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NUCLEAR DECAY STUDIES COF PROTACTINIUM ISOTOPES

Max W. Hill

Radiation Laboratory and Department of Chemistry
Y University of California, Berkeley, California

August 1958

ABSTRACT

A study was made of the radiations of the protactinium isotopes
2 228 2 2
Paz 7’ pa 20, Pazzg, P 30, pa’32 233 223 224’

with primary emphasis placed on the investigation of the alpha-decay

, and Pa , as well as Ac and Ac
spectra with high-resolution alpha-particle spectrographs. Decay schemes
are presented in each case, and are interpreted wherever possible in
terms of current theoretical nuclear models. The collective model of
Bohr and Mottelson finds wide application in most cases, although the

complexity of the decay schemes leaves certain features unexplained.



.

'S

5=

NUCLEAR DECAY STUDIES OF FPROTACTINIUM ISOTOPES

I. INTRODUCTICN

Our knowledge and understanding of nuclear decay processes and
nuclear structure have been greatly enhanced during the past few years
by improved experimental techniques. Especially important has been the
development and perfection of high-resolution nuclear spectroscopy, which
has revealed a vast amount of information concerning nuclear states and
their various properties, such as spin, parity, energy, etc. In an at-
tempt to consolidate the fundamental concepts involved and successfully
account for these nuclear properties, several nuclear models have been
proposed, some of which have achieved remarkable success, The two models
currently holding'greatest promise are the single-particle shell model
originally proposed by Mayerl and Jensen,2 and the "strong-coupling"
collective model of Bohr and Mottelson.3 However, it has become in-
creasingly apparent that there are special domains or regions throughout
the periodic system where each of these models enjoys‘its greatest suc-
cess, and others where neither may be applied satisfactorily. It is in
these latter regions where the need for detailed knowledge of nuclear
states is in.greatest demand in order that theoretical contributions may
be successfully advanced. The present study is directed toward the ac-
cunulation of new information and a better understanding of nuclides in
such a region,

It now appears that there are at least three distinct regions in
the domain of the heavy elements (beyond lead in the periodic table), each
characterized by a different pattern of excited states and for which dif-
ferent nuclear models are appropriate. Near the doubly closed shell of

szo8 and extending only a few nucleons away, the spherical-well shell

model has been successfully applied by Pryceh and True.5 For the heavi-

est elements, with N > 138, a stabilized spheroidal deformation has set
in, and the Bohr-Mottelson collective model has found great success, In
the region,lying beyond these two, much less 1s known, although models

T

have been advanced by Goldhaber and Weneser6 and Wilets and Jean Ifor
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even-even nuclei with atomic number oetween about 86 and 88. The great
complexity of levels in the odd-mass nuclides of this region has also
been noted,

' Since the isotopes of protactinium lie on the very fringe of the
collective-model region and seem to exhibit a great degree of complexity
in their decay schemes, this study was undertaken to help further our
understanding of this région. Primary emphasis was placed on the appli-
cation 6f high-resolution alpha spectroscopy to study the alpha groups
of Pa227, Pa228, and Pa229, the fine structure of which had never been
observed. In the coursé of the study the electron-capture and beta
decays of these and other isotopes of protactinium‘ﬁere also examined,
and the results aré included. Interest in the decay of protactinium
isotopes is also prompted by the fact that they are all of the odd-even
or odd-odd type, of which much less is known than of even-even nuclides,
énd because beta and gamma vibrational states have appeared in this

region, as well as very low-lying 1- states.
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II. EXPERIMSNTAL METHODS

In a nuclear decay study of protactinium isotopes, ail the more
common modes of decay are represented, including alpha-particle emission,
electron capture, beta emission,'ahd positron emission, each followed by
internal transitions involving gammae rays and intefnal—conversion electrons.
In order to effectively study these radiations, essentially all types of
spectroscopic techniques and equipment could be used to advantage. In this
study, recourse has been made to the three géneral types of nuclear spec-
troscopy — alpha, electron, and gamma. Thé alpha spectra were studied with
high-resolution electromagnetic alpha-particle speétrographs. " The electron
studies were limited to conversion electrons from internal transitions and
were made by employing photographié-recording permanent-magnet spectrographs.,
The gamma-ray studies were carried out with the aid of scintillation spec-
trometers, some of which were equipped for coincidence measurements. De-~
tails of esach of these instruments are given in the following section,
along with the methods of preparing and purifying the active materials

used in this study.

A. Alpha Spectiroscopy

1., Uniform-Field Alpha-Particle Spectrograph:

The first alpha-particle spectrograph used in this study was the
uniform-field or so-called "low geometry" spectrograph. It has been de-
scribed in detail in the literature,9 but the most important features are
réviewed here., It is a converted Nier-type mass spectrograph employing a
uniform-field 60o-sector electromagnet with a l-inch gap between the pode
pieces.. The radius. of curvature of the normal trajectory is 75 cm.

The magnet power supply on the spectrograph is capable of maintain-
ing the current constant to one part in 10,000 over a 24-hour period. The
current is monitored constantly with a recorder to detect current fluctu-
ations. The magnetic field is measured by a proton fluxmeter, and is
usually maintained in the 4-to-5-kilogauss region. The entire spectrograph

p)

is maintained at an operating vacuum of about 107 mm of mercury.



_3-

Figure'l‘iS”a schematic drawing of the spectrograph, showing the
relative positions of the source, baffles, magnet, and detector. The
alpha-emitting source is placed behind a system of vertical defining slits
some 50 ihches from the magnet. Various combinations of defining slits,

._l inch in length and 0,001 to 0.125 inch in width, are ﬁsed, depending:
upon the nature of the experiﬁent. The beam is further defined by a pair
of aqjustable baffles just before the magnet. The different slit arrange-
ments, together with the adJustable baffle system, allow a variation in
transm1581on of from 10 -k to 1077 of b,

After pas31ng through the magnetic fleld the focused beam of
alpha particles impinges on a photographlc plate placed at an angle of
» 30 to the path of the beam. The photographic plates are 9-by-2-inch
Bastman NTA piates, with emulsions 25 microns thick. With the plate set
' et an angle ef 300, the alpha particles enter the emulsion at a 300 angle
rather than perpendicular to it, leaving a track approxihately 20 microns
in length. Owing to the small angle of acceptance ih the.vertical direction
permitted by the pole-tip gap, the alpha tracksvon the plate should be very

nearly parallel.

' The developed emulsions are examined under a 450-power microscope
with bright-field illumination. The alpha tracks are counted individumlly,
and only those tracks which are parallel and of the right length are re-
corded This allows a partial . discrimination against background tracks,
many of which originate from the inside surfaces of the main vacuum tank

of the spectrograph (due to radioactive recoil nuclei emitted from the
source) and 1In general strike the plate randomly.

The plate is placed horizontally on the microscppe stage and the
tracks are totaled -for a vertical scan across the short dimension of the
rlate. Since the microscope field of view 1s 1/4 by l/h mm, a complete
counting of the plate consists of making these scans every l/h mm across
the length of the plate. The number of tracks observed in each verticsal
scan. across the plate is then plotted against the position of the.scan in
the horizontal direction to give the alpha-particle spectrum. The position
in the horizontal direction is converted to ah.energy scale by calibrating
against known standards. In this work the standards most commonly used

were q§3o = 5,884 Mev and Razzu = 5.681 Mev,

[¢] O
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Fig. 1. Schematic diagram of uniform-field alpha-particle spectrograph.
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The resolution of the spectrograph depends very strongly upon the
thickness of the sample and upon the slit and baffle conditions employed,
Under ordinary operating conditions, with an 0.018-inch defining slit
and 3-inch baffle opening, a thin semple produces peaks with widths at
half maximum of approximately 6 kev in 6 Mev of alpha-particle energy,
or a resolution of 0.1%. By use of more stringent conditions peak widths
of 1.4 kev have recently been obtained,lo'corresponding to a resolution
of 0.023%.

In order to find the separation between peaks, the positions were
taken as the midpoints of the peaks at half-maximum intensity. This has
been shown to be more accurate and reliable than taking the high-energy
edges as the peak positions. The distance between peaks is then multi-
plied by the dispersion in kev/mm to give the energy separation."The
dispersion has been shown to be constant within 1% over the entire length -
of the.plate; and is known roughly as a function of field strength. How-
ever, #henever possible the dispersion is determined experimentally by
measuring the separation between alpha groups of known energy. For field
strengths ‘required to focus alpha particles of from 5 to 6.5 Mev, the
dispersion is of the order of 3.2 to 4.2 kev/mm. This dllows alpha groups
differing in energy by 700 to 900 kev to be focused simultaneocusly at the
extreme ends of one plate.

Extreme care must be taken in the preparation of the source for
high-resolution alpha spectroscopy. Even the smallest amounts .of material
result in broadening of the peaks and in pronounced low-energy tailing due
to energy degradation of the beam. Sources prepared by simple evapora-.
tion of a solution of the active material are especially unsuitable, A
better method consists of electrodebosition;of the active material onto
the source holder., However, even with improved electrodeposition tech-
niques, this method has failed to meet the standards required for a good
source. The most generally acceptable method employed in this laboratory
is vacuum sublimation. In this method, the material to be investigated
is first purified from other activities by some procedure which introduces
as little as possible extraneous mass. When the activity is radiochemi-

cally pure and as free from stray mass as possible, it is evaporated from

v



a hydrochloric or nitric acid solution onto a trough-shaped tungsten
filament. The filament is shaped irto a trough approximately 1/2 inch
long and 0.04 inch deep by heating it in a specially prepared die. The
system (enclosed by a bell jar) is evacuated to a pressure of less than

a micron of mercury and the filament is preflashed at a dull-red heat to
remove any volatile impurities. A plate, generally of 0.002-inch platinum,
aluminum, or nickel, is then placed a shorf distance above the filament,
and after re-evacuation, the activity is sublimed at white heat from the
filament onto the cool plate. The sample thus obtained is generally quite
thin and uniform, and may be restricted to a very small area. Further
purification both from radiocactive:impurities and from extraneous mass is
made possible by subliming only over a narrow range of temperature. In
this study, the range of temperature over which protactinium sublimes was
determined beforehand, and carefully controlled during subsequent subli-
mations. It was found that protactinium sublimed at a relatively low
temperature and could be separated from less volatile activities such: as
zirconium, which is one of its more troublesome contaminants, by keeping

the temperature relatively_ldw.

2. Double-Focusing Alpha-Particle Spectrograph

Most of the alpha-particle spectra obtained during the course of
this study were tsken with the newer double-focusing alpha-particle spec-
trograph. The principal advantage of this instrument is its much higher
transmission — a factor about 10 higher than that of the uniform-field
gspectrograph — with little, if any, decrease in resolution. The magnet
covers 180° with a maximum radius of 50 cm, and a normal radius of 35 cm,
The field is nonuniform, being chosen with a radial = dependence which
produces focusing in both vertical and horizontal directions, Fields of
8 to 1 kilogauss at the normal radius are employed.

Figure 2 is a schematic drawing of the spectfograph showing the
relative positiohs of the source, defining slits, baffles, magnet, and
coincidence detector. For taking straight alpha-particle spectra, the
zinc sulfide screen assembly is replaced by a photographic plate holder

‘similar to that used in the uniform-field spectrograph, and the spectra
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Fig. 2. Schematic diagram of double-focusing alpha-particle spectrograph
arranged for alpha-gamma coincidence studies.
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recorded in much the same way. The plates for this holder measure
1-15/6% by 9 inches.

The magnet-current supply and vacuum systems have been designed
to give the same performance as those of the older instrument. The field
is measured in terms of the freguency of the nuclear magnetic resonance
of Li7.

Because of the variation in field, the dispersion varies markedly
over the length of the plate, and is thus a function of position as well
as field strength. In order to detefmine the energy separations of alpha
groups, calibration curves have been obtainéd with standard alpha emitters,
and the following equation developed:

E (kev
H2

' Here X is the position of the peak on the photographic plate (in

= 14,0486 - 0.0091330X + py (1)

mm from the high-energy end of the plate), H is the effective magnetic
field (in megacycles), and YX is a correction term depending upon the
position of the peak on the photographic plate. (Fig. 3). The effective
magnetic field is best determined by the position of a standard peak,
although curves for relating the observed magnetic field as determined
by the Li7 resonance frequency to the effective magnetic field have also
been developed. Use of this equation enables energy separations. and
absolute energies to be calculated with a knowledge of H and X.

