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Decay Studies of a Long Lived High Spin Isomer of 2!'°Bi
| Dale Glenn Tuggle
Lawrence Berkeley Laboratory

University of California
Berkeley, CA 94720

Abstract

A source.of.NSO ug of pure (> 90%) 2!'°mBi (Jn=9-) was preparcd by
irradiating 2°°Bi in a nuclear reactor. ‘After'chemical separations to
remove 2!°Po from the irradiated bismuth sample were completed, the 2105
was electromagnetically separated from the 2°9Bivby a series of two iso-
tope separations to create the source mentioned above. This source was:
then used to‘conduct alpha, conversion electron, gammé, gamma- gamma
coincidence, and alpha-gamma coincidence spettroscopic Studies of.the
decay of 2197y, The partial half life for the alpha decay of 21°™pj
was measured as 3.0 x 10%°yr. A lower limit of 10!® years was set for
thﬂ%ﬂtial_Half life for the decay of 2'°™Bi to 2!°Po. Alpha decay of
2107Ri to 8 excited‘stategof 29%Tlwas observed. A lowerlimitof10 “was
setforthebranqhing ratio of the périty forbidden alpha decay éf ééoBin)the
2067 ground state. Théoretical decay rates for the alpha decays of
21°mBi, 210pj  211pg and 2!!™MPo were calculated using the method
developed by Hans.Mang. A comparison of the calculated and experimen-
tally measured alpha decay rates of 210mB; showed good agreement for the

relative alpha decay rates.
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I. Introduction

The pfoblém of obtaining exact nuclear Qave functions which
could be used to calculate nuclear properties is extremely complex
for all but the simplest nuclear Systems (IH,zH). Approximate
nuclear wave functions, however, can be determined usiﬁg various
approximations for the forces in‘a nﬁcleus aﬁd these approximate
wave functions can be used Qith moderate success to calculate nucléar
properties.‘ The description of a nucleus in terms of some set of approx-
imate wave functions_ié called a model. Some of the models which have
been used successfully to calculate nuclear properties are the Liquid

vDrop Model, the Shell Model, and the_Collectivé-Model. Descriptions and
diséussions of these models as well as several others can be found in
many places.1 This work is concerned with the Shell Model because of
its prediction of closed nucleon shells at Nor Z = 2, 8, 20, 28, 50,
82, 126.

The isotope 2!°Bi has 83 protons which is one more than the number
needed for>a closed shell at Z = 82, and 127 neutrons which is one more
than the number neéded for a closed shell at N = 126. Ih this region
near a closed neutrdn and a closed proton shell the description of a
ﬁucleus in terms of shell model wave functions is expected'to be good,
and in addition the calcqlation 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 .
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wasbitsbrate of alpha decay to states of 2°°T]. A method for calculating
alpha decay rates of nuclei using shell model wave functions was devel-
oped by Hans Mangz;s. The purpose of this work was to measure experimen-
tally the alpha decay rates of #!'°™Bi to various states of 2°°T1 and to
also calculate for comparison these same alpha decay rates using Mang's
method.

This feport.is consequently divided into three major parts. The
first discusses the method of preparation of *'°™Bi counting sources and
the results of spectroscopic measurements using these sources. The
sources wefe made by electromagnetic separation ofv21°mBi out of a chem-
icdlly purified sample of irradiated 2°°Bi. Alpha, gamma, conversion
electron, gamma-gamma coincidence, and alpha-gamma coincidence spectra
of 219MBi were recorded using these sources. The second part explains
the exact calculational method used to calculate alpha decay rates and
discusses the results of calculations of the alpha decay rate for the
»nuclei 211P0, 211mP0’ 210Bi, and 21omBi_

The third section is a summary of the experimental data usedtoproduce
a decay scheme for 210mp; and an energy level diagram of 2°°T1. 'The ex-

perimental alpha decay rates are compared to the values calculated using

different configuration mixing schemes for 2°°TI.

IT. Experimental Measurements

A.. Preparation of 2'°MBi Sources
1. 2?!'°MBj Production
Although there are several target projectile reactions that can

produce 2!°MBj, the neutron capture reaction of 2°°Bi was chosen because
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of its simplicity and the ability to produce milligram quantities of
210mp; . The main difficulty with this production method is that the
2100p3 must be_electromagnetically:separated from the 2°°Bi target to
produée a source with a suitable specifié activity (> 103d/min-pg).-

6-12 of the decay of 2!°™Bj used sources with specific

Previous studies
activities of less than 30 d/min-ug, and ;onseduently were not able to
) obserfe-albha transitions with branching ratios less than 0.15%.

- A 10 gram target of 2°%ﬁ§was‘p1aced 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 cépture
cross section of 2°°Bi to yield ?!™Bi has been measured as 19+2 milli-

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

of irradiation, the expected yield of 2!°%Bj was calculated as 60 milligrams.

‘Table 1. 2°9Bi(n,y)X Reactions

209Bj (n,Yj 210Bj (ground state) - o, = 14:3 mb(?)
29%Bi (n,2n) 2°°Bi | ~ o(E, > 8 MeV) = 1.3 mb (®)

20885 (n,2n) 2°7Bi o(E, > 8 MeV) = 2.9 m®

20983 (n,3n) 2°7Bi  os=22x10*m®
(@) Ref. 13

(b) Ref. 14
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The production of the ground state of 2!°Bi posed no problem since

15 to 2'%po. The

210Bj (g.s.) beta decays with a half life of 5.01 dayS
21°Pohwhich was produéed in the 2°°Bi target was removed by chemical
separatidns which will be discussed in the next section. Both 2°7Bi and
2°8Bi,‘which were produced in the 2°9Bi target, decay by electron capture
and did not cause any problems in recording the alpha decay spectrumvof
210TBi, but the gamma rays produced following *°’Bi and *°°Bi electron
capture decay. interfered with measurements of the gamma'spectrum produced
by the alpha decay of 2'°™Bi to excited states of 2°®T1 and the subsequent
gamma decay of these excited states to other lower energy excited states
or to the ?°°Tl ground state. Note that ?°’Bi can be produced from ?°°Bi
by either two consecutive (n, 2n) reactions or one (n,3n) reaction. East-
wood and Rdyl4 calculated the rate of production of 297Bj 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 primafily responsible for the production of 2°7Bi in a %°°Bi
target exposed to 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-
maghetic'separations showed gamma peaks with energies and intensities cor-
responding to'those of '23sb (t% = 2.7 yr).15 This isofope waé probably
produéed by two consecutive (n,y) reactions

15

123gb (n,y) '2“Sb o 3.3b

c

2000 10

12%gb (n,y) '*°Sb o,

Because of the much shorter half life for the decay of !2°Sb as compared

to 2'°MBi and the much larger neutron capture cross sections of '#°Sb



and 12.‘be'a-s cbmpared tb,zqui only fraée amounts ( < 10°>atom %)
of '?#3sb in the original 2°°Bi sample caused peaks to occur in the
gamma spectrum that had intensities of the same order of magnitude aé
. the intensities of the 2'°"Bi gamma peaks.
.The removal of these impurifies from the sample (2°7Bi, 2°®Bi, 2!°Po,
and 125Sb) and of 2'°™Bj from 2°°Bi are the topics.éf 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
gfound state produces 2!°Po which decéys by alpha particle emission to
é°6Pb with a Half-life of 138.4%° days. The 2'°Po was sepafated 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!°Po
(Daughter of 2'°Bi) and 2!°™Bi were produced but the alpha activity of
the 2!°Po was much higher (six orders of magnitude) than for 21_°mBi'be-
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
voccur. And finally, one part of this project was to search for the de-
cay of 2-“’inBi'to 210pg, by reducing the amount of *!°Po in the sample.
to a low lével and theﬁ monitoring the increase in 2!'°Po alpha activity
as %!%Po was produced by the decay of 2!°®Bi to 2!%Po.

The seharation of ?!%Po out of the sample was accomplished by
distillation and solvent extraétion. The distillation which femoved the

bulk of the 2!°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

Po - 96rc 16

Bi - 1s62Cc 1°

The Bi metal sample was then shipped to Lawrence Berkeley Laboratory -
where it was eventually dissolved by reacting 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 takeﬁ usihg a Frisch grid chamber. The spectrum is shown in Fig. la.
The ratio of 2!°"Bj alpha counts to 2!°Po alpha éounts calculated by
summing over the channel limits shown in Fig. la was 0.29.

 To reduce the amount of 2'°Po further the biémuth sample was dis-
solved in 160 ml of 4M HNO; solution;and the sblutidn was divided into
4 -portions of ~40 ml. Then solvent extractions with 40 ml fractions of

17 were performed to remove 2'°Po from the aqueous solu-

- dibutyl carbitol
tions. An alpha spectrum of a source made using a portion of the\aqueous
‘phase after the extraction is shown in Fig. 1b. The ratio of 2?°Po cbunts
to 2!°®Bj counts was .097. The extraction had reduced the ratio by a |
factor of 3. A second extraction produced a further reduction of the

21A°Po/“°mBi alpha count ratio by a factor of 4.7.

Two extractions were performed on éaCh of the fouf portioné of the
4M HNO,solution and a comparisbn of aiphévspectra showed that in each
case the 21°Po/2!%MBj count ratio was reduced by a factor of 3 to 5 per
‘extraction. After completing the,éxtractions three of the four aqueous

solutions were mixed together and shippéd to Oak Ridge National Labor-

atory wherée an electromagnetic separation was conducted. The fourth
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portion was used to prepare alpha countiﬁg sour¢es used in measuring the-
 half life of 21°™Bi and to conduct some trial runs on the eleCtromagnetic
isotOpé separator at Lawrence Berkeley Lab. The avérage Po/Bi'ratio

-of alpha counts for all four samples was 0.03.

This Po/Bi ratio was reduced even further in the electromagnetic
isotope separations. The éxact mechaniém for that separation was not .
investigatéd but since 2'°Po and %!'°™Bi have approximately the same
mass, the separation is not due to électromagnetic effects but to some.
difference in the physical properties of 2!°Po and 2!°™Bi which causes

them to be ionized at different rates in the ion source of the separator.

3. Elecfromagnetic Isotope Separation
After chemical separation to remove 2!%Po from the sample had been
completed, a mass analysis of the sample was conducted and the amount of
'2i°mBi in the sample was measured as 0.130+.005 atom % of thevtbtal bis-
muth. A cOmpérison of the 2'°Po to the 2!'°™Bi alpha decay rates was then
used to calculate the amount of 2!°Po in the samplevas 4 x 10° atom %. And
by comparing gamma ray intensities the amounts of 2°7Bi, 2°®Bi, and '255b.

were calculated as 10° atom %, 5 x 10° atom %, and 10° atom % respectively.

By an electrodeposition technique which is discussed in
Section B1, sources for alpha spectroscopy were prepared and used to

measure the half life of 21°mBi. But these sources were not suitable for

later experiments because of their low counting rates. In order to
achieve adequate energy resolution ( < 50 keV FWHM) for an alpha spec-
trum, the thickness of the source had td be kept to a thickness of less
than 500 pg/cm?® of bismuth. Becausc 99.99 atom % of the sample was

20937 a1 cm? area source with a thickness of 500 ug/cm® would have
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contained only .65 ug of 2'®™Bi and a 2!'°™Bi alpha activity of
~700 d/min. Since thicker sources would décrease the resolution of the
alpha spectrum, the only way to get sources with higher count rates was
to use an electromagnetic isotope separator to separate 2'°™Bi away from
the 2°9Biv.'Electr_omagnetic separations would also separate 2'°™Bi from
207g3  208p; 125Gk  and thus reduce the background gama counting level
in sources made with separated material.

The separation of 2'°™Bi was done in two stages. First a 7 gram
portion of the 0.13 atom % 2'°™Bi sample was run through the Calutron
at Oak Ridge National Lab. The material collected as output from that
run was then used as input into the isotope separator at Lawrence Ber-
keley Lab and the output of that run was collected on an Al foil "
~which was then used as a source for spectrographic méasurements. These
separations are discussed in more detail in the next few paragraphs.

~The amount of bismuth sent to Oak RidgeANational Laboratory

was measured by runhing an EDTA titration with pyrocatinal violet
as an indicator on a small fraction of the samplé solution.
The total bismuth content of the sample was measured aé 4.5 grams.
This sample was-run4through the Calutron and the 2!°™Bi
fraction collected on a 5 mil copper foil. The efficiency
of the run, as measured by integration of the 2°°Bi beam current, was
5%. Correspondingly the amount of 2!°"™Bi that should have been collected
was calculated as 0.28 mg. |

It was assumed that the efficiency of the runs to be conducted at
Lawrence Berkeley Lab would also be ~5% and an estimate of the final

amount of 2!°MBi that would be collected was made as shown below.

