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NUCLEAR DECAY STUDIES OF PROTACTINIUM ISOTOPES 

Max W. Hill 

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

August 1958 

ABSTRACT 

A study was made of the radiations of the protactinium isotopes 

Pa227 , Pa228 , Pa229, Pa230 , Pa232 , and Pa233 , as well as Ac 223 and Ac 224 , 

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

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. 
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NUCLEAR DECAY STUDIES OF PROTACTINIUM ISOTOPES 

I. INTRODUCTION 

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 
1 2 originally proposed by Mayer and Jensen, 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' .. 

cumulation 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 

Pb
208 

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

model has been successfully applied by Pryce4 and True. 5 For the heavi

est elements, with N > 138, a stabilized sphero~dal deformation has set 

in, and the Bohr-Mottelson collective model has found great success. In 

the region lying beyond these two, much less is known, although models 
' 6 

have been advanced by Goldhaber and Weneser and Wilets and Jean7 for 
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even-even nuclei with atomic number ·Jetween about 86 and 88. The great 

complexity of levels in the odd-mass nuclides of this region has also 

been noted. 8 

Since the isotopes of protactinium lie on the very fringe of the 

collective -model region and seem to exhibit a great degree of complexity ~W 

in their decay schemes, this study was undertaken to help further our 

understanding of this region. Primary emphasis was placed on the appli

cation of 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 course of the study the electron-capture and beta 

decays of these and other isotopes of protactinium 'were also examined, 

and the results are included. Interest in the decay of protactinium 

isotopes is also. prompted by the f.act that they are all of the odd-even 

or odd-odd type, of which much less is known than of even-even nuclides, 

and because beta and gamma vibrational states have appeared in this 

region, as well as very low-lying 1- states. 
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II . EXPERIM!~NTAL METHODS 

In a nuclear decay study of :.?rotactinium isotopes, all the more 

common modes of decay are repres~nted, including alpha-particle emission, 

electron capture, beta emission, and positron emission, each followed by 

internal transitions involving gamma rays and internal-conversion electrons. 

In order to effectively study these radiations, essentially all types of 

spectroscopic techniques and equipme:.J.t could be used to advantage. In this 

study, recourse has been made to the three general types of nuclear spec

troscopy - alpha, electron, and gamma. The alpha spectra were studied with 

high-resolution electromagnetic alpha-particle spectrographs. The electron 

studies were limited to conversion electrons from internal transitions and 

were made by employing photographic-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 each 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 Spectroscopl 

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 

reviewed here. It is a converted Nier-type mass spectrograph employing a 

:1miform-field 60° -sector electromagnet with a l-inch gap between the poille 

pieces. The radius of curvature of the normal trajectory is 75 em. 

The magnet power supply on the spectrograph is capable of maintain

ing the cvrrent constant to one part in 10,000 over a 24-hour period. ~1e 

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 

is maintained at an operating vacuum of about 10-5 mm of mercury. 
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Figure· 1 is a schematic draw:lrtg of the spectrograph, showing the 

relative positions of the source, ba:ffles, magnet, and detector. The 

alpha-emitting source is placed behind a system of vertical defining slits 

some 50 inches from tb,e magnet. Var:Lous combinations of defining slits, 

1 inch in length and 0.001 to 0.125 :Lnch in width, are used, depending: 

upon the nature of the experiment. '['he beam is further defined by a pair 

of ad)ustable baffles just before thr~ magnet. The different slit arrange

ments, together with the adjustable baffle system, allow a variation in 

transmis~ion of from 10-4 to 10-7 of 4n:. 

After passing through the magnetic field, the fqcused beam of 

alpha particles impinges .on a photographic plate placed at an angle of 

30° to the path of the beam. The photographic plates are 9-by-2-inch 

Eastman NTA plates, with emulsions 25 microns thick. With the plate set 

at an angle of 30°, the alpha particles enter the emulsion at a 30° angle 

rather than perpendicular to it, leaving a track approximately 20 microns 

in length. Owing to the small angle of acceptance in the vertical direction 

permitted by the pole-tip gap, the alpha tracks on 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 individually, 

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 in general strike the plate randomly. 

The plate is placed horizontally on the microscope stage and the 

tracks are totaled for a vertical scan across the short dimension of the 

plate. Since the microscope field of view is 1/4 by 1/4 mm, a complete 

counting of the plate consists of making these scans every 1/4 mm across 

the length of the plate. The number of tracks observed in each vertical 

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 an energy scale by calibrating 

against known 

were u23° = 
ao 

standards. In this work the standards most commonly used 

5.884 Mev and Un224 681 ~\Po a = 5. Mev. 
0 
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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 obtair .. ed, 10 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 kevjmm to give the energy separation. The 

dispersion has been shown to be constant w.ithin 1% over the entire length 

of the plate, and is known roughly as a function of field strength. How

ever, whenever 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 kevjmm. This allows alpha gro~ps 

differing in energy by 700 to 900 kev to be focused simultaneously 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 evapm;a;..:. 

tion of a solution of the active mat.erial are especially unsuitable. A 

better method consists of electrodepositionof 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 
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a hydrochloric or nitric acid solut:i.on onto a trough-shaped tungsten 

filament. The filament is shaped ir:,to 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 1'late, generally of 0.002-inch platinum, 

aluminum; or nickel, is then placed a short distance above the filament, 

and after re-evacuation, the activity is sublimed at white heat from the 

filament onto the cool plate. The s&mple thus obtained is generally quite 

thin and uniform, and may be restricted to a very small area. Further 

purification both from radioactive.;i.mpurities 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 low. 

2. Double-Focusing Alpha-Particle Spectrograph 

Most of the alpha-particle spectra obtained during the course of 

this study were taken 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-fiel~ 

spectrograph- with little, if any, decrease in resolution. The magnet 

covers 180° with a maximum radius of 50 em, and a normal radius of 35 em. 

The field is nonuniform, being chosen with a radial dependence which 

produces focusing in both vertical and horizontal directions. Fields of 

8 to 14 kilogauss at the normal radius are employed. 

Figure 2 is a schematic d+awing of the spectrograph showing the 

relative positions 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 

1-15/64 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 fi~ld 

is measured in terms of the fre~uency 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 determine the energy separations of alpha 

groups, calibration curves have been obtained with standard alpha emitters, 

and the following e~uation developed~ 

E (kev) 
H2 

= 14. o486 - o. 0091330x + Yx • (1) 

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

mm from the high-energy end of the plate), His 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 fre~uency to the effective magnetic field have also 
8 been developed. Use of this e~uation enables energy separations and 

absolute energies to be calculated with a knowledge of H and X. 

The variation in field also markedly affects the ~uality 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. 

Cf
2
5° and Cf

2
5

2 
at five different positions on the same photographic 

plate. The distortion is especially pronounced at both ends of the pla·~e. 

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

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

pronounced, while at smaller baffle openings the quality of the peaks in 

somewhat improved. Investigations are currently being carried out to 

ascertain the effects of baffle opening, slit width, and position upon 
10 the shapes of standard peaks. 
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Fig. 3. Calibration curve f'or double-f'ocusing alpha-particle 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 this, the alpha particles from Cf25° and Cf252 were al

lowed to strike a photographic plate for a given period of time at di~

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 rig

urea 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 

statis.tical (1.0% for 10;000 tracks) and track count;ing errors. Similar 

result~ a:re obtained by· integrating the four cr~52 peaks shown in the 

spectrum .of Fig. 4. The numbers of tracks under
0
the 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. 

Experiment 
number 

202 

203 

204 

205 

Table I. Relative transmission of double-focusing 
alpha-particle spectrograph 

(normalized values in parenthesis) 

Number of alpha tracks 
Region of plate 

LovTer Center 

11393 11435 
( 9963) (10000) 

11650 11337 
(10276) (10000) 

9574 9712 
( 9858) (10000) 

9984 9720 
(10272) (10000) 

Average: 10076 ± 160 

Upper 

11539 
(10091) 

lll8o 
( 9862) 

9956 
(10251) 

10003 
(10335) 

'J. 