The variation in field also markedly affects the quality of the
peaks; those toward either end of the plate are broadened and distorted.
Figure 4 shows the spectrum obtained by focusing the alpha groups of
szso and Cf252
plate. The distortion is especially pronounced at both ends of the plaze,

at five different positions on the same photographic

This spectrum was obtained by using a 0.020-inch defining slit and 3.0-cm

"baffle openings. At larger baffle openings the distortion is even more

pronounced, while at smaller baffle openings the quality of the peaks is
somewhat improved. Investigations are currently being carried out to
ascertain the effects of baffle opening, slit width, and position upon

the shapes of standard peaks.lo
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Fig. 3. Calibration curve for double-focusing alpha-particle spectrograph.
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Fig. 4. Alpha groups of CfZSO and Cf252, showing variation .of peak
shape with position on plate — double-focusing spectrograph.
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Previous investigations had indicated that the relative trans-
mission of the spectrograph was a function of the position of a peak on .

the photographic plate and tended to fall off slightly at lower positions.8

In order to check thié, the alpha particles from szso and Cf252 were al-

~lowed to strike a photographic plate for a given period of time at dif-
ferent field settings (Fig. 4). If the transmission were the same for
all positions, the number of tracks recorded should be the same for each
field setting, regardless of the positions of the peaks. Table I lists
the numbers of tracks recorded for three different field settings for
four different experiments. The numbers in parenthesis are the same fig-
ures normalized so that the number of tracks in the center portion of the
plate is the same for each experiment. It can be seen from the table that
there is no trend toward lower transmission at any position on the plate.
The standard deviation of 1.6% is certainly no larger than the combined
statistical (1.0% for 10,000 tracks) and track counting errors. Similar

oe peaks shown in the

results are obtained by: integrating the four Cfé
spectrum of Fig. 4. The numbers of tracks underothe peaks at 61, 112,

151, and 192 mm are 8241, 8421, 8350, and 8503 respectively. The average
with its standard deviation is 8379 * 96. Again, the deviation is easily

accounted for by statistical and counting errors.

Table I. Relative transmission of double-focusing
' alpha~-particle spectrograph
(normalized values in parenthesis)

Number of alpha tracks
Region of plate

Experiment o
number Lower . Center Upper
202 . 11393 11435 11539
( 9963) (10000) (10091)
203 11650 11337 11180
(10276) (10000) ( 9862)
204 9574 9712 9956
_ ( 9858) . (10000) (10251)
205 9984 9720 10003
(}0272) (10000) (10335)

Average: 10076 + 160
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Since the alpha particles are focused both vertically and hori-
zontally by the magnetic field, the elpha tracks recorded on the photo-
graphic plate give a virtual image of the alpha-emitting source, If the
source is not placed in a precisely vertical position, the alpha tracks
will nbt fall along a vertical line. 1In this case the scan across the-
plate must be made at a slight angle to the vertical for maximum resolu-
tion. This angle is determined experimentally by drawing a thin hori-
zontal line along the length of the plate and separately recording the
numbers of tracks on the upper and lower portions for a given angle. If
the proper angle is chosen, the number of tracks in each portion will
reach a maximum at the same position,  If the angle is improperly chosen,

the maximum for one portion will be reached at a slightly different posi-

tion from the maximum for the other portion. In this work the proper angle = i:

for each different source was determined by counting over one peak in this
manner before pﬁoceeding to the entire spectrum, »

The high transmission of this instrument permits alpha-particle—
gammg-ray coincidence studies to be made where coincidences with a parti-
cular alpha group are desired. The photographic plate is replaced with a
zine sulfide screen masked except for a narrow vertical slit and coupled
through a light type to a photomultiplier tube. The magnetic field is
adjusted to focus a particular alpha group on the slit and the scintilla-
tions caused by the alpha particles striking the ZnS screen are counted
and fed into a coincidence circuit to serve as gate pulses. The source
holder has been constructed with a beryllium window to permit low-energy
gamma, rays emitted by the source to be detected by an external sodium
iodide scintillation spectrometer (see Fig. 3). Coincidences can then be
run between gamma rays and alpha particles of a given energy. The spectrum
is displayed on a 100-channel pulse-height analyzer. This method was at-
tempted in the alpha decay of Pa229, but yielded little information because
of the small ratio of alpha to beta-gamma activity of the sample, coupled
with instrument difficulties,

Additional information may be obtained by varying the position of
the gamma detector and thus obtaining the angular distribution of gamma
rays with respect to the given alpha group. This type of experiment was

not undertaken in this study.
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B, Electron Spectroscopy

The conversion-électron spectra were recorded with the aid of
photographic-recording uniform-field permanent-magnet spectrographs (see
Fig.’B). The source consists of a platinum wire of 0.010-inch dismeter
on which the active material is electrodeposited. 'The design is such
that.the Wire-is located in a readily reproducible position in the spec-
trograph.' The electroné are coilimated by a permanently fixed defining
kslit, and‘after being bent and focused by the magnetic field‘are allowed
“to strike a 25 micron thick no-screen X-ray emulsion plate, producihg
visibleviines. Both source and detector are located inside the magnetic
field.

,_Fromvits position on the plate, the energy of an electron line
is ¢alculated by use of calibration curves developed by W. G. Smith and
J. M. Hollander for each particular instfument.ll In this study, cali-
~ brated instruments with field strengths of 53, 99, 215, and 350 gauss
were used. In additioﬁ, noncalibrated instruments with field strengths
of approximately 150 and 350 gauss were used. The energies of lines
fecorded with ﬁhese instruments were determined by applying an equation
of the type

2 2
(Be)” = -ax” + bx + c, (2)

3

where x is the position of the line on the plate, and a, b, and c are
constants which arevevaluated from the positions of lines whose Hp values
had been determined with the calibrated instruments. ' |
Because of the large number of protactinium isotopes present in
each éamplé, seVeral exposures were made in order to follow the decay of
the electron lines, In this manner it was possible to distinguish between
lines "‘due to 27.h4-day Pa233, 17-day Pa230, 1.5-day Pa229, and 22-hour
Pa228. Although the half lives of the latter two isotopes are similar, -
it was possible to prepare Pa229 without Pa228, thus simplifying the
232 '

assignments. The lines due to l.3-day Pa could not be distinguished 1

from those of Pa229 by following their decay, but since>Pa232 decays to
‘ 229

uranium and Pa to thorium, the differences in thorium and uranium

binding energies may be utilized in making the assignmentsc'
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Because of the extensive and uncertain calibration procedures re-
quired for obtaining relative intensities of lines, only rough estimates
were recorded in most cases. Densitometer tracings were made on only a

very few plates,

C. Gamma-Ray Spectroscopy

During the course of this study various gamma-ray épectrométers
were employed, the choice depending upon the type of‘information desired,
the . : availability of the equipment, and the nature of the sample. By
employing coincidence technigues it was possible to obtain spectra of
gamma rays in coincidence with photons of any given energy, with'éll alpha
particles, or with alpha particles of a given energy, in addition to
straight gamma-ray spectra. A fast-coincidence circuit which permitted
delayed coincidences to be run was used to look for metastable states in
the alpha decay of Pa229.

Crystals of thallium-~activated sodium iodide were used as detectors
for gemma rays. In most cases crystals measuring 1-1/2 by 1 inch were
employed, although 3-by-3-inch crystals were used in some instances. The
light output from the crystal was con?erted into electronic pulses by a
photomultiplier tube. For straight gamma spectra,.these pulses were then

emplified and fed into a multichannel pulse-height analyzer, where the
| energy spectrum of the gamma rays was recorded. 1In the eafly stages of
this work 50~channel pulse-height analyzers were employed, while later, é
100-channel PENCO pulse-height analyzer, permitting use of much more active
samples, was used. All gamma-ray intensities have been corrected for
escape-peak losses by using Axel's curves,12 and for counting efficiency
by employing the curves of Kalkstein and Hollander.13

For gamma-gamma coincidence studies, sodium ilodide crystals were
used to detect the gate and signal pulses., For alpha-gamma coincidence
studies, a zinc sulfide screen sprayed directly onto a photomultiplier
tube served as the gate detector.

Since the type of circuit employed varied from one experiment to

another, depending upon the nature of the experiment, no circuit diagram
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is outlined here. B Detailed descriptions of the apparatus used in

this type of study have bheen given by Frank S. Stephens, Jr.lh and

15

Donald Strominger.

D. Preparation and Purification of Active Materials

1, Bombardment Procedures

The isotopes of protactinium that were studied in this work were

all prepared by cyclotron bombardments. The cyclotrons used were the
Crocker Laboratory 60-inch cyclotron, which accelerated deuterons to 2k
Mev, protons to 12 Mev, and helium ions to 48 Mev; and the 184-inch
synchrocyclotron, which accelerates deuterons to 370 Mev, protons to T4O
Mev, and helium ions to 885 Mev. 'In order to take advantage of the high
beam intensity and energy selectivity provided by the 60-inch cyclotron,
230 (87% ™3P ana 139 ™>3?) were bombarded with
deuterons from this machine whenever possible. This enabled isotopes of
protactinium of.mass number 228 and heavier to be produced by the (4d,xn)
reactions. 1In order to produce Pa et 1t was necessary to employ the
higher-energy projectiles of the 184-inch cyclotron.

For bombardments on the 60-inch cyclotron approximately 15 milli-
grams of the target material in the form of finely powdered thorium
chloride was placed in a gold boat, covered with a 0.001l-inch platinum
foil, and bombarded for 8 to 10 hours with deuterons with a beam intensity
of approximately 15 mlcroamperes " Maximum-energy deuterons were used when
Pa 228 was desired, and 17-Mev deuterons when it was not. This latter
energy was chosen as the result of calculations showing the threshold for
the Th230(d,hn)Pa228 reaction to be 17.5 Mev. No radiations characteristic
of Pa228 — conversion electrons, alpha particles, or gamma rays — were
observed following bombardments at 17 Mev.

For producing Pa227, thorium metal (Th232) was bombarded on edge
with protons at the minimum accessible radius (45 inches) of the 184-inch

cyclotron., This gave'approximately 0.5 microampere of 280-Mev protons.

2. Chemical Separations
The problems involved in separating protactinium from other actlvities
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produced in the bombardménts outlined above are by no means trivial,
Alﬁhough a vast amount of new information has accumulated during the
past few years,l6 the chemigtry of protactinium is still not completely «
understood. Its tendency to undergo hydrolytic polymerization reactions
of unknown nature still results in nonreproducibility of chemical be- v
havior, in addition to loss of activity due to adsorption on the walls
- of containers, The large amount of_fission«product activiﬁies produced
requires that tracer amounts of protactinium be isolated from nearly all
other elements in ﬁhe periodic table and from large amounts of target
material. The strict requirement of obtaining a mass-free sample further
complicates the problem, ‘

To meet the requirements of obtaining a mass-free sample, radio-

. chemically free from all contaminants, and taking account of the fact

- that all chemical pracedures must be carried out inside a glove box or

~ounior cave within a reasonable length of time, 1t was decided to avoid
the commonly used methods of coprecipitation and concentrate on ion ex-
~ change and solvent extraction.

17’18 the elements which tended

In previous studies of this type,
po_fol;ow.protactinium through the chemical procedures used to purify
it were zirconium and niobium. Repetition of individual steps in the
purification procedures failed to completely remove these activities.
In view of this, it was felt necessary to devise means of effecting the
separation of protactinium from zirconium and niobium by using ion-exchange
methods, if possible.

The method finally selected exploits the differences in behavior

when tracer amounts of the threeelements are equilibrated with Dowex -1

, enion-exchange resin from solutions of hydrochloric acidl9-and from
solutions of HC1l -containing small amounts of.HF.ZO '
Figure 6 shows the elution curve for a mixture of Th(IV), Zr(IV), .

Ib(V), and Pa(V) under different eluting conditions. The column used was

3 mm in diameter and was filled to a height of 55 mm with Dowex-1l anion- 2
exchange resin., The column volume, defined as the number of drops re-

quired for a band to traverse the length of the resin column, was 5 to 6

drops. In strbng HCl solutions, Pa(V) sticks tb the resin along with
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Zr(IV) and Nb(V), while Th(IV) passes right through along with the other
alpha emitters in the periodic table below protactinium. With 6 M HC1
as the eluting agent, Zr(IV) is rapidly stripped off in a few column
columes with no loss of Pa(V) or Nb(V). The protactinium is then eluted
in 9.0 M HC1 — 0.1 M HF, completely separating it from Nb(V). The latter
may then be eluted in 1 to 4 M HCL1L. The acid concentrations used here
were selected as those giving the best separations in experiments using
tracer Pa231, Zr95, and Nb95.