0.28 mg 2'°MBj x .05 = 14 ug 2'°™Bi
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This amount of 21°mB1 would have an alpha act1v1ty 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 %
210MBi) was sent to Oak Ridge Nationél Lab.. And second, the ion source
from the first Oak Ridge National Lab run was washed to recover the
bismUth.v This recovered bismuth was added to the 2 gram sample and a
second separation run was made. |
-‘The copper cellecter foils from both runs were shipped to Lawrence

Berkeley Lab where they were dissolved in a 6M HC1 - .IM HNO, solution.
The targets also contained some sputtered graphite which was filtered
~ out of the acid solution and placed in a ﬁlatinum 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 wis taken to dryness, dissolved in 50 ml ef Bﬁ‘HCl,
and diluted to 500 ml Causing Bi to precipitate as BiOCl. = The solubility
of BiOCL in .38 HCI at 25°C has been measured as 1.3 mg/1000 gm Hy0 18
“and should be significantly lower for .IM HC1l and ~20°C. The total
amount of Bismuth was estimated at 30 mg (2!°™Bi~2% based on an enrich-
ment factor of ~20 for the Calutron) of which < 33 reméins in.soldtion
while the rest precipitates.
_ The BiOClvprecipitate was fiitered and washed withkaHW HCl.. Then
it was dissolved in 50 ml of IM HCIl. - By adding 15 mg of powdered zinc
to the solutionvthe bismuth was reduced and precipitated as the metal;
which when filtered and washed was used as input materialifot the isotope
separation done at Lawrence Berkeley Lab. The amount of Bi metal col-

lected was 26.9 mg. The ratio of 2!°MBji/29°Bi was measured as 2%. Using
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'these values an overall efficiency for the separatidn runs at Oak
~ Ridge National Lab was calculated as 7%. U
- The electromagnetic isotopé separator at Lawrence Berkeley Labor-

19 It is similar in design to

atory was constructed in the mid 1960's.
the Scandinévian'separators of the 1950's but with some modi fications
and improvements. The overall layout of the machine is shown in Fig. 2.
Only ‘the first stage of the machine is currently iﬂ 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 except in the ion source which has a base preésure éf 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_fhe ovén.is raised by passing a current through it until the |
vapor pressure of .the sample becomes high erugh that enough material
diffuses into the source chamber to support a_plasﬁa.

The bismuth samples were loaded into the oven in two ways. In the
initial series of trial runs using input material that had not been iso-
tope’separated at Oak Ridge National Lab, .001 ml volumes of a 4M HNOQ
solution which had a bismuth concentration of 6.4 mg/ml were placed on
a platinum foil and taken to dryness. The platimum 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 Tuns which used as input
material the bismuth whi;h had undergone an.isotope separation at Oak
Ridge National Lab, weighed amounts of powdered bismuth metal were

placed directly into the oven. This powdered bismuth was obtained by
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Figure 3a. Isotope separator ion source.
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methods described earlier in this section. A problem with loading pow-
deréd metal into the isotope separator'ioh-source oven was that some
powder stuck to the wélls of the oven. This material dn the walls of
the oven probably vaporized during start-up and tuning operations when
”thevseparated isotope beams were not being collected. Consequently the
efficiency for,theAruns was reduced. |

The collector system_fof the isotope separator is mounted on a
differentially pumped vacuum probe20 which aliows the colléctor systém
to be removed without significantly disturbing the-vaéuum within the
separator. The collector housing itself, shown in. Fig. 4, is a rectan-
gulaf Box with two sides open. One end'of the housing fits onto the
vacuum probe and into the other end which is open a set of rectangular
plates can be fitfédQ - The plates fit into aluminum oxide slots along
the top and boftom of the housing and when completely in place make
electrical contact with a connector'at the closed end of the housing.
The surfaces of these plates are placed perpendicular to the beam direc--
tion when ;ollecting the isotope beams.

The advantage of using a series 6f plates is the ease of assembly
and disassembly of a collector‘system. The electrical connections with
the plates serﬁe several purposes. First the amount of beam current
striking avparticular plate can bevmeasured to determine beam intensity.
Thisvinténsity 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 slruck the collectbr). Secondly, by applying
a negative voltage to the plate just pfeceding 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 édllecting plate causes readihgs ‘
of beém intensity to be too high. | |

For the collection of 2!'%MBj a special set of collector plateé was
constructed so.that the 2'°MBj could be collected on an aluminum foil
which could be‘used as é source for spectrbgraphic measurements.

Collection of the ?!'°™Bi beam directly onto the foil was not feas--
ible because sputtering limited the amount of 2!'°™Bi that could be col-
leéted to a few ug/cmz.. Aftef collecting that amount of 2!°MBi an
eQuilibrium was reached where one 2!°™Bi atom was knocked off of tﬁe
collecting foil by each incoming 40 keV 2'°™Bi ion. The selfvsputtefing
ratio (atoms sputtered/incident ion) of 2!°™Bi has never been measured |
but an estimate of 54 was made by extrapolating from the values of plati-
num 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 thickneés of 60 ug/an® when spread over a collection
-aréa of .5 cﬁz.

One method of increasing the amount of 2!07Bj which can be col-
lected on a foil is to decelerate the 2!°™Bj ions before they strike the_
. foil to an'energy of ~1 keV by using a retarding potential. This method
was used by Sheline?? to prépare 21073 targets for use as targets in
acéelératbr experiments. The difficulty with this method is to maintaih
the beam focus in spite of irregularities in the deéeleration field and
the increased effect ofvspace charge blow-up.

The problem df collecting *'"Bj at thicknesses of ~60 yg/cm®
- was solved in this work by letting the beam strike a Be foil and col-

lecting the sputtered material. A diagram of the collector designed to
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~accomplish this is shown in Fig7 5. A Be foil target was mounted at an
anglé of 30° to the beam direction andva curved (3 nm 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 the beam to pasé
through it. ~Although some of the sputtered material escapes back out of .
- this same slit through which the beam entered, the amount was less than
3%5. This is due to the fact that sputtering at an incident ion energy
of 40 keV is ﬁighest in intensity in the directionvperpendicular to fhe

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 usedvin the ?!"™Bi separation runs. This foil, which had an
average.thickness of ~80 ug/cm® and a total alpha acfivity of 5 x 10*
d/min was used as a counting source for many df the spectroscopic_ﬁeas-
- urements diécussed in this work. -

One final aspect of the 21°MBj electromagnetic separation is ef-
ficiency.' There are many factors that can affeét the-efficiehcy and
it is not the purpose of this report to try to explain them. Instead
the‘efficiency results forAthe various bismuth separation runs will be‘
presented. Preliminary runs on the isotope separator were
conducted with ﬁatural bismuth metal and with Bi nifrates which.wére
wrapped in platinum foil as discussed earlier in.this'section. The
nitrate runs were repeated with irradiated bismuth samples (0.13% 2!'°™Bi).

And the bismuth which had been separated at Oak Ridge National. Lab

(2% 2'°™3i).was run as powdered bismuth metal.
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Table 2. Isotope Separator Efficiency Measurements

Input Form Av Beam
Natural Bismuth Runs Amt (Bi) Current (?°°Bi) Eff
Metal 2 mg 3 A 8 %
Bi nitrate 1 mg 1 pA 8.6 %
in Pt foil 2 mg 4 pA 7.0 %
1.3 mg 3 A 3.5 %

Irradiated Bismuth Runs
({138 “190E§)

Bismuth nitrate 5 mg 4 pa 8.7 %
in Pt foil 5 mg 7 ms 4.3 5 (@)
5 mg 3 pa 3.9 % (b)
6.6 mg 5 ua 8.0 %
Irradiated Bismuth Runs
(4 21 0R])
Sample Form _
Metal Powder 3.7 mg 2 YA 10.2 %
4.1 mg 3 uA 14 %
3.7 mg 4 pA 11.3 %
3.4 mg 4 uA 5.5 5 (©)
4.45mg 3 pA 13.5 %
Overall Collection
Efficiencgmfor 21mBj 12.2 %

(2% 2*"1p4)

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

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

(c) Oven dropped after loading and some material lost.
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“B.  Spectroscopic Measurements

The ultiméte purpoée of 6btaining a sample.of 21"mBivwas to ob-
serVe spéctrosCopically its deCAy and to'compéfe the data derived from
theSE_observations_with calculated decay rates. It.is thé purpose of
this section to describe both the methods and results of various spec-
troscopic méasurements on the long 1ived_isémer of 21°Bi. The division
of this section into parté‘is based on types of spectroScopy,:e.g. aipha
or gamma, or conversion electron. All of thesevmeasurements are used
together in Chapter IV to show the decay characteristics of #'°™Bi aﬁd
to compare them to theory.

1. Alpha‘Singles

The alpha Spectr65copic measurements made on 2'°MBi can be divided
into three gfoups each addressing a diffefent‘problem and using aApar-
tiéuléf-set of,experimental’parameters;,Qne group of measurements-was'.
done to determine the half 1ife of 2!°™i. Another group.of

v measureméntSFWas'aimed,at measuring the approach tq équilibrium of the
210pg/210MB; alpha counting ratio and thus determiﬁing'the beta decay -
(or possibly'gamma) decay rate for ?!°™Bi. And finally a third group
of measurements was takeh to measure the branching ratios and energies
of 2!'%MBj alpha decays tb states in °°T1. Each of these three groups
of measurements will be discussed separately'in the next three sections.
| a. 21OmBj Half Life

The alpha decay half life of ?!°™Bi was determined by measuring
the alpha activity of a séurce containing a khown.ambunt of the isomer.
Only tho alpha decay rate of ?1°™Bi was used for calculation of fhé hal f
life of 219™pj bé&ause the‘rutcé for other decay nodes of 210My; are at

- least six orders of.mugnitudevsmallér than the alphé.decay rate. The value

for the hqlf life found using this method was 3.04 + .06 x 10° yr. whiéh 1$
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is somewhat lover than the value 3.55 * 12 x loé'found by
‘Langeland Hageez3 using a similar fechnique. o

VSources for this‘half life detefﬁiﬁatioﬂ were made from a solution
of the'irradiated bismuth target after cﬁemical separatioﬁs to remove
' 21°p¢ had been qompletéd‘but béforé'any electromagnetic separations
had been started. This solution was mésé anaiyzed using a massvspectrometer
" and found to contain 0.130¥.005% 2lomgi  To measure the total bismuth
conceﬂfrafidﬁ of the soiutioﬁ 1 mlfﬁortions weré withdrawn from the solu-
tion which had a total volume of ~100 mlfr These 1 ﬁl sampies weré
diluted to 10 ml and titrated with a .05 M diNa EDTA solution using pyro-
IQAtinoi violet as an indicator. The bismuth concentration was found to
be 6.8 .1 mg/ml.

'Sources were prepared from this solution.by an electrodeposition
technique. A small volume (20 Aof the bismuth solution was placed on
a Pt plate which served as the cathode'in the electrodeposition cell. |
A diagram-df the apparatus is shown;in'Fig; 7. ‘After placing the Pt
plate in the electrodeposition.aﬂj_the-ZOXLsolution_was diluted to 1-2 ml.
This solution was held in the cell by maintaininé-a slight negative pres-
sure in the cell. A current of 50 milliamps was péSsed tnrough the cell
for 10 minutes causing the bismuth to dEposit on the Pt plate (probably
as bismuth hydroxide but invesfigatioﬁs were not conducted to determine
this). After 10 minutes the liquid was rapidly reémoved from the cell
without'turuing 6ff the>potential across the electrodes.

To get valid half life measurements this electrodeposition had to
be quantitative. The effeétiveneés of thevdeposition was monitored by
rinsing thé cell with 4 MiINO;, adding this rinse to the original cell
solutién,'and taking this solution to dryheSs on a Pt plate. This

plate was then placed in a grid chamber and alpha counted. If this plate
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Figure 7. ‘Electrodeposition cell.
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showed any alpha activity the run_was-discardéd}i ‘

The sources made by electrodepositién were alphé counted in a:
Frisch grid chamber using a gas'mixtureVOf 90% Ar 10% methane at a pres-
| sﬁré‘of_S 1b/in and a flow rate through the chamber of 30 cc/min. A
vcollimator 3.17 mm in height and 26.95 mm in diameter was used to im-
brove the resolution of the spectra. ‘The efficiency with the collimator
was calculated by assuming a constant density distribution of the bismuth
in a 7 mm diameter circle and integratihg numerically over all points
within the circle. The overéll efficienéy of the chamber uéing this cal-
culation was 37.3%. 'Table 3 shows the values measured for the |

‘half 1life and some of the parameters for those measurements.

' Table 3. Half Life of 2!Mpj

Amt 2'0mBi . d/min tl/z(lo6 yr)
(2.2t.1) x 10%ug 2.73t .04 3.05¢.15
(2.21:.1) x 10%.g 2.98+.04 2.80% .14
(2.21%.1) x 10%g  2.83:.04 2.94% .15
0.167¢.005ug 208+ 1 | 3.04%.06

b. 2!9MBj Decay to 2!°Po
The decay of *!'°™Bi to ?!°Po is possible through several paths
as shown in Fig. 7.5. The isomeric state of 2'°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 éleo or

to either of the first two excited states of 2'°Po.
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ALl of these possible decay modes should be'highly_hinderéd by the
large angular.mpmentum changes involved. The partial Half life of the gamma
transitioh_(ES) between the isomeric and the ground state of 2v1°Bi was
24

‘estimated as 5.5 x 102° yr. using the Weisskopf formula shown below

v
)

- . T
t, _ 693 x .645 x 10°% ( 140 ) g2/l gec
5 : . ) . ST
g “\EMeV) /-
S =2 [1+(1/L)] / |

B

B é}{[(2L+1)-(2L-1)-....Sx3xifﬁ[1+(L/3)}}2
Beta dé‘ééy' s{to the first three states of 210p5 involves aﬂgular momentum
chanées of 9, 7;'ang 5 respectively. -Bééauée of'thesé iarge angular
momentum changes -it is expected that all of these beta decays will have
a log ft > 20. Using a log ft = 20 aé a lower 1imit for the beta
transitions to all three levels of '°Po estimates of the partial beta
decay‘ha1f'1ives shown in Table 4 were made by'extrapoiating the tables in

reference_IS. These values are expected to be minimums for the half 1life.