, 
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Since the alpha particles are focused both vertically and hori

zontally by the magnetic field, the e.lpha 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 not fall along a vertical line. In 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 

for each different source was determined by counting over one peak in this 

manner before proceeding to the entire spectrum. 

The high transmission of this instrument permits alpha-particle

gamma-ray coincidence studies to be made where coincidences with a parti

cular alpha group are desired. The photographic plate is replaced with a 

zinc 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 giv~n 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 1-rith 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-electron spectra were recorded with the aid of 

photographic-recording uniform-field permanent-magnet spectrographs (see 

Fig. 5). The source consists of a platinum wire of 0.010-inch diameter 

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 electrons are collimated by a permanently fixed defining 

sl~t, and after being bent and focused by the magnetic field are allowed 

to s~rike a 25 micron thick no-screen X-ray emulsion plate, producing 

visible lines. Both source and detector are located inside the magnetic 

field. 

From its position on the plate, the energy of an electron line 

is calculated:by use of calibration curves developed by W. G. Smith and 

J. M. Hollander for each particular inst~fiment. 11 In this study, cali

brated instruments with field strengths of 53, 99, 215, and 350 gauss 

were used. In addition, noncalibrated instruments with field strengths 

of approximately 150 and 350 gauss were used. The energies of lines 

recorded with these instruments were .determined by applying an eq,uation 

of the type 
2 

= -ax + bx + c, (2) 

where x is the position of the line on the plate, and a, b, and c are 

constants which are evaluated 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 sample, 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 27.4-day Pa233, 17-day Pa23°, 1.5-day Pa229, and 22-hour 

Pa
228

• Although the half lives of the latter two isotopes are similar, 

it was possible to prepare Pa229 without Pa228 , thus simplifying the 

assignments. The lines due to 1.3-day Pa232 could not be distinguished 

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

uranium and Pa229 to thorium, the differences in thoriUm. and uranium 

binding energies may be utilized in making the assignments. 
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Fig. 5. Schematic diagram of permanent-magnet electron spectrograph. 
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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 spectrometers 

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 techniques it was possible to obtain spectra of 
,.· 

gamma rays in coincidence with photons of any given energy, with all alpha 

particles, or with alpha particles of a given energy, in adaition 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 gamma 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 converted into electronic pulses by a 

photomultiplier tube. For straight gamma spectra, these pulses were then 

amplified and fed into a multichannel pulse-height analyze~, where the 

energy spectrum of the gamma rays was recorded. In the early stages of 

this work 50-channel pulse-height analyzers were employed, while later, a 

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 iodide 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 

ll 

\,.· 
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is outlined here. Detailed descriptions of the apparatus used in 

this type of study have been given b~r Frank S. Stephens, Jr •
14 

and 

Donald Strominger. 15 

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 24 

Mev, protons to 12 Mev, and helium ions to 48 Mev; and the 184-inch 

synchrocyclotron, which accelerates deuterons to 370 Mev, protons to 740 1 

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, 

targets of enriched Th23° ( 87% Th23° and 13% Th232) 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 (d,xn) 

reactions. In order to produce Pa227 it 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 0.001-inch platinum 

foil, and bombarded for 8 to 10 hours with deuterons with a beam intensity 

of approximately 15 microamperes.· Maximum-energy deuterons were used when 
228 .. 

Pa 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 Th
2
3°(d,4n)Pa

228 
reaction to be 17.5 Mev. No radiations characteristic 

Of Pa228 . 1 - convers~on e ectrons, 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-incb. 

cyclotron. This gave approximately 0.5 microampere of 28o-Mev protons. 

2. Chemical Separations 

The problems involved in separating protactinium from other activities 



produced in the bombardments outline'd above are by no means trivial. 

Although a vast amount of new information has accumulated during the 

past few years, 16 the chemistry of protactinium is still not completely 

tmderstood. Its tendency to undergo hydrolytic polymerization reactions 

of .unknown nature still .results in norireproducibility of chemical be

havior, in addition to loss of' acti v:~ ty due to adsorption .on the walls 

of containers. The large amount of ::~ission-product activities produced 

requires. that trac.er amounts of protactinium be .isolated from nearly all 

other elements in the periodic table and from large. amounts of target 

material. The strict requirement of obtaining a mass-free sample further 

complicates the p~oblem. 

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

.chemic~lly free from all contaminants, and taking account of the fact 

that ~11 chemi.cal procedures must be carried out inside a glove box or 

;.1unior cave.· within a reasonable length of time, it was decided to avoid 

the commonly used methods of coprecipitation and concentrate on ion ex

c:hange and solvent extraction. 

t
. 17,18 In previous studies of this ype, . the elements which tended 

to folJ.,owprotactinium through the chemical proce.dures used to purify 

it were zircpnium 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 

s~paration.of protactinium from zirconium and niobium by using ion-exchange 

methods, if possible. 

The m~thod finally selected exploits the differences in behavior 

when trac~r amounts of the threeelema~ts are equilibrated with Dowex-1 

anion-exchange resin from solutions of hydrochloric acidl9 and from 

solutions of HCl:containing small amounts of' HF. 20 

Figure 6 shows the elution curve for a mixture of Th(IV), Zr(IV), 

}Th(V), and Pa(V) ~~der different eluting conditions. The column used was 

3 mm in diameter and was filled to a height of 55 mm with Dowex-1 anion

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 to the resin along with 

v 
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Fig. 6. Separation of Th, Zr, Pa, and Nb on Dowex-1 anion-exchange· 
colunin. 
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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 HCl 

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 ~ HCl- O.l ~ HF, completely separating it from Nb(V). The latter r 

may then be eluted in 1 to 4 !i HCl. 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 separate 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 Maddock
21

-with some modifications. The 9.0 ~ HCl 

O.l ~ HF solution containing the protactinium from the anion-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 DIPK, 

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 (Na,2B4o
7

·10H20) or anhydrous AlCl
3 

was added to the 

aqueous phase. Of these two complexing agents for fluoride ion, it was 

felt that borax was more suitable. Although Alcl
3 

seemed to have slight

ly better complexing character~stics, it appeared to be appreciably 

soluble in DIPK, and excess quantities in solution gave voluminous preci

pitates. The aqueous phase was then contacted with an equal volume of 

fresh DIPK. Under these cqnditions, Pa(V) extracts quantitatively into 

the solvent phase, removing it from Th(IV), Ti(IV), V(V), Zr(IV), U(VI), 

and other species. The protactinium was then re-extracted from the solvent 

phase into an equal volume of 2.0 ~ HCl. 

To remove all extraneous mass and reduce the volume to a very few r 
drops, the solution containing the protactinium was then made approximately 

10 M in HCl and passed through a smaJ_l anion resin column ( 3 mm in diam-

After being washed with 10 ~ HCl, the protactinium 
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was then eluted with 2.7 ~ HCl. 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 ~ HCl through a small Dowex-1 anion-exchange column (3 by 12 mm). 

Th(IV) and all alpha emitters below protactinium pass through the column 

without adsorbing. After the column had been washed with 10 M HCl to 
' 

remove all traces of these other alpha emitters, protactinlium was eluted 

in four drops of 2.7 ~ HCl, as outlined above. 

Dissolution of target materials also presented some problems. The 

targets were either thorium metal or ThC14 powder, some of which was con

verted to Th02 during the bombardments. Although dissolution of both 

thorium metal and Tho
2 

has received special mention in the literature, 22 

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~ 

±red. By slow addition of a dilute HF solution to a known amount of Th(IV) 

and vice versa, it was found that ThF4 precipitates when the mole ratio of 

fluoride to thorium is 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 

rapid dissolution, but low enough to prevent precipitation of ThF4 , which 

might also carry down the protactinium activity. Concentrated HCl- 0.01 

~ 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 HCl- 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
3 

before the solution was passed 

through the column. 