A glance at curves showing the adsorption of the elements from
hydrochloric acid onto Dowex-1 anion-exchange resin19 indicates that the
above procedure should sepsrate protactinium from essentially all the
other elements. However, to be on the safe side it was felt advisable
to perform a solvent-extraction cycle in addition. The solvent selected
was diisopropyl ketone (DIPK), and the procedure followed was that out-
lined by Golden and Maadock21-with some modifications. The 9.0 M HC1l —
0.1 M HF solution containing the protactinium from the anien-exchange
column was contacted with an equal volume of DIPK. Under these conditions
such species as Fe(III) and ‘Po'(Iv) extract quantitatively into the DIFK,
along with appreciable amounts of Sn(IV), Nb(V), and others. Pa(V) ex-
tracts to the extent of less than 0.4%. The solvent phase was then dis-
carded and borax (Na2B407-lOH20) or anhydrous AlCl3 was added to the
aqueous phase, Of these two complexing agents for fluoride ion, it was
felt that borax was more suitable. Although AlCl3 seemed to have slight-
ly better complexing characteristics, it appeared to be appreciably
soluble in DIPK, and excess quantities in solution gave voluminous preei-
pitates. The aqueous phase waé then contacted with an equal volume of
fresh DIPK. Under these comditions, Pa(V) extracts quantitatively into
the solvent phase, removing it from Th(IV), Ti(IV), V(V), zZr(IV), U(VI),
and other species. The protactinium was then re-extracted from the solvent
phase into an equal volumevof 2.0 M HCI.

To remove all extraneous mass and reduce the volume to a very few
drops, the solution containing the protactinium was then made approximately
10 M in HC1 and passed through a small anion resin column (3 mm in dism-

eter, 12 mm in height). After being washed with 10 M HC1l, the protactinium
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was then eluted with 2.7 M HC1. The third through sixth drops, containing
more than 90% of the protactinium activity, were then collected on a
platinum disc and used for sample preparation.

For recording the alpha-particle spectra of isotopes of protactin-
ium, such extensive purification procedures were not required, In such
cases it was necessary only to remove the target material and other alpha
emitters. This was done by passing the mixture of activities in approxi-
mately 10 M HC1l through a small Dowex-1l anion-exchange column (3 by 12 mm).
T(IV) and all alpha emitters below protactinium pass through the column
without adsorbing. After the column had been washed with 10 M HC1l to
remove all traces of these other alpha emitters, protactinfium was eluted
in four drops of 2.7 M HCl, as outlined above.

Dissolution of target materials also presented some problems. The
targets were either thorium metal or ThCll+ powder, some of which was con-
verted to Tho2 during the bombardments. Although dissolution of both

has received special mention in the literature,22

thorium metal and ThO2
techniques especially suited to the chemical procedure outlined above were
developed in this study. The reagent best suited for dissolution of both
the metal and the oxide of thorium was found to be concentrated HCl con-
taining HF as a catalyst. The amount of HF added depended upon the amount
of target material to be dissolved and the final volume of solution des-
iréd. By slow addition of a dilute HF solution to a known amount of Th(IV)
and vice versa, it was found that Tth precipitates when the mole ratio of
fluoride to thorium 1s greater than 2:1. It was also found that the rate
of dissolution of thorium metal is a direct function of HF concentration.
Hence, it was desired to keep the HF concentration high enough to permit
rapld dissolution, but low enough to prevent precipitation of ThFu, which
might also carry down the protactinium activity. Concentrated HC1 — 0,01

M HF was used for dissolving the relatively small amounts of powder used in
the 60-inch cyclotron bombardments, while the thorium metal bombarded at

the 184-inch cyclotron was dissolved in concentrated HC1 — 0.2 M HF, The
volumes were kept as small as possible while the hydrogen ion concentration,
which was depleted by the dissolution process, was kept high enough to
permit protactinium to adsorb onto the resin., The fluoride ion was com-
plexed by the addition of borax or AlCl
through the column,

before the solution was passed

3
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Sampleé for the alpha-particle spectrographs were prepared by
evaporating the few drops of solution from the last anion-exchange column
onto the tungsten filament, and proceeding as outlined earlier (Section
II-A.1). The first few sources were prepared by evaporating the active
sclution to dryness on the platinum disc and then transferring the activ-
ity to the filament by taking it up in concentrated HCl. However, this V
resulted in considerable broadening of the peaks, presumably due to small
amounts of platinum which were scraped from the disc and sublimed with
the protactinium,

Samples ‘for the permanent-magnet spectrographs were prepared by
evaporating the few drops of solution containing the activity to dryness
on the platinum disc, and then taking the activity up in the plating
solution and‘transferring it to the electrolysis cell.

Two different electrolytes were used as plating solutions: 0.8l M
NHhF adjusted to a pH of 6.0, and 0.32 M (NHh)2 Czph adjusted to a pH of
7. Neither of these solutions gave yields of protactinium exceeding 50%,
although both were superior to other electrolytes tried,

Samples for the gamma-ray spectrometers were prepared by simply

‘evaporating the activity onto aluminum, nickel, or platinum discs,
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III. EXPERIMENTAL RESULTS

A. Alpha Decay of Pa229

Pa229 was first produced by Hyde and Studier, who reported that
it decays with a 1.5-day half life and emits alpha particles with an
energy of 5.66 Mev.23 This half life was confirmed by Meinke et al., who
determined the alpha branching to be roughly 1% énd the energy of the
alpha particles to be 5.69 Mev.21+ Later unpublished data of Slater and
Seaborg indicate that Pa229 decays 99.75% by electron capture and 0.25%
by alpha-particle emission.25 No previous high-resoclution spectroscopic

measurements of the alpha-particle energies have been reported.

1. Alpha Spectrum

Several alpha spectra of Pa229

were obtained in the early phases
of this work with the uniform-field spectrograph. However, because of
the small alpha branching of this nuclide and the low transmission of the
spectrograph, only a few hundred alpha tracks were recorded in exposures
of epproximately 3 days' duration. The resolution obtained was quite
poor owing to the faulty sample-preparation technique mentioned in
Section II-D.
The spectra obtained'by using the double -focusing magnet were much

-

better, Figure 7 shows a spectrum obtained at high resolution and Fig. 3
shows a spectrum obtained at only moderate resolution while looking for
low-intensity alpha groups.

It should be pointed out that the spectrum shown in Fig. 8 con-
228

tains no contribution from Pa and its decay products, whereas the
spectrum shown in Fig. 7 does. The alpha group designated with a qubstioh
mark was shown not to be Razzu by both energy and intensity arguments. It

229

is probebly not a Pa alphg group for reasons explalned in Section III~
A.z2, although it cannot be assigned to any other alphs emitter thought to
be present., The group designated as a252 and a264 appears to be composed
of two peaks, especially when background is subtracted out, although this
is not beyond question. The existence of a group designated a356 is very .

doubtful, although the hump may be real.



NUMBER OF ALPHA TRACKS

«26-

3[ « ' 229
10°E . PGC{O'

It

[ Xio7

10?

T

tor gl

Lol

| 1
130 : 120 o

37

T T T 17T

o7

1L

224

T
taal

T

’._

1 . 1
170 160 150 - 140

- POSITION ON PLATE (mm)

mMug-208

Fig. 7. Alpha-particle spectrum of Pa229

at high resolution—double-
focusing spectrograph. . ' '



*NUMBER OF ALPHA TRACKS

-29-

T T T T T T T T ¥ T 4
Pq229 " ———=0One field of view E
Y ]
o ~———Full scan (scale x10) ]
225 1
? Aoy |
10 E
| | ) | L | " 1 - " 1 ) . L .
140 130 120 o 100 20 80
T T T T T T T T T T T —T T
0% ' E
L ®j94 ]
- %z Uige
10° -
0% E
1 ! | I | L | L 1 | i 1 !
210 200 190 180 170 160 150 140
POSITION ON PLATE {(mm)
MUB-209
22
Fig. 8. Alpha-particle spzctrum of Pa 9——~search for low-intensity

groups with double-focusing spectrograph.

.



The absolute energies and energy separations of the alpha groups.
224

were obtained by using Eq.v(l), with both Raa and U§3O employed as
standards. The differences in recoil energy gssociatea with the alpha
groups were added to the particle energy-separations to give the excited-
state-energies., Table II1 summarizes the energy data from a number of
experiments. The adopted values are the average values for all the ex~
periments, and the limits of error shown are the gtandard deviations,
Although certain experiments were felt to be more reliable than others,
no substantial difference: was obtained by weighting the experiments.

The standard deviations decreased by no more than 0.1 kev ahd the average
values changed by no more than 0.2 kev,

Table IIT summarizes the abundances of the alpha groups observed
in a number of experiments., The adopted values are weighted averages and
the limits of error represent the standard deviations. In those cases
where only a few observations were made, the suspected limits of error
are listed.

The energies and abundances of the alpha groups of Pa229'are
summarized in Table IV, along with the hindrance factors and excited-state
energies, The hindrance factor df an alpha group is the factor by which
the observed alpha half life differs from that calculated by simple
barrier penetration theory. The hindrance factors were calculated by

26

employing the constants of Perlman and Rasmussen.
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Table II. Excited-state energies in Pa2 alpha decay

Excited-state energy (kev)

Q.

Mev.

Alpha Exposure Number Adopted
Group 52ha 567% 150-1 150-2 162 173-1 173-2 164 Values
o, 38.8  41.6 39.4 L0.6 1.2 0.4 0.2 k0.1 40.3:0.7
d56 56.1  57.2 55.3 56.1 57.1 55.7 56.3 56.4 56.3%0.6
gy - - 80.1 80.2 80.8 8.3 80.9 80.5 80.6£0.4
% 92.2  92.4 91.0 91.3 92.5 91.8 91.9 9L.8 91.9%0.5
0107 106.3 106.4 106.3 106.4 108.4 108.3 107.6 108.6 107.3%*1.0
& 5o 135.9 138.8 136.3 136.0 137.8 135.3 136.6 136.7 136.7+1.0
156 - - - 156.2 '157.2 154.4 155.9 - 155.9+1.0
) 7 - - 171.7 171..3 173.0 172.1 172.6 17L.8 172.1%0.6
% o) - - 193.7 193.4 1941 194.0 194.6 194.7 19h.1%0.5
Ui - - - - - 252.5 252.4 - 252.4%0.1
Oop), - - - - - 26L.8 262.6 - 263.7%1.1
a356 - - - - - 35671 - - 356.1
Fo, | |
(Mev) 5.665b 5.670 5.665 5.665 5.665 5.665b 5.665b 5.665 5.665
“Exposures made on uniform-field spectrograph.
PAssuned value — energies relative to Uil = 5.88k Mev and Rale' = 5.681
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groups
Abundances (%)
) Alpha Exposure Number » . Adopted
Group - 150-1  150-2 162 173-1 173-2 S16h Values
o 19.6 18.5 20.7  18.0 - - 19.1%0.8
19.6 19.5 18.8  18.1 18.5 19.7
%0 8.9 9.5 9.6 11.3 - - 9.8%0.9
o 8.1 9.6 10.6  10.2 10.2 10.5
o ¢ 12.1 12.9 1k.2 13.3 - - 13.4+0.8
2 . 12.8 3.6 . 13.9 = 12.7 15.5 13.9
ag, 3.8 bl 5.5 b1 - - L4.7%0.5
L.2 4.6 5.3 5.k 4.7 5.3 ,
~O©2 39.4 38.5 34.6  35.4 - - 36.8¢1.7
. 39.0 36.9 36.1 35.4 37.8 34.9
& o 3.9 3.9 3.7 3.k - - 3.980.3
3.9 b1 3.7 1.9 b2 3.9
o 8.3 8.4 8.7 10.7 - - 8.9%0.8
37 8.9 8.7 9.0 . 9.8 5.8 7.9 |
% o6 0.60 0.81 0.46  0.69 - - 0.60£0.11
0.53 0.58 0.k 0.69 0.61 -
a ., 1.2 0.88  0.63 0.76 - - 0.74%0.10
e c0.86 0.66 0.57  0.75 0.72 1.1
’oi L 1.86 1.90 1.56 2.06 - - 1.77¢0.21
9 1.79 1,13 1.30  1.80 1.80 2.0
- - - 0.08 - - 0.07+0.02
22 - - - 0.08  0.05 -
az - - - 10.20 - - 0.15+0.0k
26k - - - 0.1k 0.11 -
- - - - - - +0,
%Lee - - - - o os - 0.05%0.0k

Upper figures in each
Lower figures are based on peak heights.

group are integrated intensities,
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Table IV. Alpha grqups of Pa229

Alpha-particle Excited-state Abundance Hindrance
energy energy (%) factor
(Mev) ' (kev)

5.665 0.0 19.1 : 23.
5.625 40.5 9.8 28.
5.610 56.3 13.4 1170
5.586 , 80.6 : L7 36.‘ |
5.575 91.9 36.8 ko
5.560 109/3 3.9 31.
5.531 ' 136.7 | 8.9 / 9.4
5.512 155.9 0.60 110.

5. 496 172.1 | 0.7k 73.