Table 4. Minimum Beta Decay Half Lives for 2!9Mj

_ (a)
210py level (keV) Spin, Parity Qp (keV) t, (yr)
0 - 0+ 1432 1013
1181 ' 2+ 251 1015
1426 4+ 6 102°

j (a) log ft = 20

Based on these estimates for the minimum partial half lifes of thevarious




o0 a244U0 28079

| -29-
decay modes of 210mp; to 219pg, the a$sumption can be made that the
decay of 2'"mBj to 2!°Po has avmaximum branching ratio of less than

3 x 10%%. But Levy and Perlmanl!

experimentally measured this branching
ratio as 3.7 x 1(1'El by observing the growth of 21°Po in a sample of
bismuth (~10%% 210mBj) which had been purified of 2‘°Po Because no
direct observatlon of the decay of 2!°mBj to 210pg ywas made,; the mode
‘of the decay was not determined.

| The decay rate of 210mB; to 219pg was also measured by Rusinov’
by comparing the alpha decay rate of 2!°mBj to 2!%Po. The ratio of
‘the #!'Po to !°TBj alpha decay rate was checked over three half lives
of 21%pg (t% = 138.4 déys) and found to be constant at S x 10°%.
‘Using the value 3.04 x 10° yr. for the half life of 2'°™Bi and
assuming‘that the decay of 2!°MBj to 2!%po was at equilibrium during
the measurements, the partial halflife forthe decayof 210m 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-ug;
.whereas the source produced by the final isotope separation in this
._ work had a specific‘alpha activity of 1.2 x 10°® d/minfug.
o Using this source the alpha decey ratio of 2'°®Bj to 2!°Po was
meaeured. The ratio was initially fbund to be <1 x 10° but measurements
téken slightly less thah one year later with an order of magnitude more
counts gave a value of 2.8 ¢ .6 x 107.

This decrease in the ratio of the 210pg to 210mpj alpha decay rate

corresponds to the decrease expected if only the decay of 210p5 js con-
sidered. This indicates that the rate.of productioh of 2!%o in the

sampie 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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210pg can'he determined. This lower limit is 1.0+ ,3 X 1013_years which -
'isvseVeral-Qrders of magnitude higher than'the,partial haifblife
calculated using Rusinov's data' | »

The measurements of the ratio of the 21°Po to 21°m~B1 alpha decay

'rate was made u51ng a solid state 5111con gold surface barrler detector
| W1th a diameter of 6 mm. The detector was placed w1th1n 2 m of the .
-SOurce to maximize the efficiency of the‘system The pressure‘in'the
countlng chamber was maintained at ~15 microns by a mechan1ca1 pump
trapped with dry ice and alcohol. The resolutlon 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 210mB1 Decay to 2°6T1
’ Alpha decay was observed in the alpha 51ngles spectrum of 21°mB1

to 51x excited states of 2°°Tl1, as seen in Flg. 20. But no alphd decay
of 219MBi to the ground state of 2°6TI was seen despite‘speciai efforts
to search for the decay which had been reported by reference 6.

An aluha spectrum of a.21°mBi source is shown in Fig. 8. This spec-
trum was:taken,using a sqlid state 150 mm? aCtive'area silicon gold sur-
fact barrier detector with a resolution of 32 keV.FWHM at room temperature.

The counting chamber used was designed to prerent internal conver-
sion electrons from reaching the detectorvand creating peaks.inrthe
spectrum having an energy equal to the;sum of the energy of an alpha par-.

. ticle and the energy of a conversion electron. These sum peaks
weuld,particularlyvbe'a nuisance in searching for alpha decay to
the.ground state of 2°5T1. The sum uf the alpha particle energy for

the alpha decay to the 266 keV excited state of 295T1 and the L conversion



Counts

v U440 35810

-31-

105 §

' '2'°'f' Bi Ah')ha Singles Spett'rum

4.946 MeV
4.909 .\

- 4.582
4.568

- 1
4420 - .
. . ; 1
b
¢
4260 . - Ves
: . A 9o
&
et e
Nt o o Y% e S
fAY Pt

T B
' Channel '

XBL75I2-9958



-32-

| electron enérgy for ‘the intefnal 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 resolﬁtion for the spectra’was not high ehough
to separateftwo'peaks that close in energy. A diagram of the counting‘ .
chamber is shoWn iﬁ Fig. 9.

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

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

The energies and relative intensities df the peaks in the alpha‘
spectrum of 2!°"™Bi were measured and are shown in Table 5 along wifh.
the results of references 6, 7, and 10. |

The energies of the alpha peaks were détérmined by using the 2m“’Po

peak at 5.305 MeV as a reference point and an energy scale derived from

=
B

two 210mgj alpha peaks. Based on alpha-ganma and gamma-gamma coincidence
data the‘aésumption was made that the energy difference between the

: alpha decay leading to the 266 keV level of 2°°T1 and the alpha decay
leading to the 801 keV level of 2°6T1 was 536 keV x %%%»= 526 keV. By

using this value and the measured distance between these two alpha
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Table 5. Alpha Energies and Branching Ratios for 2!°mpj

Present _:. Rusinov’ Korolev10 ' . lange6
' b)Branchlng - Branching Branching = 'Branching
Energf: Ratio Energy Ratio = Energy Ratio  Energy . Ratio
5.207 <104 | ' 5.207  ~.04
4.946  55.0 4.936 60 4.959 57.6 4,935 54.6
4.909t ) 39.5 . 4.896 34 4.922 36 4.896 40.4
a .
582 ) 51 14.596 5 4.574 ¢ 4508 .95
4.568" N 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 determlned
The intensities of the peaks in the alpha spectrum were measured
by graphlcally 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 singies spectrum,
so the intensity given in Table S is actually the sum of the intensities
of both peaks. The energies and intensities of the two peaks were meas-
ured in thelalpha-gamma coincidencé spectrum and will be discussed in |
Section B5 of this chapter.
The alpha peak at 4.260 MeV had not been previously observed. It
~ was identified as the alpha decay of 2!'°mBi to a 952 keV excited state of
206T] based on the alpha decay energy and alpha-gamma coincidence data
| wheré a 4.268 MeV alpha peak was observed in coincidence with a 686 keV
fgamma ray. The 686 keV gamma ray was assumed to be produced by the decay

of the 952 keV excited state of 296T1 to the 266 keV excited state.’
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An alpha peak corresponding to the decay of 21°mBi to the ground state
6f 206T] was not observed, but a'lower.limit was'determined‘and is liéted
in Table 5. The-importance of this lower limit is that it'caﬁ be used to
set a lower limit on the degree of parity mixing in either the iSOmeric
" state of 21%Bi or the ground state of 2°6Tl.

The rules governing the spin and parity changes in alpha déca& afe
_relétively simple. If the spin of the parent nucleus if J; and-the'sbin
of thé daughter nucleus is Jg, then the emitted alpha particie can'have‘an
angular momentum relative to the daughter nucleus which falls between the
following limits.

,IJi'-JF]<L<Ji+JF'

The parity change involved'in the decay is govefned by the value of
L. ~If L is even then no parity change can occur.v If L'is'odd; the |
parent and daughter nucleus must have opposite paritieé. |

:If Ji'¢'0 and.JF # 0 then the parity ruies are not reStriCtive,‘
but if eithef Ji =0or Jg= 0 or both J; =0 and Jg = 0; then the
alpha decay can only occur with one value of L. For example, if J; = 9
and JF =0, thénvthe only allowed value of L is 9, and alpha decay is
only allowed if the parent and daughter have oppoéite parity.

The spin of 210mp; §5 g and it has negative parity while the spin
of the gréund state of 295T1 is 0°F and it also has negative parity. As-in
the»above eXample, décay of 210MBj to stétes with spin 0 is only allowed
if they have positive parity. .

Therefore alpha decay of 210mpj o 296T] 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 206T] or

into the metastable state of 2!°Bi. A minimm value for the amount of
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this abnormal parity m1x1ng is calculated in Chapter III.
2. Gamma Singles

The gamma spectrum of 219MBj ‘was studied with two dlfferent sources.

~ One source was ~5 g of irradiated bismuth (0.13 atom % 2!°™Bi) which had

not been mass separated. This source contained '?°Sband 207p;
which were used as internal standards to determine the‘variation of de-
tector efficiency with energy and to establish an energy scale for the
spectrum. ‘Energies and relative intensities of all but 4 gamma peaks
in the ?!°™Bji spectrum were measured using this soufce.

The second source was ~.35. mg of_mass.separated bismuth (~2%
2‘1°“‘Bvi). The mass separation removed the '23Sb and‘greatly reduced the

levels of 297Bi and 208Bj.. This source was used to measure the energy

- and intensity of the 210mBj gamma peak at 635 keV which had been obscured

by a gamma peak of '2°Sb, and to locate several very low intensity gamma
peaks which were hidden by the backgfound in spectra taken with the first
source. Spectra taken with both of these sources will be discussed
- separately below.

The gamma spectrum of 2!%UBi was taken, u51ng the 5 g source, with
a.6 cm® Ge (Li) solid state detector. The absolute eff1c1ency of the
detector was measured as ~2.6% at 279 keV using a ?°°Hg standard, and
its resolution rangedvfrom 1.6 keV at 266 keV to 2;3 keV at 1332 keV.
A summary of the energies, peak areas, and relative intensities_for the
- internal standards '?°Sb and 2°7Bi is given in Table 6. The energies
and relative ihtensities_listed are from the literature whereas the peak
areas listed were measured in this work. The measured energies and rela-
‘tive intensities of the peaks in the'gamma spectrum of 2!°MBi are listed

“in Table 7 along with the results of References 9 and 6.
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Table 6. Standards (!25Sb, 2°7Bi)-

Table 7. 2'°™Bj Gamma Energies and Relative

9

Rel Int

| Egﬁa) Rel Int(®) ‘Peak area
125gh  176.3 22.4 3.27 x 10
o 427.9 - 100 4.40 x 10*
463.4 32.9 1.07 x 10*
600.6 64.8 1.14 x 10"
606. 7 20.6 3.44 x 10" |
636.0 1 43.6 7.07 x 10° (Sum of 25gh,
’ . : 210mBi)
2075 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
Intensities

Energy
Present Ref. 6 Ref.
265.6 266  265.
304.6 305  304.
329.6 329  329.
344.3 344 344,
368.9 368  369.
384 (a‘) - -
. 535.5 534 -
6358 634 -
649.6 651  649.
eg6@ .
a)

801"

(o) S e N |

2
2% 210

Present Ref. 0 Ref. 9 .

100 100 100
55.4 54 ~54
1.46 1.1 ~2
1.40 1.4 =2
1.25 1. ~1
o11@ o
0.s1 0.5 -
.02 02 -
7.7 5.6 ~4
012 . -
©>.005

Bi).

Peak Area (Present)

1.93 x 10°

8.

65

2.01
1.
1.42

80

.55

.32

x 10°
x 10"
x 10*
x 10"

x 103

x. 104

(a) Measured from a gamma sgettrum taken with isotopically separated
bismuth source (~
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.The valﬁes listed in Table 7 for the 384, 635, 686 and 801 keV
peaks-were measured using the isotope separated sample. The 384, 080,
and 801 keV peaks were not seen in spectra taken using the unseparated
bismuth source beééuse their counting rates were too low in comparison .
to the Compton background counting rates caused by 2°7Bi gammas. The
635 keV peak]waé obscured in the spectra taken.using the unseparated
bismuth by a gamma peak of '25Sb at 636 keV.
 Only a-lower limit for the intensity of the 801 keV is listed be-
cause the measured intensity corresponds to that expécted‘for>a peak
caﬁsed whenvtwo.gammas (in this case a 536 and 266 keV) simultaneouslyv
strike the detector and create an electronic pulse which corresponds to
the sum of their energies. | _ |

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

The peak areas were measured by using a computer code MAGIC deVeloped
by Janis Dairikizénui a CDC 6600 computer to fit a gaussian shape to the
‘peak after subtraéting background. An example of this peak fit is shownb
~in Fig. 10 for the 1332 keV peak of °°Co. :

The gamma spectrum of 2!°™Bi was taken using the méss separated sam-
ple with a 6 cm® intrihsic 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!'°™Bj with this
source was to search for very low intensity gamma peaks which were hidden
by thc-high hdckground 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 obsefved wefe seen in
this spectrum. They were at 384 keV and 686 keV. Tﬁe 384 keV peak is
produced by a gamma transition from the 650 keV excited state of 2°°Tl
to the 266 keV excited state. The.686 keV transition was identified as
the decay of the 952 keV excited state of 2°T1 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 cdr-
fesponding to the alpha decay of '°™Bi to the 952 keV excited state of
2067y | |

The intensities of the gamma'peaks corresponding to gémma transitions
in 2°°T1 following a 2!°"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 measufed peak intensity into two components. One component
was the intensity due to a single gamma ray'with the appropriate energy.
The secdnd component was the intensity caused by two separate gammas with
energies E; and E, such that E;, + E, = E; where E; is the energy of the |
gémma peak being studied. If these two gammas strike the detector in
_coincidence they can give risé to a pulse corresponding to an energy Es;.

