of 2!°"Bi to an excited state of *°°T1 at 649.0 ¢ .2 keV
was observed with a branching ratio of 3.9 ¢ .15 in alpha-garma coin-
cidence meusurements. The encrgy for the alpha decuy was measured as
4.568 £ .002 MeV. ‘Ihree gammas with energics 305, 3544, and 650 keV were
observed in coincidence with the 4.56.1 MeV alpha. The 334 is produced
by a transition from the 649.6 keV excited stite to the 305 keV excitod
state of 2°%71, ‘The coincidence between 305 and 344 keV ganmas was ob-
served in gaima- ganma coincidence measurements. The 650 keV gamna is pro-
duced by the decay of the 649.6 keV excited state to the ground state of
206T], A 384 keV gamma produced by the transition from the 649.06 keV
cxcited state to the 305 keV excited state of 2°°T] was obscrved in pamua
singles measurcments with a relative intensity of .01l$, but was not oh-
served in alpha-gima coincidence measurcments where an intensity off 015

would have been obscured by background. Internal conversion clectron
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measurements imlicated that the 339 and 050 keV gamms were MI, and

the experimentally measured ratio, 5.5, of the intensity of the 650 kev
gamma to the 344 keV gamma agrees with the value, 5.2, calculated nsing
the Weiskopf formulu to calculate transition rutes for a 369 kev Ml
pamma and a 050 keV M gamma. Based on these indications that the
049.06 keV gamma transition has maltipolavity M1, a spin ad parity of -
was assigned to the 639.0 heV excited state of **“T1. The results of
caleulations of the alpha branching to the 649.6 keV excited state of
F°%T] are shown in Tables 22 and 23. The predominate configuration in
the wave function for this excited state appears to be (d% pé; 1-].

The [ifth excited state of °°T] observed in this work had an
excitation cnergy of 801.1 = .3 keV. Alpha decay of '°%Bi to this
excited state of 2°%T1 was observed in alphs singles spectra with an
cnergy 4.420 @ .001 MeV and o branching ritio of 0.29 + .03, Measure-
ments of the alpha branching ratio using alpha-gomma coincidence data
gave a somewhat lower value of 0.21 & .04%. The 4.420 MoV alpha was ob-
served an coincidence with the 260 keV amd 036 keV gummas.  These two
ganmas were also observed in coincidence with each other indicating that
the B01.1 keV excited state of “°%T1 gamma decays to the 205.0 keV ex-
vited staze of *°*T1,

becay of the 801.1 keV excited state to the 034.2 keV excited state
by the emission of a 108 keV gamma is predicted to occur using the
Weiskopt formula at a rate 32 times smaller than the decay rate to the
205.0 keV excited state, but a 168 kel gamm was not seen in this work.
A lower limit on the ratio off §35 keV to Iod keV gwmmas was measured as
2, This might suggest that these transitions are E2 instead of Mj.

The cticutated ratio hetween two E2 trmsitions with encrgics of 535 keV
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and 168 kev is 324.

The only indication of the spin of the 801.1 keV excited state of
2%%T] in this work was that the decay of the 801.1 keV excited state to
the 304.6 keV excited state with spin and parity 1- was not observed.
1f the spin of the 8D1.1 keV cxcited state is >2 then the decay to 2-
states would be much faster than to 1- states because it wonld involve
@ lower order multipolarity gamma transition. If the spin of the 80f.1
keV excited state is 3 as isdicated by references 52 and 53 bascd on
studies of, respectively, the 2°7Ph (t,a)*%°T1 and 2°*Pb(d,a)?°*Tl reac-
tions, then the decay to the 265.6 keV 2- excited state would involved
as the lowest order multipolarity Ml while decay to the 304.6 keV 1- cx-
cited state would involve as the lowest multipolarity E2.

Calculations of the alpha branching ratio to the 801.1 keV excited
state arc shown in Tables 22 and 23. Calculations using the configuration
(sé E%; 3-)} gave values that were too low whereas calculations using the
configuration (s% E%; 3-) gave values that were too hiph.

Alpha decay to a sixth excited state of ?°T]l was observed in the
alpha singles spectrum of #'°78i with an cnergy of 4.260 ¢ .006 MeV and
@ branching ratio of 0.012 = .001%. In the alpha-ganma coincidence dita
a peak was secn involving a 4.268 + ,003 McV alpha and 686 ¢ 1 keV pumma
which corresponded to an alpha branching ratio of .006 ¢ .001%,

The excitation energy for this state calculated from the alpha
cnergy 4.268 MeV was 957 ¢ 6 keV. Assuming that the 686 keV gamma
is produced by the decay of this excited state to the 265.6 keV cxcited
state, the energy of this state was calculated as 952 + 1 keV,

The 686 keV pamma was scen in the gamma singles spectrum of 2!%mgj

with an intensity of 012 ¢+ .002%. By comparing this intensity to the
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intensity of the 649.6 keV gamma the alpha branching ratio to th:
552 keV excited state was calculated as .010 = ,002%.

If the spin and parity of the 952 keV excited state is 4- as
suggested by reference 52, then it might be expected to decay primaiily
to the 801.1 keV 3- level by a 151 keV Ml transition instead of by the
observed 686 keV gamma which would have a multipolarity of E2. The ratio
of the 151 keV M) transition rate to the 686 [:2 transition rate calculated
using the Weiskopf equations is 26. Neither a 151 keV gamma or the S35
keV gamma resulting from the subsequent decay of the 801.]1 keV excited
state were observed in coincidence with the 4.268 McV alpha.