5. 47k 1941 1.77 23.1
5.417 252. L 0.07 | 280.¢
5,408 263.7 0.15 115.¢

5.315 356.0 0.05 100.¢
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2. Alpha - Gamma Coincidence Spectrum

- Because of~£he small alpha bfanching of Pazz9, coincidence

. techniques must be applied in order to observe the de-excitation- of
lé?els populéted in its alpha decay. .In this study, the gémma rays
in coincidence with total alpha particles were examined with scintil-
lation spectrometers. Since no energj discrimination Was“madé on the
élpha particles giving rise to the gate pulses, it was essential that
P&229 be the only alpha activity present. This was assured by bombard-
ing below the Th23o(d,4n)Pa228 threshold and taking the spéétrum im-
mediately after the chemical separation. This reduced the contribution
from the U230 decay series, which grows in quite rapidly from the beta
decay of Pa230.

o \Figure 9 shows a typical alphaigamma coincidence spectrum.
Several of these.spectra were obtained by using samples from different

bombardments. In all cases the épectra were identical. The abundances

of the gamma rays are summarized in Table V,

229

Table V. Abundances of gamma rays in Pa alpha decay

Abundance (photons per alpha particle)

EY Exp. 1% Exp. Zb 'Exp. 3c Adopfed
40 0.095 0.103 0.103 0.10
69 0.048 - 0.050 0.071 10.05
81 © o027 0,021, - - 0.02
92 0.1k5 0.163 0.164 0.16
107 0.047 0.048 0.057 0.05
120 0.020 0.017 0.019 0.02

aSpectrum recorded on 100-channel PENCO pulse-height analyzer
using slow-coincidence apparatus.

bSpectrum recorded on 50~-channel pulse-height analyzer using

fast-coincidence apparatus., Since number of gates could not
be recorded, intensities were normalized to 4O-kev gamms ray
of experiment No. 3.

cSpectrum recorded on 50-channel pulse-height analyzer using
slow coincidence apparatus. '
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Fig. 9. Alpha particle — gamma ray coincidence spectrum of Pza,2
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Although the comparatively weak gamma rays'of 69, 81, 107, and
120 kev appear in each spectrum, there 1s some question as to whether
or not they actually belong in the alpha decéy of Pa229. The higher-energy
gamma rays appear only as a high-energy shoulder. on the very prominent
92-kev peak. This shoulder becomes more pronounced with time as the 11%Z-
kev gamma ray of ’I‘h226 grows in. he 69-kev gamma ray appears at the séme
position as platinum K x-rays and, although aluminum backing plates were
used. the activity was transferred from platinum discs. The 8l-kev gamma
ray appears as a low-energy shoulder on the 92-kev peak, and its intensity
is very sensitive to the resolution of the large peak. |

Since actinium and thorium K x-rays would appear at 90 to 93 kev,
higher-energy gamma rays were looked for to see if internal conversion of
higher-energy gaemma rays were éontribﬁting to the peak at 92 kev. None
was observed in sufficient intensity to contribute significantly to the
92-kev peszk.

From the abundances of the‘gamma rays and populations to the
various levels in Acz25 it is easily shown that both the 4O-kev and 92-kev
transitions are El in nature. Since no more than 81% of the alpha decay
may proceed through the level at 40 kev, the total conversion coefficient
of the LO-kev transition must be less than 7.l. The theoretical total
conversion coefficients for 40-kev E1, Ml, and E2 transitions are 1.%, 91,
and 1030 resPectively,27 which rules out all but the E1 assignment.

| Since no more than 53% of the alpha decay may proceed through the
level at 92 kev, the total conversion coefficient of the 92-kev transition
must be less than 2.3. The thecretical total conversion ccefficients for
92-kev E1, M1, and E2 trénsitions are 0,16, 9, and 15 respectively, again
making the El choice unique.

Similar arguments may be advaﬁced to show that the 69-, 81-, and
107-kev transitions must also be E1l in nature if their abundances are
those shown in Table V.

' Attempts to cbtain the spectrum of gamma, rays in coincidence with
alpha particles of a given energy failed to give good results, although
they did provide some useful information. By gating on the most intense

alpha group, designated a92, it was found that the coincidence rate was

<
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0.25 to 0.4 photon per alpha particle. The photons all appeared to be
in the 92-kev energy region. The same photon energy and same colncidence
rate were cobtained by gating on the alpha group designated al37. These
results were based on only a comparatively few events (10 to 200 coinci-
dences) and cannot be considered conclusive nor unambiguous.

Because of the presence of these El transitions in the alpha

229

decay of Pa “, and the exlistence of several El transitions with measure-

gble lifetimes in this reglon (for example, the 27-kev transition in the
alpha decay of Pa23l), it seemed advisable to lock for metastable states.
A fast coincidence circuit pérmitting delayed coincldences to be run was
used to measure the half lives of the states de-excited by the El transi-

29 alpha decay. The transitions were all found to be

tions following Paz
prompt, and the following upper limits were set for the half lives of the
states de-excited by the 40-, 69-, and 92-kev transitions respectively:
1.5 x 10-9 sec, 2.0 x 10-9 sec, and 2.7 x lO_9 sec., It seems reasonable
to assume that the prompt 4O-kev El1 transition is the same as Stephens
observed in Ac225 following Ra225 beta decay.28 He set a limit of 2 x 10_9'
sec for its half life and determined its total conversion coefficient to be’
approximately l.l.llL

Since he saw only the 40-kev gamma ray and just enough L x-rays to
account for its internal conversion, and failed to observe any radilations
at all in coincidence with the 40-kev photons, it is safe to assume thet
225. It is for this reason that

the unassigned alpha group shown in Fig. 8 is not assigned to Pa229. It

229

the transition is to the ground state of Ac

this group did belong to Pa , the ground state-would be 25.9 kev lower

in energy. and a level 40 kev asbove this would be populated in Ra225
beta decay. Of course, this is still possible if the 4O-kev El transition
observed in this study is not the same as that observed by Stephens. For

the presént, it is assumed that they are the same.

3. Decay Scheme

9 is shown in Fig. 10. Only those

The alpha decay scheme of Pa22
transitions which are felt to be certain are shown, although others, such
as those included in Table V, may have been observed, and still others may

be inferred from intensity considerations.
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If the theoretical total conversion coefficient of 1.4 is assumed
for the L4O-kev El transition, this requires that 24% of the decay proceed
via this transition. Since the alpha population to the level is only
9.8%, this requires that an additional 14% of the alpha decay cascade
through the level at 40 kev, The population to the next higher level
could easily accodnt for this, although alternative cascades could also
e proposed.

As was pointed out in Section IIT-A.2, the coincidence spectrum
displayed by ggting oﬁ botha92 and al3% showed only 92-kev photons in an
abundance of 0.25 to 0.4 photon per alpha particle. This indicates that
the total conversion coefficient of the tiansition is l.S to 3.0 (E1 with
perhaps a very small admixture of M2), Since the abundance of the photons
is lé%,vthis.would account for 40 to 64% of the total alpha decay. As the
pépulation to the level is 36.8%, and the total population to it and all
higher levels is 53%, these wide limits allow no conclusions to be made

concerning possible cascades,

i, Interpretation of ILevels

Since there is reason to believe that Ac225 might still exhibit a
- more or less stable spheroidal deformation, it might also be expected to
exhibit some of the characteristics predicted by the Bohr-Mottelson col-
lective model for nuclei in this region. The most striking feature pre-
dicted by this model is the occurrence of rotational bands. The energy-

level spacings of such a rotational band are given by

2
ol
E; = = [I(T+1) -1 (Io +1) 1, (3)
where EI is the energy of the level with spin I above the base member of
the band, ¥ 1s the moment of inertis, and Io is the spin of
the base member, For ‘odd-mass nuclides, allowable spins are
|
-IO, Io + 1, IO + 2, ete, A characteristic of members of

a rotational band is +the fact that the ;componeht of total

2 .

* : ' _ f
For the case of IO = 1/2, an additional term A EI = =58

(I + 1/2) must be added to Eq (3), where a, the decoupling parameter,

(_)I+l/2

is & constant for each band,
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.'angular momentum'along the nuclear symmetry axis (K-quantum number) is the
'same for each member and is equal to the spin of the lowest member, IO.

1t has become increasingly evident durlng the past few years that
almost every odd-mass alpha_emitter in the Bohr-Mottelson region exhibits
essentially unhindered alpha decay to a rotational 5and.of iﬁs daughter
nucleus. It is.supposed that such a transition leaves the intrinsic wave
function of the odd nucleon unchanged and is thys exactly analogous to the
’alpha transitions to the ground-state rotational band in even-even nuclei,
The term "favored" alpha decay is usually applied to these transitions.
Bohr; Froman, and Motteison29 have recently developed a_relationship\between
the population of'aipha groups to members of a ~favored" rotational band
and to the ground—stéte rotational band in even-even nuclei., Very good
agreement.is shown between these caglculated intensities and those found

26,29

experimentally for a number of odd-mass alpha emitters.

One of the more prominent features of Pa229 alpha decay is the
relatively large population to the level at 92 kev, If "favored" alpha
decay is exhibited, it is to this state. Inspection of the decay scheme
also reveals the presence of another state, just 44.8 kev higher in energy
with a rolatively_low hindrance factor. These two features glone suggest
‘a,oiose similarity to several other cases of favored’ alpha decay found
in this‘region with similar energy-level spacings and relative hindrance
_factors. Flve such cases have been noted, all with energy separations of
43 to 46 kev and K = 5/2. 26

With the assumption K = I = 5/2 for the level at 93 kev and I = 7/2
for the level at 137 kev, the rotational constant hz/Zﬁ is found to be 6.40O
~kev for the rotational band. Use of this value in Eq. (3) enables the
energies of the next higher members to be oalculated. Table VI compares
the calculated energies with those found expérimentally. The agreement is
even better than might be oxpected, and implies that there are no near-lying
states of the same parity with K = 5/2 % 1.

Although the hindrance factor for the alpha group populating the
level at 92 kev is not unity, as.it should be for ~“favored alpha decay,
this does not rule out such a possibility The hindrance factors were calcu-

229

lated by using 0.25% as the alpha branchinv of Pa If the value of
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2
Table VI. Energies of Act? g - 5/2 rotational band

Spin of Excited-state energy (kev)
state Theoretical Experimental
5/2 A (91.9)° £ 91.9
7/2 (136.7)% | 136.7
9/2 19k.3 19%.1
11/2 - - 26h.7 263.7

SExperimental values used to evaluate rotational constant h2/23 = 6.4
kev, ‘

Table VII. Favored alpha intensities to A0225 K = 5/2 band

Relative intensities

Excited-state Spin of -
energy (kev) ' state Theoretical Experimental
91.9 - 5/2° 100 - 100
136.7 ‘ 7/2 21 24
94,1 9/2 .1 4.8
263.7 11/2 0.2 0.4

¢, = 1,00 c, = 1.00 c, = 0.083
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_ approximatelyfl% reported by Meinke?& were used, the hindrance factors
would &ll be decreased by a factor of 4 In view of the uncertainty of
this alﬁha brénching ratio, it is not'unreasonable to assume that the
alpha decay to the level at 92 kev in A0225 is of the favored type.