The 635 keV excited state of 2°°T1 has three paths by which to decay
to the ground state of 2°5T1. These are: 1) difect décay to the ground
state, 2) decay to the 305 keV excited state of 2°°T1 followed by the
decay 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 occuf by the
“emission of either‘a gamma ray or an internal conversion.electron. N
The measured intensity of the 635 keV peak was the sum of the in-

~ tensities for these three paths where

1 o 1\ 1
IML635)= Pa (—————-—), E(635) . -R(635) + ( )( _ )
. 1+a ‘ 635 l1+a 1+

635 ) 330 305

1 1 |
E(330) E(305) _R(330) R(305) + ( )( — )E(266) E(369)

635 305. 1+ Ozeq 1 +'a266

R(369) R(266)
635 266

and

» IM(GSS) is the measured intensity.of the 635 keV gamma peak in
_counts/min -
P, is the rate of 21°mBi alpha decay to the 635 keV excited state
of 2°6T1 in d/min (feeding of the 635 keV excited state of
206T] from higher excited states is neglected)

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

1

I
£

is the fraction of decays occuring by gamma emission

E(e) is the gamma detector absolute efficiencies for‘energy €
R_(e') is the branching ratio for the excited statevof 20671 with
energy e
€' 1s the transition energy.
The 266 keV and 305 keV excited states of 2°6T1 decay
exclusively to the ground state and therefore

R(266) = R(305) = 1
266 305
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The measured intensities of the 330 and 369 keV péaks can be ex-

pressed as ‘ '
| i (330) = P ( . ‘) R (330)
:M o\ 4 dsz 635 |
1 |
1,(369) = Pa(——-——> R 55 (369)
1+ 0369

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

keV peak gives

I,(635) = I (635)
- 1
+ 1,,(330) (-——-—> E(305)
‘ l+a
305
+ 1,,(369) ( 1 E(266)
1+ axe

%635

is the intensity in counts/min of the 635 keV gamma ray. Using this equa-
tion the Vaiue of I was calculated and 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‘gamﬁa transitions' |
"were calculated following the same procédure as with the 635 keV gamma
transition. For the 650 keV gamma transition IS(650) = IM(6SO) but for
“the 801 keV transition Ié<<IM. Therefore only an upper limit could be

set for the relative intensity of the 801 keV gamma transition.
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Table 8. 2'"MBi Gamma Singles Spectrum

Peak Energy ~Rel Int Remarks
1 258 206T] 266 keVy - 9 keV Ge X-ray escape |
2 266 100 206T] transition (266 - 0)
3 296 208T1 305 keVy - 9 keV Ge X-ray escape
4 305 56 20671 transition (305 - 0)
5 330 1.3 29671 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 298T1 transition (650 - 350)
9 349 206T1 266 keVy + 83 keV T1 X-ray
10 352 206T] 266 keVy + 85 keV T1 X-ray
11 369 1.2 29871 transition (635 -+ 266)
12 376 20671 305 keVy + 71 keV T1 X-ray
13 378 20671 305 keVy + 73 keV T1 X-ray
14 384 .011 2°%T1 transition (650 ~+ 266)
15 388 20671 305 keVy + 83 keV Tl X-ray
16 390 20671 305 keVy + 85 keV T1 X-ray
17 401 20671 330 keVy + 71 keV Tl X-ray
18 403 20671 330 keVy + 73 keV T1 X-ray
19 416 20671 345 keVy + 83 keV T X-ray
20 419 206T) 345 keWy + 85 keV T1 X-ray
21 536 .52 298T1 transition (801 - 266)
22 570 207pp transition |
23 635 .02 29T] transition (635 - 0)
24 643 ~ 297pp 570 keVy + 73 keV Pb X-ray
25 645 207pp 570 keVy + 75 keV Pb X-ray
26 650 7.5 20611 transition (650 + 0)
27 655 207pp 570 keVy + 85 keV Pb X-ray
28 686 .012 2°6T]1 transition (951 + 266)
29 748 207ph 1771 keW double escape peak
30 801 20671 Sum event of 266 keVy + 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 Remarks

33 1591 208pph 2615 keVy double escape peak

34 . 1632 207ph Sum of 570 and 1063 keV y's g
35 1664 1208ph- 1591 keV double escape peak + 75 keV -

36 1769 j _ 207pb transition Pb X-ray

37 2102 208ph 2615 keVy single escape peak

38 2615 298pp transition

39 2670 : 208pp 2615 keVy + 75 keV Pb X-ray

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

two Ge (Li) detectors. The detectors were placed with their axes at

an angle of §O°'and'lead shielding was placed between the detectors
to_miniﬁize the occurrence of false coincidences caused by the scatter-
‘ing of a ganma ray from one detector to the other. The source used for
these measurements was the mass separated sample mentioned’in.the dis-
cussion of the gammé_éingles spectra.

The analyzér 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 analyier where each was con-
verted to a channel mmber proportional to the energy of the gamma ray
causihg it. The channel mumbers were then written in the next sequential
analyzer memory word. When the analyzer memory becam¢ full its contents
were:automatiéally transferred to magnetic tape, it was cleared, and then
began filling agaih 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(knﬂmn_and
-modified‘for use in thié partiéular experimeht by the.author.

The program reads the magnetic tapes and uses the data to construct
either plots 6f one parameter in coincidence with some specified region
of the other‘parameter of two dimensional scan maps. The plbts look
exactly like those produced by single parameter data and can be analyzed
using the same techniques. An example of a scan mapvis shown in Fig. 12.

The scan maps 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
detector and into the other. The scattering events show up as a diagonal,
ridge whefeas a true coincidence appears as a peak with two tails, one
in the veftical 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 where all values have been divided by 100 so that 1123 appears
as 11. Thié process of dividing by 100'is.fepeated again if nécessary
until all channels can be expressed as a three digit number. .

Another advantage of the scan maps is that the backgfouﬁd under a
peak can be estimated fairly easily. If the peak occurs on a back;
'scattering ridge, then interpolation between points of the peak area
can be used to estimate the background counting rateAdue to backscattered
events. |

" Another source of background is caused by 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 poiht 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. k

Besides these horizontal and vertical ridges which are caused when
only one gamma ofva coincident pair is Compton scattered, background is
produced over a large area'by the Compton scattering of both gammas of
a coincident 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.

One other source of background is the chance coincidence which can
6céur 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 usec. This delay caused all
real coincidenées to appear as if they occurred several usec'apart and
were not in coincidence. But the chance counting réte is not affected by
this timing changé, and was recorded and found to be negligible in com-
parison with other baékground sources.

Analysis of the gamma-gamma coincidence data for ?!°"Bi showed the
same four coincidence peéks seen by reference 6. They are listed in
Table 9. The measured intensities of'these peaks can be used to confirm
the ganma ray intensities measured by gamma singles. The ratio between

the 369 keV and 536 keV gammas in coincidence with the 266 keV y should be



the same as the ratio measured in gamma singles. Likewise the ratio
between the 330 keVﬂYand the 345 keVy in coincidence with the 305 keV y
should be the same. A COMpafiSOn_of.ratios measured from gamma singles

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

Table 9. Gamma-Gamma Coincidence Peaks

w0 Coinc Ratio v, Singles Ratio
1 266 © 369 . 2.53% 2.50
266 - 536 '
305 330 1.03 - 1.04

305 345

4. Conversion Electron Singles

The internal conversion electron spectrum of 2!MBi was recorded
using a 0.785 cm2 X 5 mm active area Si (Li) gold surface barrier detec-
tor. U51ng a 2*9Cf source the resolution of this detector was measured
as 2.2 keV at an electron energy of 262 keV. The eff1c1ency of the detec-
tor was measured in terms of electrons/ (100 2“9Cf alphas) where both the
eleCtroh and alpha counting rates were measured with thé same detector.

Since the gedﬁetrie efficiency of the detector is the same for both
alphas and electrons, the ratio of their counting rates needs only to
be multipliedvby an intrinsic'efficiency factor which is the ratib of
the instrinsic efficiencies of the detector for electrons and alpha par-
vticles. 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 séattefed béckwards out of_detector with a muchvhigher probability
‘than the much heavier and more energetic alpha particles.

Using the data of reference 26 and the measured conversion electron/
(100 2u9Cf alphas) ratios for several conversion électron péak$ in the_
é“QCfVCOnversion électron spectrﬁm, thé plot of the instrinsic efficiency
ratio éhown invFig. 13 was constructed. This plof.was used to obtain |
factors to multiply conversion electron/alpha counfing ratios for 2!°MBi
by so'that.conversion;coefficients‘could be determined for the transi-
tibns between levels of 20FTl.

The 2'°™Bi source used to record the conversion electron spectrum
was the collecfor foil from the isotope separatidn conducted at Lawrence
Berkeley Laboratory.

The conversion electron spéctrum of 2!°mBj jis 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 were
calculated. In Table 10 the intensities for the various transitions
are shown where all intensities have been normalized to the inteﬁsity
‘of the-180 keV transition (266 K conversion). The method:by which the
conversion coefficients‘were calculated willvbe briefly discussed below.

The K conversion coefficientvfor the 266 keV.transition'of é°5Ti
was the only conversion coefficient which was calculated directly from
the electron/alpha couﬁting 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. where both sets of relative intensities (gamma
and conversipn eleétron) were normalized to the 266 keV transition of

2067,
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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 .74 170 14
305K 14,077 .74 19,000 220
305L L 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
o 33 .76 43 0.51
369K 156 .75 210 2.5
' 360L 36 .76 47 .55
650K | 162 .81 200 2.4

The equation used to calculate the conversion coefficients was

Ix,E

°X,E” %K, 266 * T
- Y,E

 where
qu is the conversion coefficient to be calculated
X refers to.the shell from which the éonversion electron is
ejected

E refers to the transition energy
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o 266 is the K conversion coefficient for the 266 keV transitidn
, _

v _IX E is the relative intensity of the conversion electron peak
b . .
for the transition of interest
IY E. is the relative intensity of the gamma'peak for this
Y,E - :

transition

The K conversion coefficient for the 266 keV transition was cal-
culated from the ratio of 266 K conversion electrons to alphas leading
td.the 266 keV excited state of 2°°T1. This ratio was measured in the
same manner as discussed earlier for 2*°Cf. The measured conversion
eléétron counting ratio wés 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 stéte to
the 266 keV excited state. The third term is similar to the second,
but is for the 801 keV excited state.

Alpha branching ratioé 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 fecalculated.

The branching ratio for decay of the 635vkeV excited state to the
266 keV excited state of ?°°T1 was also calcuated from alpha-gamma coin-
cidence data using theoretical values for the converSion coefficients.

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

Table 11. Parameters Used to Calculate e (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 6208/1000 min
Electron Efficiency 0.73

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

(a) Only alphas leading to the 266 keV excited state of 2067]

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

excited state of 2°°T1 was calculated as follows:

z
]

r 100 - NK - NL - NM

100 - 7.95 - 4.85 - 1.11 = 86.1

where
N, is the number of ys/100 alphas
Ny is the number of convérsion electrons per 100 alphas

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

N
66 = K _7.95 _ 092
N. . 86.1 :

Using this value and the equation discussed earlier, the internal
conversion coefficients were calculated and are listed in Table 12 along
with some values for the conversion éoefficients'calculated27 using

the multipolarities listed in the Table.

Table 12. Conversion Coefficients for 2°¢Ti
Calculated using aK(266) = .092

Transition Electron Gamma Ratio Conversion K Line
(Multipolarity) Intensities Intensity Electron/ Coefficient (Th ) Norm to 1
Gamma .
" 266K (EZ)v’ © 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 (ML) 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 1500 (.23) 1
345L : 0.5 1.4 .36 .033  (.04) .22
369K (M1) 2.5 1.3 1.9 .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 1nd1gated mult1polar1t105 taken
from reference 27. .
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S. Alpha-Gémma Coincidences

The alpha-gamma céiﬁcidence spectrum of 2'°™Bi was recorded using
a 6 cm® Ge(Li) ganma detector and a 150 mm® active area gold surface
barrier silicon alpha detector and the 2!°"™Bi source produCed_by the.
isotope separator. - |

' Thé-detectors and *'°™Bi source wefe arranged as shown in Fig. 15.

The efficiency'of_thefGe(Li) detector was calibrated using standafd
sources of 2*!'Am, 22Na, '*’Cs, 57Co, 5"‘Mén,ancvl 60Co. This calibrétion
was checked by recording a ?!'°™Bi gamma singles spectrum and comparing
the relative'intehsities calculated using this efficiency calibration
to the felative intensitieé discussed in Section B2 which were calculatedl
usihg 125gh as an internal standard.

The absolute efficiency of the detector at 266 keV was 2.85% and at
650 keV, .465. | '

The resolution of the Si detector was measured using the 21°™Bj
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- ganma coincidenée data.

Two sets of alpha-gamma coincidence dafa were collected. The first
set of data had a lower energy cutoff at a gamma energy of 85 keV s0 that
coincident events involving gammas with an energy less than 85 keV
(primarily X-rays) would not be recor&ed. The purpose of making this
energy cutoff was to reduce the overali volume of datavrecorded on mag-
netic tape. The second data set had a lower gamma energy cutoff of
450 keV. Again the purpose of this energy cutoff waé to limit the over-
all volume of data recorded while increasing the amount of data Collectcd

for gammas with energies greater than 450 keV by running for a longer
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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 differeht amplifiefs weré used so that the signal going
to the coincidence circuitry could be amplified more than fhe signals\ |
going to the analyzer. The single channeljanélyzer wﬁs set fo gate only
on gammas above 85 keV to produce the energy cutoff discussed‘eérlier.
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
| pﬁlses corresponding to an alpha energy range of ~5.3-5.7 MeV would
trigger it. The signal from thié 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 1abé1ed COINC contains circuits which determined when an
‘input signal from the gamma side was in coincidencev(il 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
che processing (gate_pulses arrived ~2us after the signal pulses).
The purpose of the delay is simply to delay ché signal pulses to pre-
vent them from reéching the ADC's before the coincidence gate. A

summary of the data collected in this run is shown in Table 13.
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Equipment Diagram for Alpha-Gamma Coincidence

coincidence run #1.