Samples 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.l). The first few sources were prepared by evaporating the active 

solution to dryness on the platinum disc and then transferring the activ- 0 

ity to the filament by taking it up in concentrated HCl. However, this 

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 p~rmanent -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 ele'ctrolysis cell. 

Two different electrolytes were used as plating solutions: 0.81 M 

NH4F adjusted to a pH of 6.0, and 0.32 !i (NH4)2 c2o4 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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EXPERIMENTAL RESULTS 

229 Alpha Decay of Pa 

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% and the energy of the 
24 alpha particles to be 5.69 Mev. Later unpublished data of Slater and 

Seaberg indicate that Pa
22

9 decays 99.75% by electron capture and 0.25% 

by alpha-particle emission. 25 No previous high-resolution 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 approximately 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. 8 

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 can-

t i t "b t" f 228 d "t d d t h th a ns no con r~ u ~on rom Pa an ~ s ecay pro uc s, w ereas e 

spectrum shown in Fig. 7 does. The alpha group designated with a q~.stion 

mark was shown not to be Ra~24 by both energy and intensity arguments. It 

is probably not a Pa229 alph~ group for reasons explained in Section III

A.2, although it cannot be assigned to any other alpha emitter thought to 

be present. The group designated as a
252 

and a
264 

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 a
356 

is very 

doubtful, although the hump may be real. 
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Fig. 7. Alpha-particle spectrum of Pa229 at high resolution-double
focusing spectrograph. 
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The absolute energies and energy separations of the alpha groupE:. 

were obtained by using Eq. (1), with both Ra224 and u23° employed as a: a: 
standards. The differences in recoil energy ~ssociateg with the alpha 

groups were added to the particle energy-separationsto give the excited

state-energies. Table II 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 flhown are the standard 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 and the average 

values changed by no more than 0.2 kev. 

Table III 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 Ct:Lses 

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 difTers from that calculated by simple 

barrier penetration theory. The hindrance factors were calculated by 

employing the constants of Perlman and Rasmussen. 26 
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Table II. Excited-state energies in Pa 229 alpha dec a~ 
ExCited-state energy (kev) 

Alpha E;x:J2osure Number Adopted 
Group 524a 5671! 150-l 150-2 lb2 173-l 173-2 lb4 Values 

a4o 38.8 41.6 39.4 40.6 41.2 40.4 40.2 40.1 40. 3±0. 7 

a56 56.1 57.2 55.3 56.1 57.1 55·7 56.3 56.4 56.3±0.6 

a8l 80.1 80.2 80.8 81.3 80,9 80.5 80.6±0.4 

a92 92.2 92.4 91.0 91.3 92.5 91.8 91.9 91.8 91. 9±0. 5 

a107 106.3 106.4 106.3 106,4 108.4 108.3 107.6 108.6 107.3±1.0 

al37 135.9 138.8 136.3 136.0 137.8 135-3 136.6 136.7 136. 7±1.0 

a156 156.2 157.2 154.4 155-9 155. 9±1. 0 

a172 171.7 171.3 173.0 172.1 172.6 l7L8 172.1±0.6 

al94 193·7 193.4 194.1 194,0 194.6 194.7 194.1±0.5 

a252 252.5 252.4 252.4±0.1 

a264 264.8 262.6 263. 7±1.1 

a356 356.1 356.1 

Eao 
5.665b 5.665b 5.665b 5.665 (Mev) 5.670 5,665 5.665 5.665 5.665 

-aExposures made on uniform-field spectrograph. 

bAssumed value - energies relative to u&~0 224 = 5.884 Mev and Raa
0 

= 5.681 
Mev. 

\ 
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Table III. . 229 Abundances of Pa · alEha groups 

Abundances 0 

Alpha Exposure Number Adopted 
Gfoup 150~1 150-2 lb2 173-l 173-2 1b4 Values 

19.6 18.5 20.7 18.0 19.1±0.8 
., 

o:b 
19.6 19.5 18.8 18.1 18.5 19.7 

0:40 8.9 9.5 9.6 11.3 9.8±0.9 
8.1 9.6 10.6 10.2 10.2 10.5 

,0:56 12~1 12.9 14.2 13.3 13. 4±0. 8 
12.8 13.6 13.9 12.7 15:5 13.9 

0:81 3.8 4.4 5.5 4.1 .,.. 4.7±0.5 
4.2 4.6 5.3 5.4 4.7 5.3 

0:92 39.4 38.5 34.6 35.4 36. 8±1. 7 
39.0 36.9 36.1 35.4 37.8 34.9 

0:107 3.9 3·9 3·7 3.4 3.9±0.3 
3.9 4.1 3·7 4.9 4.2 3.9 

0:137 8. 3 8.4 8.7 10.7 8. 9±0. 8 
8.9 8.7 9.0 9.8 5.8 7.9 

0:156 0.60 0.81 0.46 0.69 0.60±0.11 
0.53 0.58 0.41 0.69 0.61 

0:172 1.2 0.88 0.63 0. 76. 0.74±0.10 
ro.86 0.66 0.57 0.75 0.72 1.1 

0:194 1.86 1.90 1.56 2.06 l. 77±0. 21 
l. 79 1.43 1.30 1.80 1.80 2.0 

' 0:252 0.08 o.ort±o.o2 
0.08 0.05 

0:~64 0.20 0.15±0.04 
0.14 0.11 

0:356 0.05±0.04 
0.05 

Upper figures in each group are integrated intensities. 
Lower figures are based on peak heights. 
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Table Dl. Al;eha ~rou;es of Pa 229 

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 4.7 36. 

5.575 91.9 36.8 4.0 

5.560 10(7/3 3.9 31. 

5.531 136.7 8.9 / 9.4 

5.512 155.9 0.60 110. 

5.496 172.1 0.74 73•' 

5.474 194.1 1.77 23 .l 

5.417 252.4 0.07 280. 1 ' 

5o408 263.7 0.15 115.( 

5.315 356.0 0.05 100.( 

. ' 
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2. Alpha - Gamma Coincidence Spectrum 

Because of the small alpha br.anching of Pa229, coincidence 

techniques must be applied in order to observe the de-excitation of 

levels populated in its alpha decay. In this study, the gamma rays 

in coincidence with total.alpha particles were examined with scintil

lation spectrometers. Since no energy dis.crimination was made on the 

alpha particles giving rise to the gate pulses, it was essential that 

Pa229 be the only alpha activity present. This was assured by bombard

ing below the Th23°(d,4n)Pa228 threshold and taking the spectrum im

mediately after the chemical separation. This reduced the contribution 

from the u23° decay series, which grows in quite rapidly from the beta 

d f P 230 ecay o a . 

' 
Figure 9 shows a typical alpha!gamma coincidence spectrum. 

Several of these spectra were obtained by using samples from different 

bombardments. In all cases the spectra were identical. The abUndances 

of the gamma rays are· summarized in Table Vo 

E 

Table V. Abundances of gamma. rays in Pa229 alpha decay 

Abundance (photons per alpha particle) 
y Exp. 1 a Exp. 2 b Exp. 3c Adopted 

4o 0.095 0.103 0.103 0,10 

69 0.048 0.050 0.071 0.05 

81 0.027 0.021 0,02 

92 0.145 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 40-kev gamma ray 
of experiment No. 3. 

c Spectrum recorded on 50-channel pulse-height analyzer using 
slow coincidence apparatus. 
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Fig. 9. Alpha particle- gamma ray coincidence spectrum of Pa
229. 
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Although the comparatively 1reak gamma rays of 69, 81, 107, and 

120 kev appear in each spectrum, there is some question as to whether 
. 229 

or not they actually belong in the alpha decay of Pa • 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 112-
226 kev gamma ray of Th grows in. ~1e 69-kev gamma ray appears at the seme 

position as platinum K x-rays and, although aluminum backing plates were 

used. the activity was transferred from platinum discs. The 81-kev gamn1a 

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 gamma rays were contributing to the peak at 92 kev. None 

was observed in sufficient intensity to contribute significantly to the 

92-kev peak. 