Making this assumption, one may then proceed to calculate the
relative alpha populations to the members of the rotational band. The :
2

relative transition probabilities according to Bohr, Froman, and Mottelson

are given by
P =”PO('Z,E). i °L (VIi_LK_VO!Ii,LI:fK) ;o | (L)

where CL is the reciprocal of the hindrance factor for the alpha group
of angular momentum 1. in neighboring even-even nuclei, -and the squared
term is the Clebsch-Gordan coefficient describing the distribution of
the various alpha waves among the members of theﬁrotationalvband. PO(Z,E)
is a.barrier-penetration factor containing the energy and atomic-number
dependgnce for each level. and is evaluatedaffom the .one-body theory of
» aipha“decay by uéing‘fhe same constants employed iﬁ hindfance—faétor
_ calculations.2 _ ' v

Table VII compares the calculated énd expéerimental relative alpha
populations to members of the K = 5/2 rotational band., The C.'s Were(
evaluated from the neighboring even-even nuclides U230 and_Tﬁ%ZS. The
agreement is again guite satisfactory, and equally as good as that found
for the other cases énalyzed to date.2

Inspection of the décay scheme reveals‘another set of levels with
energy spacings similar to, although somewhat larger than, those of the
rotational band Just discussed. The hindrance factors of this second set
of levels also increase in about the same proportion as those of the first
band, although they are all consistently higher. With the assumption
IO = 5/2 for the lowest member of the band and use of the energy separation
of the first two members to evaluate the rotational constant, the energies
of the next higher members are calculated by using Eq. (3). Table VIII
compares the calculated energies with those found experimentally. Again
the agreement is good, although the existence of a level at 252 kev is

subject to question, as was indicated in Section III-A.1l.
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Table VIITI. Energies of second K = 5/2 rotational band in Ac225

| Spin of Excited-state energy (kev)

state ' Theoretical Experimental
- 5/2 | (56.3)" 56.3
7/2 | (107.3)" 107.3
9/2 | 172.9 | 172.1
11/2 | 253.1 252.4

aExperimenta_l values used to evaluate rotational constant hz/ZS =v7.29
kev,

Although this is not a case of favored alpha decay, the'Bohr-

‘ Froman-Mottelson  treatment may be applied to calculate the relative-alpha
. populations to members of this band. In this case L = 1 and L = 3 alpha
's are evaluafed from the hindrance factors

L~ 230 228
of the L.=1 and L = 3 waves in U © and Th alpha decay. The results

waves are employed,'and the C

of this calculation are shown in Table IX, Although the agreement is

not perfect, it is surprisingly good.

|  Table IX -
Alpha intensities to second K = 5/2 band in ac?? {unfavored)

Relative intensities

Excited-state -Spin of
energy (kev) state , Theoretical Experimental
56.3 5/2 100 100
107.3 7/ 27 29
lr2.1 9/2 3.0~ 5.5
252.4 , 11/2 , ‘ 0.3. 0.5
¢y =0.077 €y =0.019

The resulfs of the calculations shown above indicate the presence
of two.K = 5/2 rotational bands of opposite parity, since one is populated
by alpha waves of even angular momentum, the‘other by alpha waves of odd
‘angular momentum, The assumption of favored alpha decay requires that

‘the intrinsic wave function of the state at 92 kev be exactly the same as
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the ground étate of Pa229; In order to identify the intrinsic states in-
volved, the Nilsson diagram for protons, shown in Fig. 11, 1s employed.
v 30

This diagram shows the results of Nilsson's calculations considering

the effect of a prolate spheroidal deformation of the nucleus on the
shellrmodel energy levels, The energy of the levels is plotted against
the amount of spheroidal deformation given in terms of a parameter 9,
which is défined as (R major - R minor)/R_average. For the case of no
deformation, & = 0, and the usual shell-model levels are observed, .As

O increases, however, these shell-model levels split into a number of
compoﬁents, each,of'which_may'accomodate two nucleons. These COmponents
. are designated by the quantum numbers Q, the symmetry-axis component of
.total nuclear angular momentum; =, the parity; N, the principal oscil-

lator quantum number; n the symmetryanis oscillator quantum number;

)
and A, the symmetry-ax?s component of orbital angular momentum.
The small arrow in the diagram of Fig. 11 indicates the position

- of the level believed to represent the ground state of_'Np237 (93 protons).
Since protactinium has two fewer protons, the ground states of its iso-
topes should correspond to the next lower level, designated 1/2- (530).

It is presently believed that the ground states of both Pa23l and Pa233
are the 3/2 rotational band,members of'this»(530) intrinsic-state.3l At
smaller deformation, which would be expected for Pa229
the 5/2- (523) level, which would correspond nicely to the ground state
of Paz29
state of the nuclide with two fewer protons, is designated 3/2+ (651),

: and is thought to be the ground state of A0227.3l The samé assignment

, this level crosses

. The next lower state, which would be expected to be the ground

~ for the ground state of Ac225 would fit in nicely with the decay scheme
shown in Fig. 11, since there is an El transition from the 92-kev level
to ground.

» The leﬁél aﬁ 4O kev might easily be a rotational band member of the
1/2- (530) state which lies just above the 3/2+ (651) state ahd would also
de-excite by means of an El transition. =

The only 5/2+ intrinsic state in this vicinity is the 5/2+ (6k2)
state. which lies considerably above the 5/2- (523) state for this amount

of distortion. An alternative explanation'for this 5/2+ band is to
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Fig. 11. Nilsson diagram for 82 to 126 nucleons.
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associate it with the 5/2- band and assume that both represent the same
intrinsic state. In other words, the 5/2+ band is analogous to the odd-
parity states in even-even alpha decay, Froxﬁan32 has indicated that
favored alpha groups of odd parity should be expected in odd-mass nuclei
in this region, although none has been found, He further indicates that
the two bands populated by the alpha groups of even and odd parity should
have opposite parity and similar energy-level spacings, and be displaced
with respect to each other by roughly the same amount as the even and odd
parity bands in neighboring even-even nuclei., All these characteristics

229

are found in the alpha decay of Pa , except the energy displacement of
the two bands. However, since novsatisfactory explanation has béen of -
fered for the relative displacements of the two bands in even-even nuclei,
it might be possible for the band populated by the odd alpha waves to lie
lower in energy. This might possibly'result from a stabilized asymmetfy T
in the sghape of thé nuclear surface of the pear- or egg-shaped variety
mentioned by Bohr et §£.29

The fact that the hindrance factors for these alpha groups of odd
parity are éo small is further evidence that the decay is taking place
between the same intrinsic state in parenf and daughter. In the alpha
decay of Amzul, unfavored decay from the 5/2- (523) state to the 5/2+ (642)
state in Np237 is hindered by a factor of about T700. In Pa229, the odd-
parity alpha groups are hindered to a lesser extent .than in the neighboring

228

even-even nuclei U230 and Th By making use of the Bohr-Froman-Mottelson

Eq. (4), and using. the hindrance factors for both even~- and odd-L alpha

228, one can calculate the relative alpha populations

waves from U230 and Th
to all eight levels and compare them with the experimental values, The re-
sults are shown in Table X. It is seen that the experimental values are
higher by a factor of about five than those predicted for the 5/2+ band.
If hindrance factors of 2.0 and 8.0 for the L = 1 and L = 3 waves are
used, the agreement is much better (Table X). Justification for the use
of lower hindrance factors is found .in the alpha decay of—RaZZh, Th226,
and Razzz, which have L = 1 hindrance factors of 2.3, 2.4, and 0.97, re-
spectively.26 It is obvious that adjustment.qf the CL'S and use of C5

would give even better agreement,
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Table X, Favored alpha intensities to K = 5/2 bands in 22?2

Spin and parity Relative intensities
of state o Experimental Theoreticala ' ‘Theoreticalb
5/2- 100 100 100
T/2- 24 21 21
9/2- 4.8 L1 : b1
11/2- 0.4 . 0.2 0.2
5/2+ , 36 6.5 : 42
7/2+ | o1 1.8 12
9/2+ 2.0 0.2 . | 1.3
11/2+ 0.2 | 0.02 0.2
® ¢, =1.00, C, = 1.00, C, = 0.083; €, = 0.077, ¢, = 0.019.
b;co = 1.00, ¢, = 1.00, €, = 0.083; C; =0.50, Cj =0.13.




-48-

If the above.interpretation were valid, several El transitions
' between states of different parlty mlght be expected., However, most of
" thém could not be observed because of thelr weak 1ntens1t1es and the
_presence of. the . very prominent 40- =nd 92-kev El tran51t10ns The weak
8l-kev E1 gamma, ray- shown in Fig. 9 might correspond to the tran51t10n
between the 7/2- and 5/2+ states at 136.7 and 56.3 kev. Making use of
~ selection rules for internal transitions in the Nilsson model, one might
" expect the El transition between the 572- (523) level gt 92 kev and the
- 3/2+ (651) ground state to be greatly retarded, since An = 3. Strominger
and Rasmussen have used Nilsson's wave functions to .calculate the lifetimes
of the possible E1 transitions between different .intrinsic nuclear states
“in thiis,region,33 and indicate that this particular transition is hindered
" by a factor of 6 x lOA over the single-particle estimate of Moszkowski.
This corresponds to a partial photon half 1ife of 9.5 x'_lO_9 sec. Assuming
O tay = 2.0, this gives 3.2 x 1077 sec as the half life of thé state, Hows
ever, their transition probabilities are very sensitive to small detalls of
~ the wave functions, and any shortcomings of the model will be strongly re-
‘flected in their.results. Sinhce their calculations for the 60-kev transi-
tion in Np237 was off by a factor of 25, the above calculation .could easily
be off by a factor of 2, giving agreement with the experimental half life
of < 1.5 x 10 9 ec, It is entirely possible that this transition could
compete favorably with the alternative 35.6-kev El transition to the state
at 56.3 kev, which would have the same individual particle_configuretion.
No satisfactory interpretation can be offered as yet concerning

229

the identity of the remaining.levels populated in Pa alpha decay.

) 229

B. Electron-Capture Decay of Pa

The only previously reported study of the electron-capture decay

229

of Pa was by Ong Ping Hok',18 who reported two conversion lines of a

41 .7-kev transition.

1. Electron Spectrum

The conversion electrons accompanying the electron-capture decay

az9 were studied with permanent-magnet spectrographs, and .the

of P&
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agsignments were made by methods outlined in Section II-B. The results

of these studies are shown in Table XI.

Table XI., Conversion lines of Pa229
Electron Relative Transition

energy intensitya Shell energy
(kev) ' (kev)
21.92 m 15 L k2,37
22.70 . ms 25 'LII 42,37
26.09 s 30 Lirt 42,37
37.19 win 3 My 42.35
37.56 m 10 Mo 42.37
38.29 m 9 MIII 42,32
41,10 | wim 13 NII 42,25
41,34 wm ‘ NIt 42,28
Adopted value- - - = - - - h2.37

a
m = moderate, s = strong, w = weak, ms = moderate to strong, wm = weak
to moderate.

Figures represent relative intensities obtained from densitomer tracings.

The relative subshell ratios indicate that the transition is 95%

E2 — 5% Ml. No other transitions were observed that could be ascribed

229

to the electron-capture decay of Pa The same 1s true of the gamma-

ray spectra that were taken. No gamma rays were observed that could be

229

ascribed to the electron-capture decay of Pa

2. Decay Scheme and Interpretation of Levels

229

The electron-capture decay scheme of Pa is shown in Fig. 12,
No estimate can be made of the branching ratio to the two states that are
populated in the decay.

The levels in Th229 have previously been identified as members of
a X = 5/2 rotational band populated by favored alpha decay from U233. 3t
Newton has assigned the Nilsson level 5/2+ (633) to the ground states of

both U233 and Th229. 35
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Fig. 12. Electron-capture decay scheme of Pa229'
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The fact that the electron-capture decay of Pa22 populates the

I = 7/2vmember of the rotational band is further evidence that the spin

231 and P&233. If this level

of Pa229 is 5/2, and not 3/2 as it is in Pa
receives from 0.4% to 40% of the electron-capture decay (which it
probably does), the log (ft) for the transition would lie in the range
6 to 8. This corresponds to a first-forbidden, unhindered transition
with AT = O or 1 and a change in parity. The Nilsson .level assignment
of 5/2- (523) for the ground state of Pa229 is thus consistent with the
decay scheme. ' ’

It should be stressed that other levels could be weakly populated
in this decay and escape detection. No limits were set for the popula-
'tion of the other states, although none was observed.

C. Alpha -Decay of Pa228

The only previous study of the alpha decay of Pa228 was made by
Meinke, who reported that it decays 98% by electron capture and 2% by
alphanarticle emission, with a total half life of 22 h_ours.2 He re-

ported ion-chamber measurements of two alpha groups of 6.09 Mev (75%) and

5.85 Mev (25%).

1.  Alpha Spectrum

The alpha-particle spectrum of Pa'zz8 was recorded with the aid of
the double-focusing spectrograph. In view of the great complexity of the
spectrum and comparatively large energy region which it encompaésed; it
was necessary to make several exposures in order to determine the optimum
field settings, slit widths, baffle openings, etc. For best results,
0.010-inch defining slits were used with baffle openings of 1.5 cm. As
a result of focusing the peaks away from the ends of the plate, the dis-
tortion in peak shape was relatively small, although peaks at either end
were slightly broadened. Samples with approximately 3 to 4 % 106 totai
alpha disintegrations per minute were used. Since there were other alpha
groups in this region, it was also necessary to follow the decay of the

peaks very closely in order to make the correct assignments. A typical
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spectrum is shown in Fig. 13. Figure 14 is a spectrum recorded over the

.same energy region after the P3228 had decayed out.

As might be.expected in view of the odd-odd nature of Pa228 and
1ts position in the periodic table, the spectrum is very complex. Twenty-
three alpha groups are cbserved, some of which are still complex. Reso-
lution of these peaks gives a total of 27 alpha groups. which is the

eet following,withl15.8

largest number. recorded for any nuclide to date, Th
Table XII summarizes the energy data for a number of exposures and
Table XIII lists the relative abundances of the alpha groups. As can be
seen from the standard deviations, the excited-state energies are good to
+ 0.5 kev. The abundances are good to about 5% -- slightly better for the
more abundant groups and worse for low-intensity groups. Table XIV sum-
marizes the Pa228 alpha-decay data.
The alpha—pafticle energies were all determined relative to
qgio = 5:88h Mev. With thié standafd it was found that the. three A0225
alpha groups were consistently 5 kev higher in energy than reported by
218; 36 This was also true of the Frzzl

21z andaRazzu agreed with

" Hummel relstive to Po alpha
groups, The energies of the alpha groups of Bi

 thé presently accepted Values,2

2. Alpha-Gamma Coincidence  Spectrum

The spectrum of gamma rays in coincidence with total alpha parti-

228 229

cles from a source containing Pa and Pa is shown in Fig, 15. As

would be expected, the spectrum is very complex. The curve has been res. .
solved into several components, but the resolution is highly uncertain
and both the energies and intensities are subject to question. Table XV

'lists the energies and relative intensities of these gamma rays. Ab-
solute intenéities are not given, since the relative amounts of P&228

“and Pa229 were not determined.