Run #1 Source
e ' p 1210 m
re det B: e Pre p
Amp y-ae | a-det Amp ulser
Bias Volt Bias Volt
Supply Supply
Linear Linear Linear Linear
Amp #1 Amp #2 Amp #3 Amp #4
Pass Only Pulses
Energy  [*X h | Energy
Delay . Corresponding to selected - Delay
Window Energy Windows Window
Energy
. Window
Coinc.
Det.
X Coinc.
Coinc. Trigger
Trigger
Left Right
ADC ADC
v Signal Input A a Signal Input
Trigger
Gain Pulse to )
Stab Identify Pulses Reaching ADC
To be Used for
Gain Stabilization
XBL7512-9950
Figure 16. Equipment schematic for alpha-gamma
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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 oY (C)‘ @ singles
4.420 536 @) 1940 | 39 S
4.582 266 6746 1.4

4582 305 B _ -

4,582 330 6337 1.3 1.4

4.582 369 5891 . 1.2 |
4.582 635 @) 348 07 BRI
4.568 305 ® _

4.568 345 6240 1.3 3.9

4.568 650 28550 5.85 N
4.909 305 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 ih coincidence -
with the 305 keV gamma '

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

"‘Thevalpha energies of_the coincidence peaks were‘calculated by using
as reference points the two 2'°UBi alpha peaks whose energies had been
measured as 4.946 and 4.420 MeV in alpha singles spectra. The accuracy
of the energies listed in Tabie 13 is ¢ 2 keV. vThe 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, 22Né, SMn,
'37Cs, and *’Co, 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

(1 + ap)

where o is the sum of the K, L, and M

ELf. 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'fbr the 4.946 and 4.909 MeV alphas.  These relative intensity

sums were normalized so that their total,eqnaled 100 and are listed
in Table 13.

A diagram of the equipment used to record thevsecond alpha-gamma
coincidence déta set is shown in Fig. 17; The equipment on the'gamma
side was the same as for the first data set except that the energy cut-
off of the single channel 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 4.909-4.946 MeV doublet
of 2!°mBj  The single channel analyzer (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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Equipment Diagram For Alpha-Gamma Coincidence Run #2.

21emgj Source

Pre Amp r-Det a-Det - Pre Amp
Bias Volt Bias Volt
. Supply Supply
Lin Amp Lin Amp Lin Amp Lin Amp
#1 #2 #3 #4
Energy Energy
Window - Window
| Coinc. - ‘Energy
Det #1 Window
Scale Coinc. |_A___ Anticoincidence
Down 1/100[ ] Det #2 Output
Signal
Mixer
]
Left ADC Right ADC
Coincidence
Coincidence Trigger
Trigger ‘= '
Gain Stab Trigger Pulse

XBL761-2141

Figure 17. Equipient schematic for alpha-carma coincidence run #2.
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The output pulses from single chamnel anélyzer (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’pulseg triggered the gain stabilization uqit to look‘at-the alpha
pulse in the ‘ADC and use it for gain stabilization.

One out of every one hundred pulses out of the single channel ana-
lyzef (2) was sént through the linear gate to the ADC'é as a coincidence
Signal, indicating that the pulses being pfocessed 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
inzthe 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
greafer than 4.7 MeV was to produce a peak in the data which could be
used as an energy reference point. |

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

The aipha 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 + 8 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 Run #2

Coinc Peak Energy S

) 20671 © ® | Relative .
Alpha* level Gamma Intensity
1 4.100 (1126) - 457 1x 10%
2. 4.100 (1126) . 536 _ 2 x 10*
3 4.100 (1126) 650 1.2 x 103
4 4100 - (1126) 1120 7 x 10*
5 4.230 (996) 734 8 x 10"
6  4.268 1 (952) 687 - . 6 x10°
7 4.417 (801) 536 .29
,4.574 . (650) 650 6.5
9 4.589 (635) 636 1709

(a)Accuracy is £ 8 keV

(®) pccuracy is +2 keV |

() carculated by subtracting the alpha particle energy and 2°°T1 recoil
B

energy from the Q value for the alpha decay of 2!%1Bi to the ground
- state of 2°°T1. '

(D6 intensity is primarily due to sum peaks and not a single 635 keV
gallm .

III. Calculations of Alpha Decay Rates

A. Introduction

As early as 1912 Geiger and Nuttalzg, based on avsystematic
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'décay constants were done andvihdeed; the
half life of Ionium (23°Th) was successfully predicted before it had

been measured experimentally.
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A model for alpha decay which successfully explalned this empiri-
cally derlved relationship between alpha decay half lives and energies
was developed independently by Gamow30 and by Condon and Gurney31 in
1928. This model assumes that an alpha particlé exiéts inside the nucleus
aﬁd that it interacts with the othef nucleons through an attractive square
well potentialkwhich is bounded at the‘nuclear surface. Outside of the |
nucleus a repulsive Coulomb potential is used to describe the interaction
hétweenthaalphiparticleandtharemainingnucleonsinsidethaﬁuclearvolume‘

In a classical treatment of thisvmodel the escape of the alpha par-
ticle from the square well is not possible unless it has a totél‘energy
greater than the height of the Coulomb barrief, 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 fhe Coulomb barrier. The probability of alpha decay (i.e.,
eécape 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 ié
the probability that an alpha particle that hits the barrier will tunnel
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 thirteén orders
of magnitude over this same energy range énd also reproduces the energy
half life relationship observed by Geiger and Nuftalzg.

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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trahsitions tolexcitéd states in even-even nuclei‘consistently.gave
values that were higher'than-ekperimental values. This led to the use
of hindrance factors to represent the ratio between experimental alpha
‘decay rates and calculated élpha decay rates.

The necessity of using'hindrance factors indicated that although this
simplé model a¢curateiy 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 inéide the nucleus was needed.
Indeed the existence of.a reformed alpha particle moving freely aroﬁnd
inside the nﬁcleus at all times did.seem rather improbable, and éttempts
were made to redefine the alpha particie nucleus potential.

.. Winélowsz modified the square well pofential by localizing it at the
nuclear surface. This model_assumedAthe existence 6f a pfeformed aipha
particle on the nuclear surface only,instead Qf throughout the whole
nuclear volume.

Calculations of alpha decay rates using this model were still too
large, but Winslow offered a possiblehexplanation. He proposed that
alﬁha particles do not exist in the surface well at éll times but are con-
stantly being formed at the nuclear surface with some finite probability.
Once formed the alpha pafticle»canveither tﬁnnel 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 anvalpha 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 outlined 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 avbafrier penetration term to give the alpha decay con-
stant. |
Using this formalism Mangz—s.was able to obtain agreement with ex-
perimenfal results except for some problems with absolute Qalués. The

33 and by

usefulnesé of Mang's model was also demonstrated by Poggenburg
Mang and Rasmussén34

Because of this success of Mang's formalism for calculating relative .
alpha decay fates it was chosen for use in calculating alpha decay rates
for 2'°Bi. 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 ZIIPO’ lempo’ ZlﬂmBi’ a.n.d 210Bi Will be presented.

B. Réview ovaang's Equatiohs
| 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 Vefy simple nuclei is impossible. Instead nuclear
properties such as alpha decay constants are calculated using approximate
nuclear wave functions.

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

dent wave function. This combination of two sets of time independent
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wavé functiohs is necessary because one set, nuclear model wave func-
1tioné*, is a good approximation only if all of the nucléons 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 RO are éhown in Fig..l7a._
Mang's expression for the time dependent wave fuﬁction shown below

-was derived from an expression used by Casimir35
_ M
¢ (1...A,1) = a(t) o ; (1...A)

+ 3 Jdeb (e, )
Jol JoL

{XaéL(R,e) i C (LjJ; m M-m)

" em) v ML)

_where:

2 (1...A) and wng‘m(i. . (A-4))

are nuclear model wave functions with angular momentum J and j.
o is used to represent ali other quantum numbers for the‘wave funCtion_W.
Xa is a wave fUnction.for the internal degrees of freedom of an
alpha particle
;&&Zis an antisymmeterization factor
C (LjJ;m M-m) is a Clebsch-Gordon coefficieﬁt

@L(R,e) is a radial wave function for the reduced center of mass

*Shell Model wave functions were used in this work.
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Figure 17a. Relationships between R and RO. Figure 17b. Harmonic bscillator and coulomb potenti'als. :
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of an alpha pafticle.in the Coulomb* field produced by a nucleus
with Z protbns |

YLm (R/RJ is the angular part of the wave function for the 
center of mass of an_élpha partiéle in the Coulomb field produced'by
a nﬁcleus with Z protons

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

a(t) and bJUL(e,t) are the cOefficienfs which 1ink the two time

independent approximate solutions to give a time dependent solution

The first term of Mang's approximate time dependent Wave function
isxa 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 avnuc1eus with A<4 nucleons énd 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 R0 and outside of this radius using the Coulomb
potentiél. 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 equatidn and using various approx-
imation téchniques.3 The expression derived is |

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

QL (R,e).
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R11 is the outer turning radius such that qL(Ru)'= 0

M is the reduced mass of the alpha particle |

A simplified form of this equation derived by Mang2 is shown below.

v " R
_ R
PL(e) = ZRO-qL(RO) exp ( 2 J qL(r) dr

R

2 _ N LJ )

- (R CNY
0

A computer code was developed to calculate alpha'decay probabilities

using this expression. A discussion of the procedures and steps of the

calculation is given in the next section.



C. Calculation Description

The.calculation of alpha decay constants using Mang's equation -
involVes the cal@ulation of two terms. The first,.the'peﬁetfability
factor, involves a fairly-straightforward7integration which can be done
analytiéally if the Céulomb pdtential is,used. .Calculation'ofkthe second
term,_though, the reduced width, is fairly complicated and>involves cal-

culating the value

gy o
, GjL (Ro) = ROLQZT 3 C(LJJ;m M-m)
, ' m -m ..M : |
Xa (ga) YL (QArel) W? (gK) QoJ d gK d ga d Qrel

where
ga are the infgrnal'coordinates.fbr the alpha particle.
| EK are the internal coordinates fdr'tﬁé daughter nucleus
Qrel, are the angular coordinates for the alpha particle relétive

to the daughter nucleus

To calculate this integral the first step that must be taken is to
separate the shell model wave function @Oﬁ' into two parts; oné, a core
wave function with angular momentum quantum numbers equél to those of the
~daughter nucieus;.and the second, a wave function for four particles*
coupled to a total angular momenfum L. |

@0?14 (1...A) -2 G C (LjJ; m M-m)

LM-m

Oy (L. (A-4) @A‘f (1',2',3',4")

*Two protons and two neutrons
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where
o represents various intermediate QUanfum numbers such as the

fotal proton or neutron angular momentumbwhich:must be summed over

|  Co is a product of all the coefficients produced in factoring the |
wave functioh. It is. a function of the quahtum numberé of the
single parficle-wave functions making up @A? (1,2,3,4)} thé tqtal '
‘proton angular momentum of the two protdns»in the four pafticle
wave function, the total neutron éngular mohentum of the two neu-
trons in the four particle wavevfunction, 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 'Qo? (1...A) into two factors
is dependent on the nucleus involved. Detailed descfiptioﬁs of the
method used for the nuclei discussed in this work can be found in
Appendices A and B. . |
" The next step in the calculation is to assume that the sheli model
wave functions Tng and @O? fcand consequéntly ¢¥3m) ére based on the‘\

same harmonic oscillator potential parameters so that

-m ., M-m _
Jv{‘]‘ oy ™ d g = 1

where Ex 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 mumber and Clebsh Gordon
cdefficientS'is dropped. The value of the integral is independent of
m so that the Clebsch Gordon coefficient if carried through»appears in
the final result as

L D [C(LjJ;m M-m) ]2 =D 1
m

where D is the value of the integral. Also the antisymmetrization factor
7 is dropped. Since the product wave function ¢K (1...A) ?A (1...4)
was not antisymmetrized, the function shown below should not include

an antisymmetrization factor.

Xy G Y Qpep) Y0 " (60

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.
6.Y R) ='Rv$’2 $C.| e, (1',2',3',4") X (£)
jL Yo o , @ AL 2& 27 a S0

Yy, @pep) d & d Qg
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.

2 3

3

2’2 -3

B exp —-f_ (gz v E2 4 g2
Li4m 2 ! 2 3

. 0o 0
. = .
XCX.(EI’ £2’ 53’ Sl’ S ’ S ’ S“) X0 (SISZ) XO (S3S‘+)
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; > -> > -
g = (r +T7 -7 -71)
3 1 2 3 L)
' Sl, Sé, Sa, S = spin coordinates
. ‘ 4

- X. = singlet spin function
1,2 refer to protons
3,4 refer to neutrons

B = 0.47/F?

> -> > -> . . : .
rl, rz, ra, r are radial coordinates of the four nucleons with
4 :

respect to daughter nucleus
The next step is to transform the wave function QAL(l',Z',S',4')

from je¢j coupling to 1les coupling. This is done by factoring the wave

fuﬁction into single particle wave functions in the following manner.

' t o9t l 1y = | » ' .. . . o1
QAL(l ,2',3',4") [(énljl (1) ®n2j2 (2); JP) (@nsja(S) Qnaju(4)’JN)’ L]
and by using Fano coefficient536 to recouple the angular momentum vectors.