From the abundances of the gamma rays and populations to the 

various levels in Ac225 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 4o kev, the total conversion coefficient 

of the 40-kev transition must be less than 7.1. The theoretical total 

conversion coefficients for 4o-kev El, Ml, and E2 transitions are 1.4, 91, 

and-1030 respectively, 27 which rules out all but the El 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 theoretical total conversion coefficients for 

92-kev El, Ml, and E2 transitions are 0.16, 9, and 15 respectively, again 

making the El choice unique. 

Similar arguments may be advanced to show that the 69-, 81-, and 

107-kev transitions must also be El in nature if their abundances are 

those shown in Table V. 

Attempts to obtain the spectrum of gamma rays in coincidence with 

alpha particles of a given energy failed to give goo~ results, although 

they did provide some useful information. By gating on the most intense 

alpha group, designated a
92

, it was found that the coincidence rate was 

J 
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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 coincidence 

rate were obtained by gating on the alpha group designated a
137

. 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 existence of several El transitions with measw7e-

able lifetimes in this region (for example, the 27-kev transition in the 

alpha decay of Pa231 ), it seem~d advisable to look for metastable states. 

A fast coincidence circuit permitting delayed coincidences to be run was 

used to measure the half lives of the states de-excited by the El transi

tions following Pa229 alpha decay. The transitions were all found to be 

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 10-9 sec. It seems reasonable 

to assume that the prompt 4o-kev El transition is the same as Stephens 
225 225 28 -9 observed in Ac following Ra beta decay. He set a limit of 2 x 10 

sec for its half life and determined its total conversion coefficient to be· 

approximately 1.1.14 

Since he saw only the 4o-kev gamma ray and just enough L x-raye> to 

account for its internal conversion, and failed to observe any radiations 

at all in coincidence with the 40-kev photons, it is safe to assume that 

the transition is to the ground state of Ac 225 . It is for this reason that 

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

this group did belong to Pa229, the ground state-would be 25.9 kev lower 

in energy. and a level 4o kev above 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 present, it is assumed that they are the same. 

3. Decay Scheme 

The alpha decay scheme of Pa229 is shown in Fig. 10. Only those 

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 40-kev El transition, this requires that 24% of the decay proceed 

via this transition. Since the alpha population to the level is only 

9.&fo, 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 account for this, although alternative cascades could also 

be proposed. 

As was pointed out in Section III-A.2, the coincidence spectrum 

displayed by gating on both a
92 

and a
137 

showed only 92-kev photons in an 

abundance of 0.25 to 0.4 photon per alpha particle. This indica~es that 

the total conversion coefficient of the transition is 1.5 to 3.0 (El with 

perhaps a very small admixture of M2). Since the abundance of the photons 

is 16%, this would account for 40 to. 64% of the total alpha decay. As the 

population 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. 

4. Interpretation of Levels 

Since there is reason to believe that Ac 225 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 
11.2 
~ [I (I+ 1) -·I (I + l) ] , 

'-"'l 0 0 
(3) 

where E
1 

is the energy of the level with spin I above the base member of 

the band, ;s is the moment of inertia, and! is the spin of 

* 
0 

the base member. For ·add-mass nuclides, allowable spins are 

I o' I + l, I + 2, 
0 0 

a rotational band is the 

*" For the case of I = l/2, an 
0 

(I + l/2) must be added to Eq 

is a constant for each band. 

i, 

etc. A characteristic of members of 

fact that the component of total 

2 
h ( -)·I+l/2 additional term 6. E1 = ~ a 

(3), where a, the decoupling parameter, 
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ru1gular momentum along the nuclear s~nmetry axis (K-quantlim number) is the 

same for each .meinber and is equal to the spin of the lowest member, I . 
0 

It h~s become increasingly evident during the past few years that 

alinost every odd-mass alpha emitter in the Bohr-Mottelson region exhibits 

essentially unhindered alpha decay to a rotational band of its daughter 

nucleus. It is supposed that such a transition leaves the intrinsic wave 

f1.mction of the odd nucleon unchanged and is th;v.s exactly analogous to the 

·alpha transitions to the ground-state rotationa+ band in even-even nuclei. 

The term "favored'.' alpha decay is usually applied to these transitions. 

Bohr; Froman, and Mottelson29 have recently developed a relationship between 

the population of alpha groups to members of a favored" rotational band 

and to the ground-state rotational band in even-!=ven nuclei. Very good 

agreement is shown between these calculated 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 

w:i th a relatively low hindrance factor. These tvro features alone suggest 

a close similarity to several other cases of ·favored· alpha decay found 

in this region with similar energy-level spacings and relative hindrance 

factors. Five 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 n2 jzs is found to be 6.40 
kev for the rotational band. Use of this value in Eq. (3) enables the 

energies of the next higher members to b.e calculated. Table VI compares 

the calculated energies with those found experimentally. The agreement is . 
even better than might be expected, and implies that there are no near-lyi.ng 

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 mlity, as. it should be for ·favored' alpha decay, 

this does not rule out sucn a possibility. The hindrance factors were calcu

lated by using 0. 25% as the alph8, branching .of Pa229. If the value of 



-41-

Table VI. Energies of Ac225 K = 5/2 rotational band 

Spin of Excited-state energy (kev) 
state Theoretical Experimental 

5/2 

7/2 

9/2 

11/2 

(91.9)a 

(136.7)a 

194.3 

264.7 

'91.9 
136.7 

194.1 

263.7 

~xperimental values used to evaluate rotational constant ~2/ZJ = 6.4o 
kev. 

Table VII. Favored alpha intensities to Ac225 K = 5/2 band 

Excited-state Spin of Relative intensities 

energy (kev) state Theoretical Experimental 

91.9 5/2 100 100 

136.7 7/2 21 24 

194.1 9/2 4.1 4.8 

263.7 11/2 0.2 0.4 

co = 1.00 c2 = 1.00 c4 0.083 
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approximately 1% reported by Meinke
21

l- were u~ed, 'the hindrance factors 

would all be decreased by a factor of 4 In view of the uncertainty of 

this alpha branching ratio, it is not unreasonable to assume that the 

alpha de!:!ay to the level at 92 kevin Ac 225 is of the· favored. type. 

Making this assumption, one may then proceed to calculate the 

relatiye alpha populations to the members of the rotational band. The 

relative transition probabilities aceording to Bohr, Froman, andMottelson29 
are givEm by 

2 
P = P (Z,E) I: CL (I.LKOILLI_K) , 

0 . 1. 1. 1--. L . 
(4) 

where CL is the reciprocal of the hindrance factor for the alpha group 

of angular momentum ·L 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' the rotational band. P (Z ,E) 
0 

is a barrier ,-penetration factor containing the energy and atomic -number 

dependence for each level and is evaluatedfrom the one-body theory of 

alpha decay by using the same constants employed in hindrance-factor 

calculations. 26 

Table VII compares the calculated and experimental relative alpha 

populations to members of the K = 5/2 rotational band. The C~'s were 

evaluated from the neighboring .even-even nuclides u23° and Th 28 . The 

agreement is again quite satisfactory, and equally as good,as that found 
26 for the other cases analyzed to date. 

Inspection of the decay scheme reveals another set of levels with 

energy spacings similar to, although somewhat larger thah, 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 

I = 5/2 for the lowest member of the band and use of the energy separation 
0 

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.l. 
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Spin of 
state 

5/2 

7/2 

9/2 

11/2 
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Energies of second K = 5/2 rotational band in Ac
22

5 

Excited-state energy (kev) 
Theoretical Experimental 

(56.3)a 56.3 

(107.3)a 107.3 

172.9 172.1 

253.1 252.4 

~xperimental values used to evaluate rotational constant h
2 jcs = 7.29 

kev. 