3. Decay Scheme and Interpretation of levels
228

The alpha decay'scheme of Pa is shown in Fig. 16, ©No internal
transitions are included because of lack of suffucient information to

place them., - In order to determine how the levels are de-excited it will
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Table XII. Excited-state energies in Ac.zzh

Excited-state energies (kev)

Alpha Exposure number Average
group 148 149 160 161 (Adopted)
Ay, o 2k4.3 23.8 - 23.8 24.0 2k, 020,
a38 38.6 37.7 38.1 37.9 38.1+0.
o, 52.6 51.9 51.9 52.0 52.1%0.
Qe 66.9 66.5 65.8 | 65.9 66.30.
a77 ' 77.6 7.5 76. 4 77.2¢o.
A, 103.3 103.2 102.3 -102.4 102.8+0.
@ 117.0 115.8 116.0 116.6 116.40.
a13u 134.0 133.0 133.7 - 133.6%0.
%e 144.8 147.6 146,241,
X 56 158.2 154.0 155.7 155.1 155.8#1.
0163 164.8 163.0 162.8 162.7 l63.3i0:
%jo 171.1 168.9 170.0 169.9 - 170.0%0.
% 59 198.7 198.9 198. 8+0.
.a205 204.7 204.6 20L4. 6+0.
Qs 224.2 _ 224.1 224.8 224, 4x0.
%o 239.1 239.2 239.9 239.9 239.5%0.
Ao 272.1 272.5 .272.h 273.3 - 272.6%0.
Qg0 ©290.1 289.2 289. 6+0.
a3on 303.6 305.0 30L, 320.
O35 343. 4 341.7 343.3 34k4.2 343.2+0.
‘.a3h9 349.6 348.5 349.3 349.9 349. 4+0.
,0370 368.0 369.1 371.3 371.3 369.9+1.
Aag), 383.9 38L4.2 383.0 383.7+0.
a388 388.2 388.5 388.6 388. 4+0.
Cagy 392.5 394.2 393.9 393.5%0.
Yo 438.3 439. k4 4411 438.7 439. 4£0.
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~ Table XIII. -Abundances of Pa228 alpha groups

" . Abundances (%)

Alpha L _Expogure. pumber ‘
‘group . 148 .1y 160 161 Adopted
a, . 2.5 2.5 2.0 2.5 2.5
Ay, 9.1 9.5 10.7 10.9 10.5
qsé 12.5 .12.8 11.9 ‘11.6 12.0
% 2.2 - 2.6 2.1 2.5 2.3
Ogp 20.1 21.5 20.4 21.2 20:7
‘0077 ; 1.0 | 1.3« 0.6 1.0
% o 2.3 2.7 2.0 2.3 2.3
% - 8.5 " 9.0 9.5 8.6 9.0
134 0.8 ' 0.8 0.7 0.8
-oclu‘6 0.4 0.2 0.3 .
a156 | 1.9 - 1.1 1.2 0.9 1.1
Qs ' 3.0 - 2.6 3.0 2.5 2.8
Qi7b 2.9 2.6 2.8 2.5 2.7
% 99 0.6 0.6 0.6 0.6
G905 - 0.6 0.5 0.5 0.5
o, 0:9 0.7 0.9. 0.8
240 1.1 1. 1.0 1.1
‘ a2_73‘ 1.6 1.3 1.5 2103 1.4
Co0 Q.u 0.2 ' 0.3
" ,0430l+ 0.5 . 0.4 0.4
343 STk 7.9 7.3 7.0 7.3
a3u9 ‘1171 11.2 10.9 12.2 11.3
Uy | 1.4 1.1 1.k 1.5 1.h
' a38& s 2.2 1.9 2.2 1.8 2.0
0588 © 1.3 1.1 1.k 2.4 1.k
aégh 2.7 2.1 2.6 1.8 2.5
' 1.0 . 1.1 1.0 1.0
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Table XIV. Alph& groups of P3228
Alpha-particle Excited-state Abundance Hindrance
energy (Mev) energy (kev) (%) factor
6.138 0 2.5 3200
6.11L4 2hk.0 10.5 580
6.101 38.1 12.0 350
6.087 52.1 2.3 2000
6.074 66.3 20.7 190
6.062 7.2 1.0 3400
6.037 102.8 2.3 - 1100
6.024 116. 4 9.0 260
6.007 133.6 0.8 2300
5.99L4 146.2 0.3 5400
5.985 155.8 “1.1 1300
5.978 163.3 2.8 480
5.971 170.0 2.7 460
5.943 198.8 0.6 1500
5.937 204.6 0.5 1700
5.918 224. 14 0.8 © 850
5.903 239.5 1.1 520
5.870 272.6 1.k 280
5.85k 289.6 0.3 1100
5.839 30L4.3 0.4 610
5.801 343.2 7.3 2L
5.795 349.4 11.3 1
5. 775 369.9 1.4 92
5.761 383.7 2.0 55
5.756 388.4 1.k 73
5.752 393.5 2.5 43
5.707 439. L 1.0 57
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P0228
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Fig. 16. Alpha decay scheme of Pa



-60-

be necessary to look for transitions in coincidence with specific alpha
groups. .
No interpretation can be offered at present concerning the nature

and identity of the energy levels in Acth.

Table XV. Gamma rays in Pa228 alpha decay

Relative Relative
(kev) intensity (kev) intensity
95 240 220 ' 10
130 27 240 55
150 " 34 280 | 49
170 11 310 100
200 14 345 a1 :
228

D. Electron-Capture Decay of Pa

The electron-capture aecay of Pa228 hés been studied by Passell,37

who saw transitions of 57.8 and 130 kev, and by Ong Ping Hok,38 who re-

ported seeing 45 conversion lines and 9 gamma rays corrésponding,to a
228

total of 18 gamma transitions in Th22 . He proposed a decay scheme which

Ancorporated all but two of these transitions.

1. Electron Spectrum

The results of the conversioﬁ—electron“studies made -with the
permanent-magnet spectrographs are shown in Table XVI. All these transi-
tions were observed by Ong Ping Hok, with thevexception.of the 138-kev
transition and the Auger transitions. Because of the low tranémiSSibn of
the spectrographs, the weaker lines observed by him were not seen in this
study.

The Auger lines served as an excellent energy calibration for the
region 65.to~90 kev, and verified the preﬁious calibration of the instru-
ments. The transition energy in the Auger transitions was calculated with
the constants of Bergstrdm and Hill.39 For transitions of the type

K — LxMy, the My binding energies of protactinium were used.



Table XVI. Conversion lines of Pa

228

Electron energy Relative Trahsition
(kev) intensity Shell energy (kev)
-38.01 vs Lo 57.68
41.39 vs _ LIII 57.67
52.95 8 Mo - 57.76
53.71 s M1 57.Th
56.53 m Nip 57.68
56.76 m Nt 57.70
57.5k4 m 0 : 57.71
Adopted value 57.7
109.39 S Lig 129.06
112.80 ms LIII - 129.08
124,37 m M 1129.18
125.09 wg MiII | 129.12
128.18 W NII’ NIII 129.12
128.99 v 0 | 129.2
Adopted value 129.1
74.88 wm K 184,51
164.13 vw L 184.58
Adopted value 184.5
28.26 W K 137.89
117.61 wm L; 138.06
132.91 vw My 138.07
Adopted value 138.0
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_ Table XVI. Conversion lines of Pa?zg (cont:)-

Electron energy . RelatiVe ' L Transition
L (kev) intensity . . Shell energy (kev)
11k4.20 ' m K 223.83
203. bk : v Ly ’ 223.89

Adopted value  223.8

172.40 w ' K a 282.03

161.1 vV K o 270.7
218.0 o VW K ; 327.7
© 299.91 | _ W K  109.54
68.3% ms K—L, Lo 68. 3L
69.14 o ms K—>L. Lo; - 69.13
72.51 W K>Lp Lopg 72.55
73.30 - | m , K=Log Lopg 73.33
76,72 wm : K— LIII LIII : 76.72
83.81 ,. . W _ KoL M 83.82
8k4.15 W . K—Lp Mg . 8k.18
T : ) K—Ly Moo 85.02‘
S ) K—Lyp Mpp ' 84.96
84.61 W K— LII MI 84.60
85.83 W K— LII Mt 85.80
88.32 v K-> Lypp Mpp _ 88.35

89.26 oW Ko>Lorr Mppp 89.19
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The relative subshell ratios clearly indicate that the 57.7- and
129,1-kev transitions are E2 in nature, while the 18L4.5-, 138.0- and
223.8-kev transitions could be either M1 or El.

2. Gamma Spectrum

Since it 1s not possible to prepare Pa228 in cyclotron bombarg- .
ments without also producing heavier isotopes, it is necessary to sub-
tract out the contribution from these other isotopes in order to obtain
the gamma spectrum of Pa228. This was accomplished in the following
manner., The gross gamma spectrum was obtained following a bombardment
in which Pa228 was produced, The spectrum was observed each day; until
all the shorter-lived activities (Pa228, Pa229, Pa232) had decayéd: out,

230 233. The latter spectrum

leaving only the spectrum due to Pa and Pa
2

was corrected for the decay of Pa230 and Pa 33 back to the time when the

first spectrum was recorded. Then a bombardment was made in which no

Pa228 was produced and the spectrum again obtained. The decay was again
230 233
and Pa

23O’Pa233
229

followed, and the contribution from Pa was obtained. By

background,: it was
2 2
Pa 30, Pa 3z

to the gross gamma spectrum, The difference .then gives the spectrum

of‘PaZZB.

normalizing the two spectra to the same Pa

then possible to obtain the contribution of Pa , and

pe’33

Figures 17 through 21 show the spectra. obtained .in thié;manner o
for three different energy regions. The energies and relative intensities
of the gamma rays are listed in Table XVII, Lead absorber was used in
each case to reduce the intensity of thorium XK x-rays. The x-ray peak
observed in each spectrum i1s thus almost exclusively due to lead K x-rays
which were induced by this absorption. The intensities of the thorium K
X-rays were calculated from spectra obtained with no absorber. Although
the higher-energy gamma rays (> 1 Mev) were seen in quite low intensity,
they are definitely real and belong to P&228.‘ Their decay was followed
for about four half lives, and since the other isotopes of protactinium
have no gamma rays in this energy region, the assignment is unambiguous.
Of course, the resolution of the curves is subject to the usual errors

inherent in such a method.
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‘The intensities of the gamma rays agree reasonably well with those
found by Ong Ping Hok, although the}e are some discrepancies., It is of
interest to note that many of the same transitions were observed by Box
and Klaiber in their scintillation studies of the beta decay of A0228,
although the intensities are considerably different in many cases. The
transitions of ~U50 kev are.much_weaker in A0228 decay, while the 225~

and 340-kev transitions are much stronger.

Table XVII, Gamma rays of P&228

E Relative E Relative
(ka) intensity (ka) intensity
225 70 1190 45
285 88 1260 48
340 510 1380 53
410 300 1460 54
W65 880 1550 105
780 230 1670 - 56
840 290 1750 50
900 770 : 1840 70

965 1000 thorium K x-rays 6000

Gamma-gamma coincidence studies were also made, although the re-
sults were rather inconclusive, They did indicate that .the 465-kev
photons were in coincidence with both the 910- and 965-kev transitions,
slightly favoring the former. The L10-kev photons, on the other hand,-
favoréd the higher-energy 965-kev transition. The 780-kev gamma ray

appeared to be in coincidence with 340-kev photons.

3. Decay Scheme

The electron-capture decay scheme of P3228 is shown in Fig. 22.