The resulting expression is

®a.(1,2,3,4) = :E: (231+1) (232+1) (23 5+1) (254 +1) (2JP+1) (2JN+1) :
(L LP,5P o
LN, SN |

x(ll ,l/laj 1 ’12 ,]’i,jZ,Lp’Sppr) X(13’l/2,j 3,1“’1/23j'+’1‘N,SN)JN)
' 1y . . .
§[k®n1j1(l_) 0,9, 25 DI OX; SP); JP]

[CRRCORNICOIRO T F JN] fu
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Because the alphé particle wave functipn contains only spin functions
where the proton spins are coupled to SP=0 and the neutron spiné are
coupled to SN=0, the only terms in the summation in the expression
shown above which will contribute to the final result afe those with
SP=SN=0»énd_consequent1y 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
[0 . e =

to bring the expression fof Gji (RO) into the form

%5

3 2 : ' 1
6 () =.Ro/.2( ; ) ze, |r (231+1) (232+1) (2] 5+1) (23.4+1) (20P+1) (2N+1)}

L4 o]

1 13 1 . 1/ - . 1/ -
X(ll’E’J1’12’2232’JP,0’JP) X(13’2,Ja,1h,Z’JH9JN’OsJN)
1 [ ' ' 1y . .
Y, @) ; [(‘I’mjl(l ) 0,5,(2')5 BI85 (31) & 5 (415 JN] ; L_s

B 2 '2. 2 2 2 2 2
exp — 2 (2] + £} ¢ ) A, £, £ldE, £,

The final series of steps involves tranéforming the single particle
harmonic oscillator wave funcfions from the oscillator potentiai-basis
where they have radial coordinateé r1, ra2, rs3, and r, respectively,

. into wéve functions expressed in terms of the relative and center of
mass coordinates which were used in the definition of the alpha particle

wave functiomn.

R I
El —'E (r1 Tz) 53 (El 52 )
1 | 1 o
8,'= o (r 1) o =g pr,rer)
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() R=2 (')

(r +r +T +r )

~ This transformation is accomplished in three steps using the method

and coefficients defined by Mosh1nsk137’38.

The first step transforms
the proton wave function into a form expressed in tenms of € , the
relative coordinate, -and 51', the center of mass coordinate. The
second step transforms the neufron weve function into a form expressed
in terms of 52? the relative coordinafe, and gz',-the center of.mass
coordinate. |

Each of these tranformations results in a summation of terms as

shown below.

[<I>n111(1’1,$21) ,1,(, ) JP =

' nlllnzlzJP .
2o M [VIMM.JP} NG rer) Byoay &, o) TP ]
V1V2
Az

[ ¢n313(r5’93) Qnulu(ru’ﬂu); JIN ]=

. nélanglqu .
:E: M [vzxzvf 2UN] V2 (g nrel) Oy 'Az'(gz’gncm)’ N1
Vi3Vy Mo
AsAy

‘where M represents a Nbshlnskl coeff1c1ent

Only those terms with A and A equal to zero will affect the- flnal
result though because the 1ntegral of the product of a harmonic oscillator
wave function @vx(g) with the term e -B/2 £? from the alpha particle

wave function is only non zero for A=0.

The third step is to first recouple the wave functions 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.

-

{“ Qlel(gl’ﬂrel), 'Al'(g pcm) JP

b

%0, Efer) G, ,t €, 05 N3 L}: |

-
L

_.:E: (2JP+1)(2JN+1)(2JREL+1)(2JCM+1)
JREL :
JCM

1
]

x (A ,A *,JP,A LA "IN, JREL,JIM,L)

{ [:Qle (& ’Qprel) QVZAZ(g & el) JREL]

[ 1}\2|(£ ! Q ) 2" v(g ) JCM] L}

Since only terms with A1= A;= 0 need to be considered, the transformation
shown above can be simplified. The summation over JREL and JCM is
reduced ‘to the one term JM=L, JREL=0 and the Fano coefficient for this

term always has the value one.
[(2JP+1)(2JN+1)(2L+1J] x (0,JP,JP,0,JN,JN,O,L,L) =1

fhen fhe center of mass part of this wave function 1is transformed
from the coordinates EI' and Ez' by'abMoshinski transformation to the
coordinates Es and R. As with the proton and neutron transformed wave
function only those with an angular momentum value of zero for the rela-
tive wave function will contribute to the final result.

The expression for GJ (R ) can now be written
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LI
J o3 287}
G-jL (R) = R, {%!4n) L Gy

. ~ 3
: . 35
[(2j1+1)(232+1)(2j3+1)(2j4+1)(2JN+1)(2JP+1ﬂ
,X(ll,l/z,jl,'lz,]/z,jz,JP,O,Jp) X (ls’l/z’ja’lu’l/z’ju"m’o"m) '

Z M nmlin, 1, JP M n3zlsny, 14 JN M VP ' JN L
Vivgusn (V10 vi'JP JP V20 v2' JN JN vsON L L

¢
o, LR 1) Y (Orgp) doq

F )
) V10

& 8L E £2 dg_ da

1 %pre1) prel

2

2 2
g2 dg

- B/, &
2 dn

szo(gz’gnrel) % 2 nrel

r - _ 2
0, o(E 0 o) ¢ 285 €2 4 a0

] “vsot73’Tare

arel

For the wave functions @vxcg,n) harmonic oscillator wave functions

as shown below were used.

| ) 3, | I
3, (E,9) = a? [——l‘i———] (@)

(via+ig) 1
" (E?) exp (- ag?) Y, (@)
where - |
\/;1_; = (/)%
w?= k/m

k is the harmonic oscillator potential constant

1
Lﬁ+2,(u£2) is a Laguerre polynomial
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Using the wave functions the angular integrations can be performed -

2 o |
J Yy (Opep) dpey =1
and

o fYO (@) do; =1, [—-— dQ. = | =L ]3 =~v_(4n)3/2‘

where i = PREL, NREL, AREL

Using this fofmal'expression for Gji (Ro)’ a computér code ALJHA
was developed to calculate alpha decay constants. It was fuh‘on a
CDC 7600 computer where it used 60K of small core memory'énd 70K of lérge
core memory. The CPU time required to run the program depénds on the
angular momentum values of the single particle wave functions and the
ahgular momentum of the parént and.daughter-nuclei. ‘Ah aVerage value of
~10 seconds of CPU time per Configuration w§s used to calculate the decay
* constant for the alpha decay of 21°mBi (9-) fo 20871 (2-, 266 keV)
using the configuration mixing for 2°°T1 calculated by’]ﬁu)énd Hérling39
which includes 16 configurations as shown in Table 19. The 2'%™Bi(9-)
vcoﬁfiguration was assumed to be pure (h%gh; 9).

The program produces as output on punched cards the value of Gji(Ro)
for each configuration calculated for a configuration mixed wave function,
so that they will not ha?e to be recalculated to determine the alpha |
decay constant for the decay'of‘the same parent state to other states off
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 Cbmputatiohal costs associated with calculéting.the alpha‘

decay rates of 2'°MBi to the 2- and 1- spin states of 2°°Tl.
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Calculations were conducted for the alpha decay rates of 2!!Po,
21Mpo, 219Bj, and *'°"Bi. The results of these calculations are dis-

cussed in the next section.

D; Results
'1. 211P§, 211mp,

The calculation of the alpha decay constant for the decay of 21llPo
£0.2°7Pb was conducted to provide a basis for the comparison of the cal-
culétions done in this work with thdse of Zeh and Mang.4

The decay scheme for ?!!Po is shown in Fig. 18. Alpha deéay of the_
211Pov(%+, g.s) has Been observed 045 a5 shown to the ground state and 
to the first two excited states of 207py,  Alpha decay to the third ex-

cited state was reported by Neuman and Perlman4

0 but was not seen by
Galovkove g£_§1.4i who set an upper limit for thié branching ratio of
.0025. |

The preSént calcuiation was conducted using the normalized wave func-
tion for the ?!!Po gréund state given by Zeh and Mang4.. Pure hérmohic-
. oscillator wave functions were used for 2°7Pb instead of the wave func-

tions of Bloomquest and.Wahlborn46.

The harmonic oscillator constant o
was set'equai to 0.17 x 102%/cm? and the alpha particle wave function
constant 8 Qas set equal to 0.47 x 102%/cm®. 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 calculatién and those of
Zch and Mang is shown in Tables 15 and 16. The‘relative deCAy rafes of
211pg to the 5- and 3~ of 2°7Pb as calculated in this work were slightly

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

207pp Level Present  Zeh § Mang ~ Exp®
12 - 1 @ 1 @ 1
5/2 - .0045 .0079 .0053
3/2 - .0025 .0047 ~.0050
13/2 + 5 x 10° - -

(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 (L)
: Contributions to the 2!!Po Alpha Decay Rate '

Relative Alpha Decay Rates

207pb Level L . Present Zeh § Mang
1/2 - | 5 ~ 1 1
5/2 - 3 1 1
- , .85 | . .81
. 7‘ .42 .37
3/2 - 3 1 1
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diserepaﬁcy 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 anguiar momenfum L. |
The dependence ef'fhe alpha decay constant of 2!'!'Po on the radial

parameter R  was measured by calculating the relative decay constahte
at eeveral values of Ro 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
slewly_varying if not constant over the radial range considered. The
data point 7.3 F-is significant in that the maximum value of
‘R-G%gg (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 2''Po. At 9.0 F Zeh and Mang calculate the 2''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?. Receptly Fliessbacﬁ17'
has presented evidence that a renormalizafion of thelalpha pafticle
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 2!'Po with R

S?in of . R :

211po State 7.0 7.3 7.5 8.0 85 9.0 9.5
1/2- 99.1 99.2 99.2 99.3 99.3 99.3 99.3
5/2- .63 .56 .51 .45 .43 41,40

3/2- .23 .24 .24 .24 .25 - .25 .25

*Especially since Mang used ''realistic radial functions'" for 2°’Pb and
pure harmonic oscillator wave functions were used in this work.
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7

‘Alpha decay of the metastable 1.45 MeV excited state of 2'!Po has

been‘QbServed48

, as shown in Fig. 18 to the ground state and first three

excited states of 2°7Pb. 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

211mp,, 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''™Po

Decay to 207Pb(’})

211Mp, Configuration 211mpg/211pg -
9.2 4. -9, 21
[(h* 8 g71 75+ .17
, 9. 23
[(h28g37] 5> .023
S92 .. .9 25
. 2
[ P28 i 15 | .0081
5.
(hPED 8¢ 515 14
11,27,
[ PED 8 i F15 NE
Experiment (2) . .0016

(a)Reference 37.

1
L-

=

N
o

.037
.20
.052
.27

.053
.28

.036

207ph Level

3

S . 1 %-G-
.045 .0038
.0011 4 x 10%

062 .017
001 104
062 .017
.001 10%

.24 13
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The agreement.WithAexperimentally measﬁred relative alpha decay
rates was much worse fof this cése as compared to the 2!1Po gfound state.
The ratio of ?>''™Po to 2!'!'Po calculated alpha decay rates for the decéyv
to the 2°7Pb ground state was in all cases higher than the eXpérimental
value. The calculated relative alphé decay rates of 2''MPo to the second
and third excited states as compared to 2'!™po decay to the 2°7Pb ground
state were too low in all cases. This discrepancy was particularly bad
for.the_(%;+) level of 2°7Pb for which the calculated relative alpha
‘decay rate was for the best case a factor of ~800 lbwer than the experi-
mental value. Zeh and Maﬁg also observed this discrépancy in their cal-
culations and hypothesized that the enhancement of the alpha decay of
21lmpg to 2°7Pb (%;+) is due to the presence of terms in the 2!'TPo wave

function where a neutron vacancy exists in the i%; shell and two g%

neutrons exist.*

2. ?*1%Bi, 2i"mm

The alpha decéy of the 2!°Bi (1-) ground state to levels of 2°°T1

wﬁs not studied experimentally in this work but has been previously ob-
served® to the first two excited states of °°Tl. A diagram of the states

“of 2°8T1 can be seen in Fig. 20. | |
The ratio ofvthe alpha decay constants for the decay of #'°Bi to the
266 keV and 305 keV excited states of 2°5TI was calculated using a radius

9.0 F, o = 0.17/F2?, and B = 0.47/F?. The wave function used for the

.2‘°Bi (1-) state was [hﬁg , g %-; 1-]1, while for 2°°T1 the configuration

mixed wave functions of Kuo.and HerlingSg, shown in Table 19, were used.

9.7 - 1z
[P, @ P G5
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"Téble 19. 2°°T] Wave Functions (Approx. #3, Kuo and Heflingsg)

T1 Exéited 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-

%- oh'%- +.020 +.025 -.012 -.062 +.021 £.025  +.016 4.058
Og 7 1f 7 +.015 -.009  -.018 +.024  -.007 +.014 -.010 -.009
Og 7 1f5 +.042 -.006 +.000 -.003 +.005 +.038  +.017 +.021
Og 7 2p 3 +.035 - -.023 — £.006 +.019 +.007 —
Og %‘“Zp'% - - - = -.017  +.056 -
1d 3 oh-%' -.037 - £.036  — +.021 -.018 -.015 -
14§ 1£7 041 +.001  -.034 -.130 035 -.007 -.072 +.113
13 1€35 -.051 +.038  +.124 -.057  +.126 -.093 +.014 +.035
1d> 2p3 -.088 +.042 -.047 -.052  +.041 -.063 -.146 +.033
45 2pg +.06 -  +.032 - +.159 - w281 -
43 0hy — - _ - +.067  +.033 - -
43 1f7 -.002 - -.156 — 4,038  +.092  -.119 -
15 1f3 +.230 +.141  -.148 -.250 © +.172 +.984 +.213 +.536
143 2p 5 +.109 -.558  -.100 +.274  +.194 - -.156 +.216
143 2p 3 +.860 -.100 +.073 -.822 - — -.846 +.389
257 OhY - - I ~  -.039 - —
2553 1£4 - - - — -.027  +.020 - _
25 2 165 -.323 - +.640 - +£.936  —  -.572 -
253 2p3 -.267 153 -.712  -.262 | — = -.527  +.664
257 g - +.960 - -.124 - - - 0%

054 -.016  +.020 +.246 -.061 +.023 +.080 -.173

(@]
J=
] =
9
N

+
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A cdmparison of the calculated ratio to the.experimentally measured ratio
is shown in Table 20. The éalculéted Vélue was a factor of 2.5 lower
than the»experiﬁental value.