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

Froman-Mottelson treatment may be app~ied to calculate the relative alpha 

populations to members of this band. In this case L = 1 and L = 3 alpha 

waves are employed, and the CL's are evaluated from the hindrance factors 
230 228 ' 

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

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

not perfect, ~t is surprisingly good. 

Table IX 

Alpha intensities to second K = 5/2 band in Ac225 {unfavored) 

Excited-state 
energy (kev) 

56.3 

107.3 

172.1 

252.4 

c1 = 0.077 c3 

Spin of 
state 

5/2 

7/2 

9/2 

11/2 

= 0.019 

Relative intensities 

Theoretical 

100 

27 

3.0 

0.3 

Experimental 

100 

29 

5.5 

0.5 

The results 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 favore~ 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 state of Pa229. In order to identify the intrinsic states in

volved, the Nilsson diagram for protons, shown in Fig. 11, is employed. 

This diagram shows the results of Nilsson's calculations3° 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 o, 
which is defined as (R major - R minor)/R average. For the case of no 

deformation, 8 = 0, and the usual shell-model levels are observed. As 

o increases, however, these shell-model levels split into a number of 

components, each of which may accomodate two nucleons. These components 

are designated by the quantum numbers n, the symmetry-axis component of 

.total nuclear angular momentum; :rr, the parity; N, the principal oscil

lator quantum number; nz, the symmetry-axis oscillator quantum number; 

and A, the symmetry-axis component of orbital angular momentum. 

The small arrow in the diagram of Fig. ll 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 l/2- (530). 

It is presently believed that the ground states .of both pa,231 and pa:233 

are the 3/2 rotationai band members of this ( 530) intrinsic state. 31 At 

smaller deformation, which would be expected for Pa
22

9, this level crosses 

the 5/2- ( 523) level,. which w:ould correspond nicely to ·the ground state 

f P 229 o a . The next lower state, which would be expected to be the ground 

state of the nuclide with two fewer protons, is designated 3/2+ (651), 

and is thought to be the ground state of Ac 227.3l The same assignment 

for the ground state of Ac 225 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 level at 40.kev might easily be a rotational band )Ilember of the 

l/2- (530) state which lies just above the 3/2+ (651) state and. would also 

de-excite by means of an ·El transition. 

The only 5/2+ intrinsic state in this vicinity is the 5/2+ (642) 

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 s~e 

intrinsic state. In other words, the 5/2+ band is analogous to the odd-
. 32 

parity states in even-even alpha decay. Froman has indicated that , 

favored alpha groups of odd parity sb,ould 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 

are found in the alpha decay of Pa229, except the energy displacement of 

the two bands. However, since no satisfactory explanation has been 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 asymmetry 

in the shape of the nuclear surface of the pear- or egg-shaped variety 

mentioned by Bohr et a1. 29 

The fact that the hindrance factors for these alpha groups .of odd 

parity are so small is further evidence that the decay is taking place 

between the same intrinsic state in parent and daughter. In the alpha 
241 

decay of Am , unfavored decay from the 5/2- (523) state to the 5/2+ (642) 

state in Np237 is hindered by a factor of about 700. In Pa
229 , the odd-

parity alpha groups are hindered to a lesser extent than in the neighboring 
. . 230 228 

even-even nucleJ. U and Th . By making use of the Bohr-Froman-Mottelson 

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

waves from u23° and Th228 , one can calculate the relative alpha populations 

to all eight levels and compare them with the experimental values. The re

sults are sb,own 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 =land 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 

and Ra
222

, which have L = l hindrance factors of 

224 226 decay of-Ra · , Th , 

2.3, 2.4, and 0.97, re-

t . 1 26 spec J.ve y. It is obvious that adjus4ment of the CL's and use of c
5 

would give even better agreement. 

,it 



Table X. Favored alpha intensities to K = 5/2 bands in Ac
225 

Spin and parity Relative intensities 
of state Experimental Theoretical a Theoreticalb 

5/2- 100 100 100 

7/2- 24 21 2,1 

9/2- 4.8 4.1 4.1 

11/2- 0.4 0.2 0.2 

5/2+ 36 6.5 42 

7/2+ 11 1.8 12 

9/2+ 2.0 0,2 1.3 

11/2+ 0,2 0.02 0.2 

a C = 1.00, c2 = 1.00, c4 = o.o83; c1 = 0.077, c3 = 0.019. 
0 

b c = 1,00, c2 = 1.00, c4 = o.o83; c1. = 0.50, = 0.13. 
0 c3 
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If the above interpretation were valid, several El transitions 

between states of different parity .might be' expected. However, ,most of 

them could not be observed because of their weak intensities and the 

.presence ofthe very prominent 4o- &.nd 92-kev El transitions~ The weak 

81-key El gamma ray·shown in Fig. 9 might correspond to .the transition 

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 5/2- (523) level at 92 kev and the 

3/2+ ( 651) ground state to be greatly retarded, since ,0,n = 3. Strominger 
z 

and Rasmussen have used Nilsson's wave functions to ca,lculate the lifetimes 

of the possible El transitions between different intrinsic nuclear states 

·in this region,33 and indicate that this parti~ular transition is hindered 

·by a factor of 6 x 104 over the single-particle. estimate of Moszkowski. 

This .corresponds to a partial photon half life of 9.5 x 10-9 sec. Assuming 

atotai = 2.0, this gives 3.2 x 10-9 sec as the hal:f life of tbk state. How;;; 

ever, their transition probabilities are very sensitive to small details of 

the wave functions, and any shortcomings of the model will be strongly re

flected· in their results. Since their·calculations for the 60-kev transi

tion in Np237 was off by a .factor of 25, the above calculation could easily 

~'Je off by a factor of 2, giving agre~ment with the experimental half life 

of :5. 1. 5 x 10-9 sec. 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 configuration. 

No satisfactory interpretation can be offered as yet concerning 

the identity of the remaining levels populated in Pa229 alpha decay. 

B. Electron-Capture Decay of Pa229 

The only previously reported study of the electron-capture decay 

f P 229 b . k 18 h d . o a was y Ong P~ng Ho , w o reporte two convers~on lines of a 

41.7-kev transition. 

1. Electron Spectrum 

The conversion electrons accompanying the electron-capture decay 
of Pa229 were studied with permanent-magnet spectrographs, and .the 

\ 
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assignments 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 · t •t a Shell energy ~n ens~ .Y 

(kev) (kev) 

21.92 m 15 LI 42.37 

22.70 ms 25 ~I 42.37 

26.09 s 30 LIII 42.37 

37.19 wm 3 ~ 42.35 

37.56 m 10 ~I 42.37 

38.29 m 9 ~II 42.32 

41.10 wm NII 42.25 
13 

41.34 wm NIII 42.28 

Adopted value- - - - - - -42.37 

a 
m = mode:J?ate , 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 

to the electron-capture decay of Pa229. The same is true of the gamma

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

ascribed to the electron-capture decay of Pa229. 

2. Decay Scheme and Interpretation of Levels 

The electron-capture decay scheme of Pa229 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 K = 5/2 rotational band populated by favored alpha decay from u233. 34 

Newton has assigned the Nilsson level 5/2+ (633) to the ground states of 

both u233 and Th229. 35 
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The fact that the electron-capture decay of Pa229 populates the 

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

of Pa229 is 5/2, and not 3/2 as it is in Pa
231 

and Pa
2
33. If this level 

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 6I = 0 or 1 and a change in parity. The Nilsson level assignment 
229 . 

of 5/2- (523) for the ground state of Pa is tgus 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 Pa
228 

228 The only previous study of the alpha .decay of Pa was made by 

Meinke, who reported that it decays 98% by electron capture and 2% by 

alpha-particle emission, with a total half life of 22 hours. 24 He re

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

5.85 Mev (25%). 

1. Alpha Spectrum 

The alpha-particle spectrum of Pa228 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 encompassed. 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 em. 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 total 

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 
228 d t same energy region after the Pa had decaye ou . 