A1l the transitions listed in Tables XVI and XVII are placed with the
exception of the weak 1750-kev gamma ray. The dotted 97-kev transition

was not observed in this study, but was seen by Ong Ping Hok. The
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Fig. 22. Electron-capture decay scheme of Pa228.
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energies and assignments of the lower levels are fairly certain, while
those at higher energies (above 1100 kev) are very tentative and un-
certain,

This decay scheme differs coasiderably from that of Ong Ping
Hok,l8 but is similar in manhy respects to that of Bjornhohm et al;ul
The major differences occur in the lsvels above 1100 kev,

In addition to the ground-state rotational bandeith'its even
and odd parity members, there is a gamma vibrational band at about 1
Mev. The 2+, 3+, and possibly 2- members of this band are observed,
although the assignmeht of the last is subject to queStion. The assign-
ment was based on the energy difference between the 282.0- and 223.8-kev
transitions observed with the permanent-magnet spectrographs. This
energy differencé of 58.2 kev is not thé same as the energy separation
between the ground and first excited states, although‘it differs by only
0.5 kev. Since the energy separation of the first two members of the
gamma vibrational band 1is expected to be of similar magnitude, the
transitions are assumed to populate these levels. Although the multi-
polarities of these transitions are not known, they are assumed to be
Ei, in analogy with the El tramsitions from the 1- state of the ground-
state rotationsl band, ILittle can be said of the spins and parities of
the higher excited states. |

The similarity of this decay to that of Aé228 suggests that the
spin .of Pa228 is wiﬁhin + 1 of that of A0228, which is’ thought to be 2
or 3. Since it appears that the 3- state at 396 kev is populated to a

much greater extent in Ac228 decay, assigriments of I = 2 for Pa228 and

I =3 for A0228 would not be unreasonable, According to Moszkowskile

the spin and parity of an odd-odd nuclide may be predicted from a knowl-
edge of' the intrinsic states of the odd proton and neutron which couple
together to give the resultant spin and parity of the nuclide in question.
In Pa228, the intrinsic states of the 9lst proton and 137th neutron are
needed, The proton in Pa®2? nas already been assigned 5/2- (523)4-
(Section III-A.4), the arrow pointing down indicating that the intrinsic
spin of the odd nucleon (S = 1/2) must be subtracted from A (= 3) to

give I = 5/2. The most likely assignment for the 137th neutron on the
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Nilsson diagram would be 3/2+ (631)%. Moszkowski's rule predicts very
simply that if the arrows both point in the same direction, the resultant
spin is given by |Ip + In|; if in opposite directions, by |Ip - In|. This

would predict a spin of 1- for Pa228.

227

E. Alpha Decay of Pa

pa%%T was shown by Meinke to decay 85% by alpha-particle emission
and 15% by electron capture, with a total half life of 38.3 min.l7 The

energy of the alpha particles was determined as 6.46 Mev.

1. Alpha Spectrum

Pa227 was prepared by bombarding thorium metal with minimum-energy

(280-Mev) protons at the 184-inch cyclotron., Its alpha spectrum was ob-
tained with the double-focusing spéctrograph using a sample containing
1.4 x 10° alpha disintegrations per minute, with a defining slit of 0.010
inch and baffie opénings of 3.0 cm. The alpha spectrum is shown in Fig.
23, and the data aie summarized in Table XVIIT. 'Thése data were based on
two spectfa which were obtained while following the deéay of the peaks.
The excited state energies Should'be good to + 0.5 kev, and the agbundances

to about 5%.

Table XVIII, Pa227 Alpha Groups

Alpha-particle Excited-state Abundance Hindrance
energy energy (%) factor
(Mev) (kev) B .
6.526 0 2.3 130
6.515 o - 10.7 0.3 900
6.460 67.3 49.5 3.1
6.418 109.7 11.5 8.8
6.410 - 117.8 14.8 6.3
6.396 132.0 9.3 8.8
6.371 157.9 2.6 2k
6.351 177.6 7.8 6.6
. 6.331 198.6 0.7 60 .
6.321 208.6 0.4 95
6.294 235.6 0.8 36
211

% Relative to Bi = 6.273 Mev.

35k
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2. Decay Scheme and Interpretation of Levels

The alpha decay scheme of Pa227 is shown in Fig. 24,  Although
alpha-gamma coincidences were looked for, the results were véry’incon_
clusive, A 67-kev transition was seen in an intensity which would
indicate that it was probably not entirely due to platinum K‘x-rays.
However, the decay scheme was constructed by using_only the alpha-
particle energies and abundances, | . _ |

Certain features of the decay sCheme are similar to those of
Pa229, while others are not. The alphé groUp“léading to the ground
state 1is hindered to a much greater extent in Pa227, while the hine
drance factors to higher states are much smélier. In eaéh.cése,;a low
hindrance factor indicating "favoréd" alpha decay to one level is ob-
served, _ . ‘ .. _ B | b. v
The levels at 67.3, 109.7, 157.9, and 208.6vkev”are interpreted
as being members of a K = 5/2 rotétionél‘band with the Nilsson assign-
ment 5/2- (523). 1In this case, however, the ehergiés.of-the‘levels'
deviate somewhat from the simple i (I+1) dependence,vahd_an additidnal
term of the form BIZ (I+l)2 must be added.: Table XIX compares the
experimental energies and intensities with. those calculéted'usiﬁg

Egs. (3) and (4). The agreement is quite satisfactory.

Table XIX. Favored alpha decay to K = 5/2 band in A0223
Spin of Excited State Energy (kev) , Rel, Int.
state Exp. Theor. (Simple)® Theor.(IzTerm)b Exp. ._‘ Theor. €
5/2 67.3 (67.3) (67.3) 100 (100)
7/2 109.7 (109.7) (109.7) 23 N 20
9/2 157.9 16k, 2 (157.9) 5.3 6.3
11/2 208.6 230.9 209.5 0.8 1.2

® n /x5 = 6.06 kev

® ré/ay = 7.18 kev, B = -0.045 kev

6

¢ Co = 1.00, 02 = 0.77, Ch =0.19 {From Thzz hindrance factors)
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A gsearch for a second K = 5/2 band analogous to that in A0225
reveals that the levels at 132.0, 177.6, and 235.6 kev give good agree-
ment with the expected energy-level spacings. However, the intensities
give very poor agreement with theory, the upper level receiving far too
~ much population and the second level far too little,

At the deformation expected for Ac223, the.l/Z— (530) state is
found at slightly higher excitatior than the 5/2- (523) state, which is
assigned to the rotational band based on the level at 67.3 kev, 1In
view of the fact that the asymptotic quantum numbers of these two states
are similar, the hindrance factors might be expected to be of the same
order of magnitude., This would explain the relatively low hindrance
factors of some of the higher excited states. However, even though the
energy-level spacings of several of these levels can be matched reason-
ably well by adjustment of the parameters in Eq. (3) for a K = 1/2 band,
the relative populdtions cannot be made to give satisfaétory agréement.
Use of odd-L . alpha waves likewise fails to give agreement,b

Because of the lack of further information concerning the in-
ternal transitions in A0223, and the fallure of theory to match the ex-
perimental alpha-decay pattern, the identity of the remaining levels '
remains unsettled.

F, Electron~Capture Decay of Pa23o

pe 30 decays 92% by electron capture and 8% by beta
emission, with a total half life of 17 days. 4 Meinke also reports
a weak alpha branching of 0,003%,17 The radiations have been studied
by Passell37 and by Ong Ping Hok,br5 who observed the electron lines
and gamma rays of 11 transitions. He proposed two possible decay

schemes.

1. Electron Spectrum

The results of the conversion-electron studies made with the
permanent-magnet spectrographs are shown in Table XX. Only the ftransi-
tions of 52.2, 120.8, 228.0, and 443.6 kev may be assigned with confi-

dence to the electron-capture decay of Pa230. Some of the other lines
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Table XX. Convercion lines of Pa23o
Electron Relative Sub- o Transition
energy (kev) intensity shell - energy (kev)
33.L45 vvs 32 ‘LiI 53.12
48.37 ©vs 13 Mg o 53.18
49.;u , vs 13 Mprq , 53.17
52.05 ms NII : 53.10 .
52.14 . oms 6 N 53.08
52.89 m L.b o . . 53.1
B _ Adopted value  53.15
101.08 s 2.3 L - 120.75 .
104,49 s : Lirt - 120.77
116.09 n ' MII ' . 120.90
116.83 . m M1 : 120.86
119.73 W Npp ’ 120.88

Adopted value 120.8

118.38 ms O.b K 228.01 "
207.41 : W '. L | . 227.86
Adopted value . 228.0
333.95 ms K 443.58
423.19 C wm Ly ©_ L43.6h

Adopted value k43,6

338.3
345.1
353.7
376.4
430.0
515.5

3

s33383¢3
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230 following beta decay, although the

may be due to transitions in U
. aisimtegration eneray 1s only 410 kev.'? They are shown in Table XX
~.only-because the E;C./B_ ratio is so-large. The electron lines listed,
even though some are Weak, have cénsistenﬁ%y‘appeared oﬁ several plates
‘vfollow1ng different bombardments v
The 53.2- and 120.8-kev trensitions are both E2, whlle the

multipolarities of the other transitions are unassigned.

2. Gamma Spectrum '

230 4na Pa?33, both of

233 was

Figure 25 shows the gamma spectrum of Pa
whlch were formed in the bombardments. The spectrum due to Pa

233

obtalned by using isotopically pure Pa prodiuced by neutron irradi-
ation of thorium metal. The difference between the curves; representing
the Pa23o contribution, is shown in Fig. 26. The energies and relative

abundances of the gamma rays are summsrized in Table XXI. It is assumed

230

that the gammas rays follow the electron-capture decay of Pa , although
.thls may not be Jjustified, -
Table XXTI, Gamms rays of Pa230
EY BelatiYe ‘ | EY :lgelatiYe
(kev) intensity - (kev) intensity
275 35 905 620
1400 “ 105 9h5 1000
- k50 460 .1060 Ly
- 510 220 K x-rays 2300
560 o 70

Alpha-gamma coincidence studies revealed that the 40O to 510 kev
gamma rays are not in coincidence with .the 94O-kev photons, in contrast
to ‘the decay of Pa228. Since the E.C. diéiqtegration energy is expected
to be only 1240 kev,h6' this is not surprising; Coincidence techniques

failed to resolve the complex group around 450 kev.
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3.. Decay Scheme and Interpretation of levels

A decay scheme which incorporates some, but not all, of the
transitions is shown in Fig. 27. As the multipolarities of most of the
transitions are unknown, only the spins and parities of the first three
members of the ground-state rotational band are assigned with certainty.

The 1- state at 505 kev is based on gamma rays of 510 and 450 kev,
These gamma rays were also observed following the alpha decay of U23n. ol

The level at 950 kev is assigned as the 2+ member of the gamma
vibrational band in analogy to the 966-kev level in Th288'(Fig. 22). How-
ever, the complex peak at 940 kev in the gamma spectrum is much narrower
than the complex peak observed in Pa228 decay, and the best resolution
gives gamma rays of 905 and 945 kev,

The decay scheme is undoubtedly much more complex than that shown
in Fig. 29, since there are so many transitions that have not been placed.
However, a satisfactory decay scheme cannot be proposed without additional
information.

G. Beta Decay of Pa23o

- Prior to this study, nothing was known about the excited states of
U230. 46 Ong Ping Hok and Passell both failed to observe any transitions

that might be ascribed to the beta decay of Pa23o.

1. Electron Spectrum

Table XXII summarizes .the data obtained with the permanent-magnet

spectrographs. The conversion lines of only one transition in U230 were
~ observed. This E2 transition undoubtedly proceeds from the first excited

state to ground.
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-83-

Table XXITI. Conversion lines in Pa23o beta decay

Electron Relative Sub- Transition
energy’ intensity shell energy
(kev) (kev)
30.72 ms 4 LII . 51.66
34,52 ms 5 LirT 51.68
46.49 m M - 51.67
k7.39 m Mi1p | 51.69
50.38 w o NII , ;1.65
50.59 W Ni11 e 51.63
51.67

2. Decay Scheme and Interpretation of Levels

Figure 28 shows the beta decay scheme of pa?3°

. 'Since the branch-
ing ratio to the two levels is unknown, only the traﬁsitioﬁ to the. upper
state is shown., These two levels are assumed to be the O+ snd 2+ members
of the ground-state rotational band, by analogy with the many others ob-
served in this region. The 2+ level at 51.7 kev is assumed to be directly
populated by beta decay, since no other internal transitions were observed
and the only other levels expected below 410 kev would be the 4+ and 6+
members of the ground-state rotational band. '

The 9lst proton in Pa23l
2e9 5/2- (523)¢. The 139th neutron in Th229 is assigned 5/2+ (633)!.
By Moszkowski's rules the spin and parity of Pa230 should then be either 2-
or 5-. The fact that beta decay takes place to the 2+ level in U23vaould

is given the Nilsson assignment 1/2- (530)?,

and in Pa

favor the choice of 2-, especially since no population to the M4+ or higher

levels is observed.