This‘rafio between decay rates to the first two excited states;of
VZbGTl was also calculafed_without using configurafioﬁfmixéd wave func- .
tions. The results-of these calculations are displayed in Table 21 where
the wave funcfion used for the 266 keV (2-) excited state is displayed
oh the vertical axis and the wéve function used for the 305 keV (1-)
excited state is displayed on the horizontal axis. Sevéral different
combinations of wave functions reproduce the experimental value for the
ratio of alpha decays of 2108 (1-) to these excited states of 2°ST1.

| ‘The alpha decay of 2!°MBi (9-) was observed in this work to eight
excited states of 2°°T1 as shown in Fig. 20. The alpha decay constants
for these transitions were calculated using fhe same parameters used in‘
the calculation of 21°Bi (1-) ground state alpha decay rates. The wave
functibns of Kuo and Sterling as shown in Table 19 were used for the
206T] states while for the 2!°WBj state a pure (h% g%; 9-) harmonic
OSéillatdr configﬁfation was.used. The results of these calculations

are shown in Table 22.

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

206T] Wave Function 305 (1-) / 266 (1-)
2- 1-
Exp(a) Exp(a) 1.5
Conf Mixed(b) Coﬁf Mixed(b) .58

(a)Reference 6

(b)Wave Functions shown in Table 19.
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Table 21. Ratio of 21%Bi (1-) Alpha Decay Rates
for Pure Harmonic Oscillator States

305

keV

AW.F.

12«633"79%7 £7 d£3 dop3 adfs d—p—d31s slpt pll;13
oV \ |ezh7 77 7 zdzd’zzp“ 0y Sy S0y Mg
9| 0.7 5.3 2.6 8.512.5 8.2 4.7 16.0 5.8 8.8 14.2 2.1
g—%f—;— AL 3 2010 -« = o om e e e e e e e e e e oo >
g%fg— 0.3 1.8 0.9 3.0 4.4 2.9 1.6 5.6 2.0 3.1 5.0 0.7
gy | 0.2 1.4 0.7 2.3 3.4 2.2 1.3 4.4 1.6 2.4 3.8 0.6
w21 0.3 2.0 1.0 3.2 4.7 3.1 1.8 6.1 2.2 3.3 5.8 0.3
d,szf% 0.1 0.6 0.2 0.9 1.3 0.9 0.5 1.7 0.6 1.0 1.5 0.2
d%f% All > 1080 © oo o o e o e e el el il i >
d%p% 0.050.4 0.2 0.7 1.0° 0.7 0.4 1.3 0.5 0.7 1.1 0.2
d%-p%— 0.1 0.7 0.4 1.2 1.8 1.2 0.7 2.3 0.8 1.3 2.0 0.3
&fr | 0.1 0.8 0.4 1.2 1.8 1.2 0.7 2.3 0.8 1.3 2.0 0.3
d%f% 0.1 0.7 0.4 1.2 1.7 1.2 0.7 2.3 0.8 1.2 2.0 0.3
R R L
d%p% 0.1 0.5 0.2 0.8 1.2 0.8 0.4 1.5 0.5 0.8 1.3 0.2
s%f—g— 0.1 0.9 0.4 1.4 2.1 1.4 0.8 2.7 1.0 1.5 2.4 0.3
13 |

s3y | 0.050.3 0.2 0.5 0.8 0.5 0.3 1.0 0.4 0.6 0.9 0.1
D351 6.2 1.7 2.7 3.9 2.6 1.5 5.1 1.8 2.8 4.5 0.7
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Table 22. 2?!°™Bj (9-) Alpha Decay Rates

: . ' Branching Ratios |
206T1 - Spin Cong (@) Pure cone(P) -

level (m) Exp Mixed H.O. -+ Mixed
266  2- 56 85.9 5% f—g—>69 .98(sy £3) - .17(s3 p3) 50
305 1- 39 12.3 sy py 27 | 57 Py 45
635 . 2- 1.4 045 sppy L1 -.17(sy £) + .98(s3 p3) 1.
650 - 3.9 174 ddpl 2.4 Sph 4.
Cs01 3 .21 .08 sy 3 .0084 .93(sy £3) + .37(sk £])
952 4- 006  .0026 dy £5 .01l & £5
098 -~ 2-  .0008 .00087 djpy .002 & py
1120 1-  .002  .00012 sy py 002 53 P53

(a)Wave_functions of Reference 38.

(b)Calculated as described in the text to fit eXperimental data.

2
0

.3

.019
.003
.003

The agreement between thé calculated and measured values is only
- fair. The caléulatéd branching ratio to the first 2- level of 2°°T1 at
266.keV is high while the calculated branching ratio to the second 2-
level at 635 keV is too low by a factor of 7. The calculated branching
ratios for the first two 1- levels are botﬁ low, but the ratio between
them is correct. The branching ratio to the 3- level at 801 keV is low

by a factor of 10, but agreement is fairly good for the 4- level at 952

keV and the 2- level at 998 keV. The calculated branching ratio for the

1- level at 1120 keV was low by a factor of 20.
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As with ?'%Bi (1-) the Calculatidnvwas also done using pure_harmonic
OSCiilatof wave funéti6ns for ?°ng, The reéults of these calculations
for the first‘five}excited states of 2°°T1 are éhdwﬁ in Table 23. |

The éxperimental_value for the ratio of the alpha decay rates to the
266 kev (2—) and 635 keV (2-) 2°ST1 levels was best approximated by using
“the cbnfigurétion (é%, f%; 2-) for the 266 keV level and (5%3 p%; 2-)
| _forvthe 635 keV levei, but the calculated value was still too low as |
shown {n Table 23. The correct ratio was reproduced by introducing éon—_
vfiguratibn mixing between the two configurations (s%,f%; 2-) and (s%; p%;IZ-).
Two ‘sets of configuration mixed wave functions calculated to give the
correct ratio between the alpha decay rates to the 266 keV level and the
635 k¢V.1eve1 were calculated. y -

206T1 (266 keV, 2-)  .98(sy £3) - .17(s p3)

20671 (635 keV, 2)°  -.17(sy £5) .98(5%.pg;

+

and

20671 (266 keV, 2-)  .75(sy £7) - .5(s3 D)

+

| 29571 (635 keV, 2-)  -.5 (53 £5) + .75(sy p3)

‘Column three in Table 22 was calculated using the first set df cbn—
figuration'mixed wave functions. Calculations with the seéond set gave
a value for the decay fate to the 266 keV excited state which was a factor
of 50 too low when compared to the calculated alpha decéy rate of ?'°MBi
to the 305 keV excited state. | |

Configuration.mixedAwave functions were aiso calculated using the
(d% p%; 2-) configuration mixed with either the'cdnfiguration (s% f%; 2-)
or (s% p%; 2-) but for'both éases the wave functions calculated to produc¢
the correct ratio between the alpha decay rates of 2!°™Bi 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 -2!°™Bi (9-) to Levels of 2°°T1
' Calculated Using Pure Harmonic Oscillator Wave Functions

Wave 266 keV 305 keV 635 keV 650 keV 801 keV
Function level(2:) - level(l-) level(2-)x10° "1level(1-)x102 level(3-)x10°
hlzlil,} .22 .23 1.3 .18 2.7
g%h% | .15 .10 .93 | 73 2.9
vg%—f% 1075 .89 s 0 4.0
g7E> a3 1.9 2.7 1.5 o, 2.3
g%p% | .57 - .5 — 5.9
gy - — I - 8.4
d%h% ‘ .40 _ g5 - a1
&S] 139~ 6.3 8.7 5.0 7.5
d’zs'f% 10+ .82 0t .65 , .80
Spy 1.89 L1 12.0 .81 2.7
apl .06 - 6.2 - 4
ashe - - . _ .10
&E7 .03 - 64 - © 10.4
&f3 1.07 .62 6.6 46 1.5
&p3 10%° 3.7 1005 2.9 32.4
Ep3 L5 43 9.8 3.4 -
STEr - - _ - 23.4
s3E5 .98 . 5.7 | — .12
1,3 2.41 6.6 15 | 5.2 -
. - 38 - .25 -
Barrier Pen(a)- _
for Lovest L 1 (L=8) .03 (L<8)  .0062 (I=8)  .0042 (1=8) (ng§>83

(8)Noymalized to the value for L=8 and 4.946 MeV
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excited state that were tdo low by a factor greater than.ld when com- |
paréd'to the decay rate of 210mB; 1 the'305_keV excited state of 29°T1
using the.configuration (s%-p%; 1—). o
| The experimehtaliy measured ratio between the alpha decay rates to
the 305 keV and 650 keV levels of 2°5TI was best reproduced by using the
cohfiguration (s%p%; 1-) for the 305 keV level and (s%-p%; 1-) for the
650 keV level. All other éhoices of configurations for the 305 keV (17)
level result in values for the ratio that are too low, particularly for
.the configurations (s%-p%), (d%.p%a, and (d%-pg) for which the ratio is
}too low by factors of more than 10. This indicates that the predominate
charécter of the 305 keV level of 2°%T1 is (s%—p%).
| For the 801 keV level of ?°°T1 the branching ratio calculated using
the chfiguration'(s% f%; 3-) was too low by an order of magnitude. .Using
~the configuration (s%—f%; 3-) results in a value that is too high by a
factor of ten. The amount of configuration mixing between these two con-
figurations needed fo produce the correct branching ratio was calculated
and is shown below; 
20671 (801 keV, 3-)  .93(sy £5) + .37(sy £1)
| or .97(sk £3) - .26(s3 £D)

As discussed in Chapter II, Section.B, alpha decay of *'°™Bi (9-)
is forbidden to the ground state of 298T1 (0-) because the alpha particle
must carry off 9 units of angular momentum (L=9), and for L values which
are odd number the parent and daughter‘stétes must be of oppdsite parity.
Only if a slight amount of a positive parity configuration is mixed into
either the *!°™Bi or 2°6T1 gfound state wave function can this alpha

decay occur.
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The admixturé of a positive parity wave function into the 2°°T1 .
| groundIStateviS'unlikély because no combination_of'a proton hole with
a néutron.hole can be forhed with spin and parity 0+ by ﬁsing proton
énd neutron hole states with energies less than 3.5 MeV below the closed
shell energy. |
| Two positive parity configurations that could mix into the ?!°®Bi (9-)

wave -function are

. 13 9
(1) 15873

or (2) h-%'j-%;

The alpha decay rate of 2!°™Bi (9+) was calculated using the same
parameters used previously with 2!°MBi and the results of these calcula-
tions are shown in Table 24. The minimum amount of parity mixing was
calculatéd by equating the calculated and eXpe;imental values. This

minimum value is a limit on the extent of parity mixing in the wave func-

tion of 2'°™Bi (9-).

Table 24. 2'°MBj (9+) Relative Alpha Decay Rates

Configuration Branching Ratio

210mp; o 208 calc®) B a x 10*(®
13 9 . 1 1., . | |
i~gs3;9%  s3pz;0 a? 6083 <10* <1.3
13 9 3.3 |
i=5g5; 9+ dyp3; 0 a? 8097  <10% 1.1

.9 .13 1.1,

h -2'J -—-2— N O+ S '2'p -2- ’ 0- az 1105 <IU‘} 3.0
h3jE ;o d—p—;0- a?1472  <10* 2.6

(a)Based on Colum 2 of Table 23.

(b)Calculated by equating the experimental and calculated values.
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IV, Conclusions

In the second chapter of the work the resulfs of Varidus speotro—
scopic measurements conducted with 210mB; sources were presented but
very little attention was given to the relationships between the results
ofnthe different spectroscopic measurements and to.the description of a
decay scheme for 2!°MBj. - Those tasks were reserved for this chapter.
The decay echeme of 21MB5 will be presented and discussed and the spec-
| troscooic information'pertaining to each of the states of 2°°T1 Qill
be.reviewed and summarized.
. The decay scheme of ?'°™Bi as measured in this work is shown in
Fig. 20. For comparison a diagram of the levels of 206T1 observed by

49-53

several different experimental methods is given in Fig. 21 Also

included in Fig. 21 is a diagram of the levels of ?OGTl as calculated
by Kuo and Herling. 39

No alpha decay of 2!"MBj was observed to the ground state of 2°°T1
which is consistent with the measurement by Cussins gg_gl.ss of the spin
of this state as zero since the alphe decay of 2'°MBi (9-) to a state
with zero spin and negative parity is forbidden as discussed in Chapter II
Section Blc.* The assignment of zero spin and negative parity is further
supported by the E2 character of the 265.6 kev transition between the
first ekcited state and the ground state of 2°°T1. The E2 character of
this transition was observed in the internal conversion electron spectrum
as shown in Table 12. The most probable shell model configuration for
this state is (s }7 0). A diagram of tne neutron and proton single

particle shell model levels around the closed proton shell at Z=82 and

the closed neutron shell at N=126 is shown in Fig. 22.

*lho possible extont of parity violation is dlscussed in Chapter ITI
Section D2.
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The first excited etate of 2°°T1 observed in this work was at »
265.6 + .2 keV.‘ This energy ie based on the gamma ray energy for the
transition between thlS state and the ground state as shown in Table 7.
1The alpha branch 1ead1ng to the 265 6 kev exc1ted state was 1dent1f1ed
' in alpha-gamma coincidence experlments-where a strong coincidence was ob-
sefved‘between an alpha particle with an energy of 4.946 ¥ .001 MeV* and
a 266 keV gamﬁa ray. The intensity of this alpha branch was measured
ae 56 + 1% in eipha—gamma coinCidence”meesurements'and 55 £ 1% in alpha
‘singles measurements.