As mi~~t be expected in view of the odd-odd nature of Pa
228 

and 

its position in the periodic table, the spectrum is very complex. Twenty

three alpha groups are observed, some of which are still comp;Lex. Reso

lution of these peaks gives a total of 27 alpha groups, which is the 

largest number. recorded for any nuclide to date., Th 227 following wi tn:· 15. 8 

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-
228 

marizes the Pa alpha-decay data. 

The alpha-particle energies were all determined relative to 

u23° = 5.884 Mev. With this standard it was found that the-three Ac 225 
CX0 ., 

alpha groups were consistently 5 kev higher in energy than reported by 
. 218 36 . 221 

Hummel relative to Po . This was also true of the Fr · alpha 

. Th . _, th 1 h . f B. 212 d R 224 d · th groups. e energJ.es OI e a p a groups o 1 · an .. a agree WJ. 

the presently accepted values. 26 

2. Alpha-Gamma Coincidence Spectrum 

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

1 f t . . . p 228 d p· 229 . h . F' 15 A c es rom a source con a1n1ng a an a J.S s own J.n J.g, . s 

would be expected, the spectrum is very complex. The curve has been re:;... · 

solved into several components, but the resolution is highly uncertain 

and both the energies and intensities are subject to q_uestion. Table XV 

lists the energies and relative intensities .of these gamma rays. Ab-
.1 . 228 so ute intensities are not given, since the relative amounts of Pa 

and Pa229 were not determined. 

3. Decay Scheme and Interpretation of Levels 
. 22 

The alpha decay scheme of Pa is shown in Fig. 16. No internal 

transitions are included because of la,ck 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
224 

Excited~state energies (kev) 

Alpha Exposure number Average 
.group 148 149 160 161 (Ado;eted) 

0:24 24.3 23.8 23.8 24.0 24.0±0.2 

0:38 38.6 37·7 38.1 37·9 38.1±0.3 

0:52 5,2.6 51.9 51.9 52.0 52.1±0.3 

0:66 66.9 66.5 65.8 65.9 66.3±0.4 

0:77 77.6 77·5 76.4 77.2±0.5 

0:103 103.3 103.2 102.3 102.4 102.8±0.5 

a:ll6 117.0 115.8 116.0 116.6 116. 4±0.5 

0:134 134.0 133.0 133-7 133.6±0.4 

'\46 144.8 147.6 146. 2±1.4 

0:156 158.2 154.0 155-7 155.1 155.8±1. 5 

'\63 164.8 163.0 162.8 162.7 163.3±0.9 

0:170 171.1 168.9 170.0 169.9 170.0±0;8 

0:199 198.7 198.9 198.8±0.1 

0:205 204.7 204.6 204.6±0.1 

0:224 224.2 224.1 224.8 224. 4±0. 5 

0:240 239.1 239.2 239-9 239-9 239. 5±0. 4 

0:272 272.1 272.5 272.4 273-3 . 272.6±0, 4 

0:290 290.1 289.2 289.6±0.5 

0:304 303.6 305.0 304. 3±0. 7 

0:343 343.4 341.7 343.3 344.2 343.2±0.6 

0:349 349.6 348.5 349.3 349.9 349. 4±0. 5 

0:370 368.0 369.1 371.3 371.3 369.9±1. 4 

0:384 383.9 384.2 383.0 383.7±0.4 

0:388 388.2 388.5 388.6 388. 4±0. 2 

0:394 392.5 394.2 393-9 393-5±0.7 

0:440 438.3 439· 4 441.1 438.7 439.4±0.7 

~!'. 
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Table XIII. Abu:hdance~; 
228 of Pa alpha groups 

··· .. Abundances (%) 

Alpha .. · Efr.EOEture . number 
· grour2 148 142 160 161 Ado:eted 

cxo 2.5 '2. 5 2.0 2.5 2.5 

cx24 9.1 9.5 10.7 10.9 10.5 
a .. 

38 12.5 12.8 11.9 ·11. 6 12.0 

a52 2.2 2.6 2.1 2.5 2.3 

a66 20.1 21.5 20.4 21.2 20.7 

cx77 1:.0 1.3 0.6 1.0 

a103 2.3 2.7 2.0 2.3 2.3 

~16 '8.5 9.0 9.5 8.6 9.0 

cxl34 0.8 0.8 0.7 0.8 

cxl46 0.4 0.2 O.j 

cx156 1.9 l.l 1.2 0.9 l.l 

~63 3.0 2.6 3.0 2.5 2.8 

al70 2.9 2.6 2.8 2.5 2.7 

cx199 0.6 0.6 0.6 0.6 

a205 . 0.6 0.5 0.5 0.5 

a224 0;9 0.7 0.9' 0.8 

cx240 l.l l.l L.O l.l 

a273 1.6 1.3 1.5 l; 3 1.4 

·a290 0.4 0.2 0.;3 

cx304 d.5 0.4 0.4 

cx343 7.4 7·9 7·3 7.0 7·3 

a349 11.1 11.2 10.9 12.2 11.3 

cx370 1.4 l.l 1.4 1.5 1.4 

a384 2.2 L9 2.2 L8 2.0 

a388 1.3 l.l 1.4 . 2.4 1.4 

a3'94 2.7 2.1 2.6 1.8 2.5 

cx44o · l.l 1.0 Ll 1.0 1.0 
... 
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Table XIV" Alpha groups of Pa 228 

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

6.138 0 2.5 3200 
6.114 24.0 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 77.2 1.0 3400 
6.037 102.8 2. 3 . 1100 
6.024 116.4 9.0 260 
6.007 133.6 0.8 2300 

5.994 146.2 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 
5.918 224.4 0.8 850 

5.903 239.5 1.1 520 

5.870 272.6 1.4 280 

5.854 289.6 0.3 1100 

5.839 304.3 0.4 610 

5.801 343.2 7·3 24 

5. 795 349.4 11.3 14 

5.775 369.9 1.4 92 
5.761 383.7 2.0 55 
5.756 388.4 L4 73 
5.752 393.5 2.5 43 

5.707 439.4 1.0 57 
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228 Alpha decay scheme of Pa • 
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be necessary to look for transitions in coincidence with specific alpha 

groups. 

No interpretation can be offered at present concerning the nature 

d "d t"t f th l l · A 224 an J. en J. y o e energy · eve s J.n c . 

Table 

E'y 
(kev) 

95 

130 

150 

170 

200 

D. 

XV. Gamma rays in Pa228 alpha decay 

Relative 
(k~) intensity 

240 220 

27 24o 

34 280 

ll 310 

14 345 

f .228 
Electron-Capture Decay o Pa 

Relative 
intensity 

10 

55 

49 

100 

21 

The electron-capture decay of Pa
228 

has been studied by Passell,37 

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

ported seeing 45 conversion lines and 9 gamma rays corresponding to a 

t t l f 18 t ·t· · Th228 H d d h h" h o a o gamma ransJ. J.ons J.n e propose a ecay sc eme w J.C 

incorporated all but two of these transitions. 

l. Electron Spectrum 

The results of the conversion-electron studies made with the 

permanent-magnet spectrographs are shown in Table XVI. All these transi

tions were observed by Ong Ping Hok, with the exception of the 138-kev 

transition and the Auger transitions. Because of the low transmission of' 

the spectrographs, the weaker lines observed by him were not seen in thiB 

study. 