The results of calculations of the alpha branching ratio to the
952 keV excited state of 2°“Tl are shown in Table 23.

In alpha-gamma coincidence measurements a coincidence was
observed involving a 4.230 £ .008 MeV alpha and a 734 ¢ 2 keV gamma.
The excitation energy of the 2°°Tl1 excited state calculated using the
alpha decay energy was 996 ¢ B keV. The 734 keV gamma is produced by
the transition from this excited state to the 265.6 keV excited state.
The excitation energy of the state populated by the 4.230 McV alpha was
calculated as 1000 + 2 keV by adding the 734 keV gamma energy to the
265.6 keV excitation energy of the first excited state of 2°°TIl.

The spin and parity assigned to this excited state by references
52 and 53 was 2-. The observations of this work do not dispute this
assignment.

The calculational results for this excited state are shown in
Table 23.

The highest excited state of 2°6Tl observed in this work was seen
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only in alpha-gamme coincidence measurements. An alpha with an energy
of 4.100 ¢ .008 McV was observed in coincidence with gammas with cnergics
457,536,650, and 1120 keV. The excitation energy of the 2°*T1 state
populated by the 4.100 MeV alpha was calculated as 1128 ¢ B keV using
the alpha encrgy. If the 1120 ¢ Z %eV ganmma is the transition of this
excited state to the 2°°Tl ground state then the excitation energy is
1120 ¢+ 2 keV.

The decay of the 1120 keV excited state directly to the 649.6 keV
excited state by the emission of a 470 keV pamna was not observed
indicating that this tvansition mst proceed throagh an excited state
of 2°¢T1 pot observed in this work.

The strong decay of this excited state to the pround state of ?°°Tl
indicates that the spin and parity of the state is i- so that the 1120
keV gamma has a lowest order multipolarity of Ml

The results of calculations of the alpha branching to this excited

state are shown in Table 23.
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Appendix A, Factorization of a four nucleon wave function from the

wave function fer ?''Po

The wave function of ?''Po was expressed as a three nucleon wave
Tunc tion coupled to a “**Ph core wave function. The ?°°Pb core wave
tund tion was then expressed as a neutron coupled to a “°7Ph core as

shown helow,

(IR LT PR “l by Js | nty Jts (0)} [] n; j> | pHJdoes (J)].J}

whoere

| “'Poy J- is a 7YYo shell model wave function with spin J

| "oy g7 - ds a 07Ph shell model wave function with spin 2
TR A
and fong - are shell model neutron wive functions with spin J*
ad W, respectively
i p’s JP> is oa shell model wave function fo. two protons

coupled to a spin JPP

the brackets indicate the order in which the angular momentum couplings
~houdd e perlormed.
The order ol the angular momentun couplings was changed by using

. .30
the Krcah W function™ as shown helow,

- ¥
R PP BT IS S IOl WA LI B LR 7Y

{L[I anpy, -""”(I 0 J")(l moJ | e |.l|)4|.;].l:
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A second reordering of the angular momentum couplings, this time
within the four nucleon wave function, produced the form for tie ?''Po
wave function needed for alpha decay calculations.
1
| *Vpo; J> = X (2L+1)EW(W J' J J'; LO)
L

{[I 2°7pb; J'>] T I+ (2N WL TPP; NN )
I

[(l n'; 3> In; j> (JNN))(I p*; JPP>) (L)} J}
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Appendix B. Factorization of a four particle wave lunction from the
wave function for 2'UBi

The 2'°Bi wave function was written as a two nucleon wave function

coupled to a 2°%Pb core
| 2'°Bi; J> = { | 22%Pb; 0> | [l n g | ps gy (J)] J}

where

| 219Bi; J> is a ?'%Bi shell model wave function with spin J

| 29%pb; 0> is a 2°®Pb shell model wave function with spin 0

Im gy
and | p; _jp> are single particle shell model wave functions for

a neutron and proton with spins jn and jp respectively

and the angular momentum ccupling order is indicated by the brackets.

The 2°°Pb core was then written in terms of a Tl and a second

o nucleon wave function, to give
| 0Bi; 0> = [%[I wers; g [ nts 50> 1ot 5, oM ] (0)}

ll n; 3> | s g (J)}J]

Using Racah-W f.’u.nctions36 a rcordering of the angular momenta

was accomplished.

| 2984 J> = T (A1) W I J I LO)
L

{[ 206y Jv>;¢ [] n'; J'“|>| p's jp'>(J".] [| n; jn)l 'H _jp>] (L)} J
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Then using the Fano X function the four nucleon wave function
was rearranged to o form suitable for use in alpha decay constant cal-

calations.

210Ri. > = 12 ' i,
| Bij J» = 2 (2413 W J' J J'; LY
L

{I 2087, J'>}{ 2o caaren (2NNey"
JPP
NN

1 1 . . P
(2I+1)? (B3'1)2 X (J* 5,0 % Jgdpds NN S0P L)

P

[| DA RN H S (JNN)][I AN IRES fps _jp'/[.ll’l‘)](l.)}.l

e £t a e« s p et
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