Confirmation that the 4.946 MeV alpha decay of 21°m-B1 leads dlrectly
to the 265. 6 keV excited state of 2°T1 was obtained by checking the
;A=210,'206 o,B decay cycle, a dlagram 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'calculetions of the brénching rétid to this excited
“state of 2°%T1 using several dlfferent wave functlons are shown in
Table 22. On the basis of. the 51ng1e particle energy levels shown in
Fig 22, the predomlnant conflguratlon in the wave function for this ex- -
cited state should be (d2 p—, 2-) but the best égreement between calculated
and experimental values was obtained using the configuration (5% f%; 2-).
» Alpha btanching to a 304.6 * .2 keV excited state of 206T] was ob-
served in alphahsingles measurements with anvenergy 4,909 + .001 MeV_and-.
an alpha branching ratio of 39.5 * .8%. In alphé—gamma ceincidence
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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correspond to an alpha branching ratio of 38.8 + ,7%. No coincidencé
was observed involviﬁg the 4.909 MeV alpha and the 266 KeV gamma. Coﬁ-
véfsion_electr6n méasurement$ indicate that the 304.6 keV transition is
'Mi which in turn indicates that the spin of this excitéd state is one.
‘Calculations of thebalﬁha branching to the 304.6 keV excited stéte'bf
_2°6Tl éhown in:Tables 22 and 23 indicate that the predominate config-
~uration in thebwave function for this excited state is (s% p%; 1-).

The third excited state of 2°°T1 observed in this study of the
.alpha decay of 2'°™Bi had an eXcitafion energy of 634.2 t .3 keV. The
«enérgy of the alpha decay leading tb this excited state was measured
aé 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 branchiﬁg ratio to
this excited state of 2°°T1 was calculated using alpha-gamma coincidence
iﬁfenéities as 1.4 = .1%.

Five gammas were observed in cbin;idence 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 *°°T1 gamma decays to the
266 keV or 305 keV excited states or to the ground state of 2°°Tl1. Con-
firmation that the 330 keV and 369 keV'gammas were prdducéd 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"
méasurements{ Coincidences were observed between the 266 and 369 keV
gammas and'betwéen the 305 and 330 keV gammas. Conversion electron
measurements indicated that the 329.6 keV and 368.9 keV transitions were
M1 but the conversion electron intensities for the 635 keV transitidn

were too low to be observed. The M1 character of the 329.6 keV
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_ transition from the 634.2 kerexcited 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 stétevis 0; 1 or 2 and its parity is negative.
Since the alﬁha decay of 2'%MBi (9-) to a state of ?°°Tl1 with spin and
périty 0- is parity forbidden, the spin 0 possibility can be ignored.
Also, if the spin of the 634.2.keV excited state.wgre zero,” the multi-
poiarity of the 368.9 kéV transitionlﬁould be E2 instead of Ml. The
ratios between the felative intensities for a 635 keV E2 gamha ahd a

369 keV Ml’gamma_were calculated using Weiskopf single particle for-
mulas,24 The calculated ratio of .012 agreed fairly Well with the ex-
perimentally measured ratio of .016. This same ratio calculated between
a 635 keV M1 gamma and a 369 keV M1 gamma was 5.10. Based on these com-
parisons of calculated relative gémma intensity ratios to the measured.
values, a spin of 2 was assigned to the 635 keV excited state of 2°°T1.

. Alpha decayvof 210mp;i to an excited state of 2°°Tl at 649.6 * .2 kev
was observed.with a branching ratio of 3.9 * .1% in alpha-gamma coin-
cidence‘measurements. The energy for the alpha decay was ﬁeasured as
4.568 + .002 MeV. Three gammas with energies 305, 344, and 650 keV were
observed ih coincidence with the 4.568 MeV alpha. The 344 is produced
by a transition from the 649.6 keV excited state to the 305lkéV’excited
'stafe of 2°6T1.'.The_cointidehce between 305 aﬁd 344 keV'ganﬁAs was ob-
served in gamma-gamma coincidence measurements. The 650 keV gamma iS pro-
~duced by the decay‘of the 649.6 keV excitéd state to the ground state of
206T1. A 384 keV gamma produced by the transition from the 649.6 keV
excited'state_to tﬁe 305 keV excited state of 2°®T1 was observed in gamma
singles measurements with a relative intensity of .011%, but was hot ob-
scfvcd in alpha-gamma coincidence measurcments where an intensity of .01%

would have been obscured by background.  Internal conversion clectron
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measurementé indicated that the 344 andv650_kéV'gammas were M1, and
the-experimentélly mEasured ratio, 5;5, of the intensity of,the 650 keV
-gamma to the 344 keV gamma agrees with the value, 5.2, calculated using
the Weiskopf formula to caléﬁlate transition rates for a 369VkeV M1
:gamma'and a 650 keV M1 gamma. Based on these indications that the
649.6 keV gamma transition has multipolarity Ml, a spin and'périty'of 1-
WaS‘assigned'to the 649.6 keV excited state of 2°°T1. The results of
caiculations of the alpha branching to the 649.6 keV excited étate of
%°T1 are shown in Tables 22 and 23. The'predominéte.configuration in
the wa&e.fﬁnction for this excited state appears-to be (d% p%; 1-).

The fifth excited state of 2°Tl observed in this work had an
excitation energy of 801.1 * .3 keV. Alpha decay of ?'°™Bj to this
excitedvstate_df 298T1 was observed in alpha singles spectra with an
energy 4.420 = .001 MeV and a branching ratio of 0.29 * .03. Measure-
ments of the alpha branching ratio using alpha-gamma coincidence data
gave a somewhat lower vélué of 0.21 + .04%. The 4.420 MeV alpha was Qb-
served in coincidence with the 266 keV and 636 keV gammas. . These two-
ganmas were also observed in coincidence with each other indicating that
the 801.1 keV excited state of 2°°T1 gamma decays to the 265.6 keV ex-
cited state of 2°°TL. - | |

Decay of the 801.1 keV excited state to the 634.2 keV excited statc
by the emission of a 168 keV gamma is predicted to occur using the = |
Wéiskopf\fofmula at a rate 32 times smailer than;the'decay rate to the
265.6 kere£cited state, but a 168 keV gamha was not seen in this work.
A lower limit on the ratio of 535 keV to 168 keV gammas was measured as
90. This might suggest that these transitions are E2 instead of MIL.

The calculated ratio between two E2 transitions with energies of 535 keV
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and 168>'ke_V is 324. |

The only'indication of the spih ofrthe 801.1 keV éxcited state of |
‘206T1 in this work was that the decay of the 801.1 keV excifed state to
the 304.6 kéV excited state with spin and parity 1- waé not observed.
i'Ifrthe spin of the 801.1 keV excited state is >2 then the decay to 2-
states would be much faster than to 1- states because it would involve
a lower order multipolaiity gamma transition. If the spin of fhe 801.1
keV excited state is 3 as indicated by feferences 52 and 53 based on
studies of,respectively, the 2°7Pb (t,a)2°¢T1 and 2°®Pb(d,a)2°®T1 reac-
: tiéns, then the decay to the 265.6 keV 2- excited state would involved
as the lowest ordervmultipolarity M1 while decay tb the1304.6.kev 1- ex-
cited state would involve as the lowest multipolarity E2.

 Ca1cu1ations of the alpha branching ratio to the 801.1 keV excited
state are shown in Tables 22 and 23. Caiculations using the configuration
(5% f%;-s;) gave values that were too low whéreas calculations using the
configuration (s% f%; 3-) gave values that were too high.

Alpha decay to a sixth excited state of *°°Tl was observed in the
’alpha singles spectrum of *!°"Bi with an energy of 4.260 * .006 MeV and
a branching ratio of 0.012 * .001%. In the alpha-gamma coincidence data

a peak was seen involving a 4.268 + .003 MeV alpha and 686 * 1 keV gamma

9
(X

| which corresponded to an alpha branching ratio of .006 + .001
The excitation energy for this state calculated from the alpha

energy 4.268 MeV was 957 * 6 keV. Assuming that the 686 keV gamma |

is produced by the éecay of this excited state to the 265.6 keV excited

state, the energy of this state was calculated as 952 # 1 keV.

The 686 keV gamma was seen in the gamma singles spectrum of 210mpj

with an intensity of .012 * .002%. By comparing this intensity to the
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1nten51ty of the 649. 6 keV gamma ‘the alpha branchlng ratlo to the:
952 keV exc1ted state was calculated as .010 + .002%. |
'..If the sp1n and:parlty of the 952 keV excitéd state is 4- és

suggested by reference 52, then'it‘might be expected to decay primafily
to the 801.1 keV 3- level by a 151 keV Ml transition instead of by the
obsérved 686 keV gamma which would have a multipolarity of E2. The ratio
of>the 151 keV.Ml.tfahsition rate to the 686 E2 transition rate calculated
ucing the Weiskopf equations is 26.  Neither a 151 keV gamma or the 535
| keV gamma resultlng from the subsequent decay of the 801 1 keV exc1ted
' state were observed in c01nc1dence w1th'the 4,268 MeV alpha.

‘The results of calculations of the alpha bfanching ratio to the .
952 keV excited state of ?°°T1 are shown in Table 23.

In-élpha-gamma-coincidence measurementé a coincidence was
obéerved involving a 4.230 + .008 MeV alpha and a 734 + 2 keV’gamma
The excitation energy of the 2°6T1 exc1ted state calculated u51ng the
alpha decay energy was 996 * 8 keV. The 734 keV gamma is produced by
the transition from this excited state to the 265.6 keV excited sfate.
The excitation energy of the state populated by the 4.230 MeV alpha was
calculated as 1000 t 2 keV by adding‘the 734 keV gamma energy to the
265.6 keV excitation energy of the first excited state of 29671,

The spin and parity assigncd to this excited state by references
52 and 53 wés 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°®T1 observed in this work was seen



-108-

only in alpha-gamma coincidence measurements. An alpha with an energy
of‘4.100 + .008 MeV was observed in coincidence with gammas with energies |
457,536,650, and 1120 keV. - The‘eXcitation energy of the 2°°T1 state |
populated by the 4.100 MeV alpha was calculéted as 1128 * 8 keV using
the alpha ehergy. If the 1120 + 2 keV gamma is the transition of this
excited state to thé 298T1 ground state then the excitation energy is
1120 + 2 kevV. |

Thé decay of the 1120 keV excited state directly to the 649.6 keV
| eXcited state by the emission of a 470 keV gamma was hot observed’ |
indicafing that.this transition must proceed througﬁ an excited state
of 2%8T1 not observed in this work. \

The strong decayvOf this excited state to the ground state of 20677
indiéates that the spin and parity of the state is 1- 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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éﬁﬂgﬂgiéﬁéf Factorization of a four nucleon wave function frdm the

- wave function for #!'Po-

The wave function of ?!'Po was expressed as a three nucleon wave
function coupled to a 2°®Pb core wave function. The ?°%Pb core wave
function was then cexpressed as a neutron coupled to-a ?°’Pb core as

shown below.

)

| 2po; J> ;,%.[l 207ph; J'> | 'n'; J's (O)J []'n; i> | p?*;JpP> (J)JJ}

whéré
| 2‘??0{ J> is a 2!'Po shell model wavé function withispin J
’.2o7p0; Jr> is a 207Pb>she11 model waye function with spin J!
f n'y J'>
.und | n; J> are shell model neutron wavc.functidns withfspian'
and J, respectively
| p?; JPP> is a shell model wave function for two protons

coupled to a spin JPP

The brackets indicate the order in which the angular,momentum'couplings ‘
should be performed.
The order of the angular momentum éduplings_was changed by using

the Racah-W function36 as shown below.

(20412 W ST J J'; L0)

[lz@mh;Jw][<|ng_y>><|n§j>|p2;ﬂw>bn>ﬂﬂJ§

| 21 po; 0> =
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A second reorderlng of the angular momentum coupllngs, this t1me
within the four nucleon wave functlon produced the form for the 211Po

wave!function needed for alpha decay calculations.
| 23ipo; J> = 2 (2L+1)* W(J. J' J J'; LO)
_ ‘ L o
- {[l 297pb; .J'>] > (23+1)% (2JNN+1)? W(J'JL JPP; JNN J)

[(I n'; J'> [n; > (JNN))(I p?; JPP>) w ] J}'
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Appendix B. Factorization of a four particle wave function from the

wave function for *!°Bi

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

coupled to a 2°®Pb core
1 ?1oBi; J>‘=. { I 298Pb; 0> ] [Isn;'jn> | p;'jp> (J)]’J;.

‘where

| 21Bi; J> is a ?'°Bi shell model wave function with spin J

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

| n5 3> | |

and |‘p; jp> are single particle shell model wave fUnctipns for
| a neutron and proton with spins jn and jp respécpively

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

The 2°°Pb core was then written in terms.of a 2%%T1 and a second

two nucleon wave function, to give
| 2198i; J> = R[I 206775 J'>][| n's > ety d,t (J')] (0)}

_{l n; > 1 ps ip> ) }J] |

Using Racah-W functions_s6 a reordering of the angular momenta

‘was accomplished.

l 210p5. J> = 2: (2L+1)% W(Jbe J J'; LO)
L .

jl ZOGTl; J'> | I»nu; j |>| pl; j">(J') ,I n; j->| Ps j)> .(L) J
, l n p n [



-112-

‘Then using the Fano X'functidn the four nucleon wave function
~was rearranged to a form suitable for use in alpha decay constant cal-

culations.

| 239Bi; J> = D (2L+1) 2 W(I J' T J'; L0)
| T e (2 E u
{l 20871 J'>} { 2 (23PP+1) % (2JNN+1) 2
JPP .
NN

L L . . . . .
(20+1)% (@I'+1)% X (G j' J', 33T, IN JPP L)

P P

[yt 1 ns 3y o | [ o5 3, | p;'jp%(JPP)]_(L)} J
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