The Auger lines served as an excellent energy calibration for the 

region 65 .to 90 kev, and verified the previous calibration of the instru

ments. The transition energy in the Auger transitions was calculated with 

the constants of Bergstrom and Hill.39 For transitions of the type 

K ~LxMy, the My binding energies of protactinium were used. 
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Table XVI. Conversion lines of Pa228 

Electron energy Relative Transition 
(kev) intensity Shell energy (kev) 

:38.01 vs LII 57.68 

41.39 vs LIII 57.67 

52.95 s ~I 57.76 

53.71 s ~II 57.74 

56.53 m NII 57.68 

56.76 m NIII 57.70 

57.54 m 0 57·7 

Adopted value 57-7 

109.39 s LII 129.06 

112.80 ms LIII 129.08 

124.37 m ~I 129.18 

125.09 wm ~II 129.12 

128.18 w NII' NIII 129.12 

128.99 vw 0 129.2 

Adopted value 129.1 

74.88 wm K 184.51 

164.13 vw LI 184.58 

Adopted value 154.5 
·-

28.26 w K 137.89 

117.61 wm LI 138.06 

132.91 vw ~ 138.07 " 

Adopted value 138.0 
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Table XVI. Conversion lines of Pa~2{3 (cant;)· 

Electron energy Relative Transition 
. (kev) intensity Shell energy (kev) 

114.20 m K 223.83 

203.44 vw LI 223.89 

Adopted value 223.8 

172.40 w K 282.03 

161.1 vvw K 270.7 

218.0 vvw K 327.7 
I 

299.91 w K 409.54 

68o34 ms K~LI LI 68.34 

69.14 ms K~LI LII 69.13 

72.51 wm K~LI LIII 72.55 

73.30 m K~LII LIII 73·33 

'.76.72 wm K~LIII LIII 76.72 

83.81 w K~LI ~ 83.82 

84.15 w K~LI ~I 84.18 

'' - K~LI ~II 85.02 
84.97 w 

K~LII ~I 84.96 

84.61 w K~LII ~ 84.60 

85.83 w K~LII ~II 85.80 

88.32 vw K~LIII ~I 88.35 

89.26 w K~LIII ~II 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 184.5-, 138.0- and 

223.8-kev transitions could be either Ml or El. 

2. Gamma Spectrum 

. 'bl t 228 . 1 t b b ,:j Since it ~s not poss~ . e . o prepare Pa · ~n eye o ron om ~r-t-

ments without also producing heavier isotopes, it is necessary to sub

tract out the contribution from theBe other isotopes in order to obtain 

the gamma spectrum of Pa228 . This was accomplished in the fo.llowing 

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 decayed out, 

leaving only the spectrum due to Pa23° and Pa233. The latter spectrum 

was corrected for the decay of Pa23° and Pa
2

33 back to the time when the 

first spectrum was recorded. Then a bombardment was made in which no 
228 Pa was produced and the spectrum again obtained. The decay was again 

followed, and the contribution from Pa
2
3° and Pa233 was obtained. By 

normalizing the two spectra to the same Pa23°, Pa
233 background, .it was 

then possible to obtain the contribution of Pa229, Pa
2
3°, Pa

2
32 , and 

Pa
2

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

of Pa
228

. 

Figures 17 through 21 show the spectra obtained in this .manner 

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 K x-rays. The x-ray peak 

observed in each spectrum is thus almost exclusively due to lead K x-rays 

which were induced by this absorption. The intensities of the tb,orium K 

x-rays were calculated from spectra obtained with no absorber. Although 

the higher-energy gamma rays (> 1 Mev) w~re seen in quite low intensity, 

they are definitely real arid belong to Pa228 . Their decay was followed 

for aqout 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 there 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 Ac
228

, 

although the intensities are considerably different in many cases.
40 

The 
228 

transitions of ~450 kev are much weE~er in Ac decay, while the 225-

and 340-kev transitions are much stronger. 

Table XVII. Gamma rays of 
.228 

Pa 

E Relative E Relative 
y 

intensity 
y intensity 

(kev) (kev) 

225 70 1190 45 

285 88 1260 48 

340 510 1380 53 

410 300 1460 54 

465 880 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 410-kev photons, on the other hand, 

favored 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 Pa228 is shown in Fig. 22. 

All 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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energies and assignments of the lower levels are fairly certain, while 

those at higher energies (above 1100 kev) are very tentative·: ;:illd un

certain. 

This decay scheme differs considerably from that of Ong Ping 

Hok, 18 but is similar in many respects to that of Bjornholm et a1.
41 

The major differences occur in the levels above 1100 kev. 

In addition to the ground-state rotational band with 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 assignment 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 difference of 58.2 kev is not the 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 is 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 

El, in analogy with the El transitions from the 1- state of the ground

state rotational band. Little can be said of the spins and parities of 

the higher excited states. 
228 The similarity of this decay to that of Ac suggests that the 

. f P 228 . "th" 1 f th t f A 228 h" l . th ght t b 2 sp1.n o a 1.s w1. 1.n ± o a o c , w l.CJ. l.S ou o e 

or 3 Since it appears that the 3- state at 396 kev is populated to a 

much greater extent in Ac 228 decay, assignments of I = 2 for Pa
228 

and 
228 42 I = 3 for Ac would not be unreasonable. According to Moszkowski 

tne spin and parity of an odd-odd nucldde 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 Pa229 has already been assigned 5/2- (523)+ 

(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) t. Moszkowski 's rule predicts very 

simply that if the arrows both point in the same direction, the resultant 

spin is given by I Ip + In I; if in o:pposi te directions, by I Ip - In I . This 

ld d . t . f 1 f 228 
wou pre lC a spln o - or Pa . 

E. Alpha Decay of Pa227 

Pa227 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. 17 The 

energy of the alpha particles was determined as 6.46 Mev. 

1. Alpha Spectrum 

Pa227 was prepared by bombarding ~horium metal with minimum-energy 

(280-Mev) protons at the 184-inch cyclotron. Its alpha spectrum was ob-

tained with the double-focusing spectrograph using a sample containing 
" 

l.4x 
. 0 

disintegrations minute, with defining slit of 0.010 10 alpha per a 

inch and baffle openings of 3.0 em. The alpha spectrum is shown in Fig. 

23, and the data are summarized in Table XVIII. These data were based on 

two spectra which were obtained while following the decay of the peaks. 

The excited state energies should be good to ± 0.5 kev, and the abundances 

to about 5%. 

Table XVIII. Pa227 Alpha Groups -·-
Alpha-:particle Excited-state Abundance Hindrance 

energy a energy (%) factor 
(Mev) (kev) 

6.526 0 2.3 130 
6.515 10.7 0.3 900 
6.460 67.3 49.§ 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 24 
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 

a Relative to Bi 
211 

= 6. 273 
0:354 ' 

Mev. 

-
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2. Decay Scheme and Interpretation· of Levels 

The alpha decay scheme of Pa227 is shown in Fig. 24. Although 

alpha-gamme" coincidences were looked. for, the results were very 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 
229 . 

Pa , while others are not. The alpha group leading to the ground 

state is hindered to a much greater extent in Pa 227, while the hinc.:. 

drance factors to higher states are much smaller. In each case, a low 

hindrance factor indicating "favored" alpha decay to one level is ob

served. 

The levels at 67.3, 109.7, 157.9, ·and 208.6 kev are . interpreted 

as being members of a K = 5/2 rotational band with the Nil-sson assign

ment 5/2- (523). In this case, however, the energies of the levels 

deviate somewhat from the simple I (I+l) dependence, and an additional 

term of the form BI2 (I+l) 2 must be added. Table XIX compares the 

experimental energies and intensities with those calculated using 

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

'I'able XIX. Favored alpha decay to K = 5/2 band. in Ac
22

3 

Spin of 
state Exp. 

67.3 

109.7 

Excited State Energy (kev) 

The or. (Simple) a ( 2 )b Theor. I Term 

(67.3) ( 67 ·3) 
(109.7) (109.7) 

Rel. 

. Exp. 

100 

23 

Int. 

Theor . 