H. Beta Decay of Pa232

Pa232 decays by beta emission with a half 1life of 1.3 days.u6 The

beta and gamma spectra have been studied quite extensively by Ong Ping

oy 18,148 49

and by Browne et al. The latter group found three beta com-

ponents and 15 gamma rays (energies and intensities not published), while
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Ong Ping Hok found four beta components and 16 gamma transitions. He
also proposed a decay scheme. '

232

Since P& was produced only as a by-product in these bombard-
ments. no extensive studies were made of its radiations. The following
results were obtained during studiecs concentrated on the lighter isotopes

of protactinium,

1. Electron Spectrum

Table XXIITI summarizes the electron data obtained with the per-
manent-magnet spectrographs. Only the very intense lines observed by
Ong Ping Hok were seen. It appears that the multipolarity of each of

these transitions is EZ2.

2. Gamma Spectrum

229 _ 232

230 2
The spectra of a sample containing Pa , Pa , Pa 3 33

, and Pa
are shown in Figs. 17 and 19. The spectra due to the latter two isotopes
alone are also shown. The difference, representing the gamma spectrum of
Pa229 and Pa232, is shown in Fig. 29. 1In addition to the gamma rays re-
solved from this spectrum, one of ll5O kev appeared in the higher-energy
region. The energies and relative agbundances of the gamma rays are shown

in Table XXIV. Most of the x-rays are due to the electron-capture decay

of Pa229’ while all of the gamma rays are assigned to Pa232 decay,
Table XXIV. Gammajiays of Pa232
EY Relative EY : Relative
(kev) abundance (kev) abundance
155 2ko 845 185
390 160 900 ' 410
k55 250 980 1000
515 o 1o 1150 50

575 _ N th ‘ K x-rays 5300
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Table XXITI. Convergion lines of Pa oc
Electron - Relative Sub- Transition
energy (kev) intensity shell energy (kev)
26.55 vs 32 LIi | 47.49
30.33 Vs 33 Lot h7.49
42.33 ms 21 Mo 47.51
43.17 ms 15 Moo W7, L7
- 46,19 m. 0 yil L7.46
L6, 43 m NIII : L. b7
47.33 wm L 0 7.5
Adopﬁed value u7.u8
87.94 .8 18 LII 108.88
91.7k s 13 LIiI 108.9d
103.72 m 6 MII 108.90
104.50 m 6 Mg 108.80
"~ 107.59 W N 108.86
107.81 W . Nppg 108.85
108.59 W 0 108.8
Adopted value 108.9
272.15 W K 387.7#
365.91 W L 387.67
Adopted value 387.7
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Fig. 29, Gamma ray spectrum of Pa232———522 mg/cm2 Pb absorber,
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3. Decay Scheme snd Interpretation of ILevels

A decay scheme which utilizes nearly all the observed transitions
is shown in Fig. 30. Transition energies shown in Table XXIII were used
where applicable, and those obtained by Ong Ping Hok were used elsewhere.
This decay scheme differs from his in only one respect -- the order of
the 517-455 cascade is reversed, since £he latter is more intense.

The spins and parities of the ground-state rotational band are the
only ones that may be assigned with confidence, The levels at 388 and 455
kev were based on the close agreement between the sums of the gamma-ray
pairs and the cross-over transition of 972 kev, Their identity is unknown,

- The level at 868 kev may be the 2+ base member of a gamma vibra-
tional band, although this is not certain.
. Ong Ping Hok assumes a spin and parity of 2- for P3232 in order vo
fit his log (ft) values. This would be in perfect égreement with the pre- -
diction based on Moszkowski's rules, using 1/2- (530)t for the 9lst proton
in both Pa’3T and Pa‘sS and 5/2+ (633)¢ for the 1lilst neutron in both
m?3% ana v233,

I. Beta Decay of Pa233
7

Pa233.is“a 27&diy bets emitter whose radiations have been ex-
tensively investigated. 6 It is especially noted for the very large

number of conversion electrons emitted in its decay.

In bombardments of Th23o, 232 with deuterons or of Thz32 with

233

protons, one would not expect to make appreciable quantities of Pa

233

However, in each type of bombardment, large amounts of Pa were formed,
presumably by the Th232(n,Y)Th233 reaction, followed by the 23-min beta
decay of Th233 to Pa233. The following results were also obtained during

-experiments concentrated on the lighter isotopes of protactinium.

1. Electron Spectrum

233

The conversion lines of Pa .obtained with the permanent-magnet
spectrographs are shown in Table XXV, Although little can be said about
the multipolarities of many of the transitions, assignments of E2-M1 would

not be inconsistent with the observed patterns.
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kev II0,K
972
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517 972
584
82i
868
455
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0 '0+,0
U232
MU-15926

Fig. 30. Decay scheme of Pa232.
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Table XXV. Convercsion lines of Paz'33

Electron Relative Sub- ‘Transition

‘energy (kev) intensity shell energy (kgv)
19.32 W Lo 40. 26
23.11 W Lty - bo.27
35.09 vw My 40,27
39.02 - vvw Niy 40.29
’ Adopted value Lo. 27
53.36 ms 3 L | 75.12
54,22 Cvm - Lo 75.16
69.64 mo 1 M 75.19
73.70 . wm NI 75.1h
Th.71 o W 0] 75.0
Adopted value 75.15
6h.67 s b L. 86.143
65. 47 m 1 Lyt 86.51
80.95 ms 1 MI ’ 86.50
81.31 VW MII 86. 47
85.08 W Ny 86.52
Adopted value 86.49
82.01 ms 0.8 LI 103.77
82.80 W LII 103.7h
98.22 wm M 103.77
102.27 v Ny : 103.71

Adopted value 103.8



Table XXV. Conversion lines

-¢1-

of Pa?33 (cont.)

Electron Relative’ Sub- . Transition
energy (kev) intensity shell energy (kev)
18L. 42 Vs 2.3 K 300.01
278.29 5 -LI 300.05
294.33 .m MI : 299.88
Adopted value 300.0
196.08 vvs 10 K - 311.67
289.89 vs I 311.65
305.98 n M 311.53
310.06 W N | 311.50
Adopted value 311.6
22L.75 s X 340.3k
318.56 - W LI 340.32
| Adbpted value 340.3
299.95 m K 415.54
393.78 v Ly _ 5.5k
Adopted value 415.5
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2. Gamma Spectrum

The gamma spectrum of P&233 is shown in Fig. 31. No-attempt has
‘beeri made to resolve the peaks, since they are known to be .composed of

'?SéVeral366mponentsu6f approximately.ﬁhé same energy.

3. Decay Scheme and Interpretation of Levels .
233 is shown in Fig. 32. It is identical

The decay scheme of Pa
~£o-that proposed by Ong Ping Hok18 and earlier by Brbdie,so with the ex-
ception of the energies, which were taken from this- work. The transitions
that were observed by Ong Ping Hok but were too weak to be seen in this
study are shown by dotted liﬁes, with the energies obtained by difference.
The abundances of the beta components were also taken from Ong Ping Hok.

35

" The Nilsson as31gnments were proposed by Newton, and are con-

sistent with the decay scheme shown.

d. Electron-Capture-Decay of Ac224

Ac221L decays 90% by electron capture and 10% by alpha-particle
17

émiésion, with a total half-life of 2.9 hours. Since it may be easily

obtained by a milking experiment from Pa228, it was felt advisable to

1nvest1gate its electron-capture decay to Razzu. The low-lying levels
22

in Ra k had been prev1ously studied by Stephens51 following the alpha

decay of Th228. Flgure 33 shows the decay scheme of Th228

1. Gamma Spectrum

The singles gamma spectrum of Ac221+ as well as the K x-ray—gamma
- coincddence spect;qm shpwed only:K x-rays and gamma rays of 133 and 217
kev, A typical gamma-ray spectruﬁlis‘éhéwﬁ in Fig. 34, A ééafchvfor
higher-energy gamma rays revealed none, although the total disintegration
energy is estimated to be 1370 kev.h6 An upper limit of 2% was set for
the intensity of any gamma ray above 220'kév. Figure 35 shows the high-
energy gamma spectrum.

Since only K x-rays and gamma rays of 133 and 217 kev appeared,

it .is obvious that decay is taking place to the 1- level in Ra22h. The
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Fig. 32. Decay scheme of Pa .
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DECAY SCHEME OF Th%%%

Ac 224 Th228
‘\Qif.
IILK Kev
3-,0 289 505
44,0 253 03%
-,0 217
169
217| 133039
0.30%(0.16%)|
2+,0 845
845
+ 1.6%
o+,0 © Ra224

MU-14470

Fig. 33. Decay scheme of Th228.
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radium K x-rays are due mainly to K-electron,captﬁre, with a slight contri-
bution from the K-conversion of the gamma rays. By integrating the three
peaks and making the necessary corrections for counting efficlency, escape-
peak loss, and background radiations, one may compare their intensities
and calculate the fraction of events populating the 1- state. Making the
assumption that the K/L-capture ratio is 4, one obtains a lower limit of

80% for the population to the 1- state.

2. Decay Scheme and Interpretation .of Levels

_ The electron-capture decay scheme.of.Aczzh is shown in Fig. 36.

It is seen to be very similar to .the electron-capture and beta decay : ... ..
226, k6 with the 1- state>being populated in each case,

51

schemes of Ac
The levels of Razz'l1L have been interpreted by Stephens, who made

the 1- assignment on the basis of conversion-coefficient data, as well

as unambiguous alpha-gamma angular-correlation data. However, his reduced

transition-probability ratio obtained by removing the third-power energy

dependence of the two El transitions had rather large limits of error,

beingt0.36 + 0.15.52 Theoretically, this ratio is given by

1

, ) _
By b (11K, -X,[1100) 2.00 for K,

B L2 (11K, -Killlzo)2 0.50 for K,

0

The value obtained from this work is 2.24 (133/2_17)3 = 0.51 + 0,05,
This clearly indicates K = O for this state, as well as for the even-
parity members of the ground-state rotational band. |

The log (ft) value for this transition is calculated .to be 5.9,
which .could be allowed'or; first-forbidden, permitting a .spin change of
O or 1, with or without a change of parity. Since the decay is predomi-

nantly to the 1- state with less than 20% to the O+ and (or) 2+ states,
224

a choice of odd parity would be favored for Ac . The spin should be
less than 2, since the 3- and 4+ states are not populated.. The best
choice would be O- or 1-. Stephens favors O- for A0226. >3

Using the Nilsson assignments for the proton and neutron states
available, the Moszkowski treatment fails to predict either of these

selections.
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K. Alpha Decay of Ac223

Ac223 was found by Meinke to decay 99% by alpha-particle emission

and 1% by electron capture. Its half life was found to be 2.2 min, and
17

its alpha-particle energy was measured as 6.64 Mev, Since its alpha

fine structure had never been examined it was felt advisable to investi-
' 227

gate it, especially since it is in equilibrium with Pa and 1ts alpha

energy is only slightly larger.

1. Alpha Spectrum

The alpha spectrum of'Ac223 was obtained on the same plates as

2a71

that of Pa?27. However, since the Pa alpha groups were focussed in
the center of the platé, those of A0223 fell toward the end of the plate
and were somewhat diétortéd. The spectrum oﬁﬁainéd is shown in Fig. 37,
and the results obtained from two such spectra are summarized in Table
XXVI. The excited-state energies should be good to * 0.7 kev and the

abundances to 5%.

Table XXVI. Alpha groups of Acoos

Alpha-particle " Excited-state = Abundance ' Hindrance
energy energy (%) factor
(Mev)® - (kev) ,
6.657 0 4o.0 - 1.3
6.643 _ b7 - ‘ 46.0 1.0
6.561 98.2 14,0 1.5

® Relative to Biéll = 6.620 Mev,

o

2. Decay'Scheme
The alpha-decay scheme of A0223 is shown in Fig. 38. Since no

studies were made of the internal transitions, only the energies and
populations of the levels are shown. Nothing can be said about the

spins and parities of the states at present.
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Fig. 38. Alpha decay scheme of Ac223.
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IV. CONCLUSION

The fundamental purpose of this .study was to provide new infor-
mation and a better understanding of nuclides lying on the fringe of the
collective-model region, with primary emphasis placed on the application
of high-resolution alpha spectroscopy to obtain these goals. The re-
sults clearly indicate that although the spectra are complex and .not
fully understood, the collective model still finds useful application
in most cases, This model is especially useful .in explaining the level
structure of even-even nuclides, and is finding wider and wider appli-
cation to the spectra of odd-mass nuclides, as evidenced by its appli-

227 229

cability to the levels populated in Pa and Pa alpha decay. Its

usefulness in interpreting the levels of odd-odd nuclides remains to be
tested as more experimental data accumulate, The alpha decay of Pa228
with its extremely complex spectrum streéses,the'need for even highef

resolution and greater sensitivity than is provided by present spectro-
scopic techniques, Many questions remain unanswered in this region, and : -

it 1s hoped that improved methods wiil help to explain these mysteries,
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