(100) 

20 

c 

5/2 

7/2 

9/2 157.9 164.2 (157.9) 5.3 6.3 

11/2 208.6 

a ~2/cs 6.06 kev 

b ~2/ZS = 7.18 kev, 

1.00, 

230.9 209.5 0.8 1.2 

B = -0.045 kev 

c4 = 0.19 (From Th226 hindrance factors) 
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Fig. 24. Alpha decay scheme of pa227. 
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A search for a second K = 5/2 band analogous to that in Ac
22

5 

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 expecte6. for Ac 223, the 1/2- (530) state is 

found at slightly higher excitation than the 5/2- (523) state, which is 

assigned to the rotational band based on the level at 67.3 kev. In 

view of the fact that the asymptotic ~uantum 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 E~. (3) for a K = 1/2 band, 

the relative populations cannot be made to give satisfactory agreement. 

Use of odd-L alpha waves likewise fails to give agreement. 

Because of the lack of further information concerning the in

ternal transitions in Ac223, and the failure of theory to match the ex

perimental alpha-decay pattern, the identity of the remaining levels 

remains unsettled. 

F. Electron-·Capture Decay of Pa23° 

Pa23° decays 92% by,electron capture and 8% by beta 

emission, with a total half life of 17 days.
44 Meinke also reports 

a weak alpha branching of 0.003%. 17 The radiations have been studied 

by Passe1137 and by Dng Ping Hok, 45 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 transi

tions of 52.2, 120.8, 228.0, and 443.6 kev may be assigned with confi

dence to the electron-capture decay of Pa23°. Some of the other lines 
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Table XX. ConverEion lines of Pa23° 

, Electron Relative Sub- Transition 
energy (kev) intensity shell energy (kev) 

33.45 VVS 32 LII 53.12 
36.89 vvs 33 LIII 53.17 
48.37 vs 13 ~I 53.18 
49.14 vs 13 M:rii 53.17 
52.05 ms NII 53.10 

6 52.14 ms NIII 53.08 
52.89 m 1.4 0 5~.1 

. Adopted value 53.15 

101.08 s . 2.3 LII 120.75· 
104.49 s LIII 120.77 
116.09 m ~I 120.90 
116.83 m ~II 120.86 

119.73 w NII 120.88 
Adopted value 120.8 

118.38 ms 0.4 K 228.01 

207.41 w LI . 22J:.86 
Adopted value 228.0 

333.95 ms K 443.58 
423.19 wm LI 443.64 

Adopted value 443.6 

338.3 vw 

345.1 vw 

353.7 wm 

376.4 vvw 

430.0 vv-w 

515.5 vw 

526.3 vw 
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may be due_to transitions in u23° following .beta decay, although the 
,;_._ev.45 ~i.sin~egratio~ ·energy is only 410 n T.hey_._ a:r~. shown in Table XX 

.only,because the E.C./t3- ratio is eo large. The electron lines listed, 
. . 

even though some ar_e weak, have_ cor,slstently ap:r.eared. on several plates 

following different bombardments. 

The 53.2- andl20.8-kev transitions are both.E2, while the 

multipolarities of .the· other transitions. are unassigned. 

2. Gamma Spectrum 

Figure 25 shows the gamma spectrum of Pa23° and Pa233, both of 

whj_ch were formed in the bombardments. The spectrum due to Pa233 was 

obtained by using isotopically pure Pa233 produced by neutron irradi

ation of thorium metal. The difference between the curves, representing 

the Pa23° contribution, is sb,own in Fig. 26. The energies andrelative 

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

that the gamma rays follow the electron-capture decay of Pa23°, although 

this may not be justified. 

Table XXI. Gamma rays f p .230 o a 

E Relative E Relative y 
intensity y 

intensity (kev) (kev) 

275 35 905 620 

400 105 945 1000 

450 460 .1060 44 

510 220 K x-rays 2300 

560 70 

Alpha-gamma coincidence studies revealed that the 400 to 510 kev 

gamma rays are not in coincidence with the 940-kev photons,· in contrast 
228 to -the decay of Pa . Since the E.C. disi~tegration energy is expected 

46 to be only 1240 kev, 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 rotations.l band are assigned with certainty. 

The 1- state at 505 kev is based on gamma rays of 510 and 450 kev. 
234 4·r These gamma rays were also observed following the alpha decay of U . 

The level at 950 kev is assigned as the 2+ member of the gamma 

vibrational band in analogy to the 966-kev level in Th
288 

(Fig. 22). Hmr

ever. the complex peak at 940 kev in the gamma spectrum is much narrower 

-~han 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 sho~l 

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. 

U230. 46 

G. 230 Beta Decay of Pa 

Prior to this study, nothing was known about the excited states of 

Ong Ping Hok and Passell both failed to obseTve any transitions 

that might be ascribed to the beta decay of Pa23°. 

l. Electron Spectrum 

Table XXII summarizes the data obtained with the permanent-magnet 

spectrographs. The conversion lines of only one transition in u23° were 

observed. This E2 transition undoubtedly proceeds from the first excited 

state to ground. 
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Table XXII. Conversion lines in Pa230 beta decay 

Electron Relative Sub- Transition . 
energy intensity shell energy 

(kev) (kev) 

30.72 ms 4 LII 51.66 

34.52 ms 5 LIII 51.68 

46.49 m ~I 51.67 

47.39 m ~II 51.69 

50.38 w Nil 51.65 

50.59 w NIII 51.63 

51.67 

2. Decay Scheme and Interpretation of Levels 

Figure 28 shows the beta decay scheme of Pa23°. Since the branch

ing ratio to the two levels is unknown, only the transition to the upper 

state is shown. These two levels are assumed to be the 0+ and 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 Pa231 is given the Nilsson assignment 1/2- (530)t, 

and in Pa229 5/2- (523)~. The 139th neutron in Th229 is assigned 5/2+ (633)~. 
By Moszkowski's rules the spin and parity of Pa23° should then be either 2-

or 5-. The fact that beta decay takes place to the 2+ level in u23° would 

favor the choice of 2-, especially since no population to the 4+ or higher 

levels is observed. 

H. 232 Beta Decay of Pa 

232 46 Pa decays by beta emission with a half life of 1.3 days. The 

beta and gamma spectra have been studied quite extensively by Ong Ping 
18 48 49 Hok ' and by Browne et al. The latter group found three beta com-

ponents and 15 gamma rays (energies and intensities not published), while 



p0 23o 
-~--.(2-) 

-84-

E2 

u23o 

kev I 11 

51.7 2+ 

0 0+ 

MU-15924 ·. 

8 . . 230 Fig. 2 . Beta decay scheme of Pa • 



-t5-

Ong Ping Hok found four beta components and .16 gamma transitions. He 

also proposed a decay scheme. 

S . p 232 d d 1 b d t . th b b d lnce a was pro uce on y as a y-pro uc ln ese om ar -

ments, no extensive studies were made of its radiations. The following 

results were obtained during studies concentrated on the lighter isotopes 

of protactinium. 

1. Electron Spectrum 

Table XXIII 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 E2. 

2. Gamma Spectrum 

Th t f 1 t . . .Pa229, Pa232, Pa230, and Pa233 e spec ra o a samp e con alnlng 

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 
229 d 232 . h t h Pa an Pa , lS s own in Fig. 29. In addition o .t e gamma rays re-

solved from this spectrum, one of 1150 kev appea,red in the higher-energy 

region. The energies and relative abundances of the gamma rays are shown 

in Table XXIV. Most of the x-rays are due to the electron-capture decay 
229 232 of Pa , while all of the gamma rays are assigned to Pa decay. 

Table XXIV. Gamma:rays of pa:232 

E Relative E Relative 
y abundance y abundance 

(kev) (kev) 

155 240 845 185 

390 160 900 410 

455 250 980 1000 

515 140 1150 50 

575 14o K x-rays 5300 
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Table ·xxni. Conversion lines of Pa232 

Electron Relative Sub- Transition 
energy (kev) intensity shell energy (kev) 

26.55 VS 32 LII 47.49 

30.33 VS 33 LIII 47.49 

42.33 ms 21 ~I 47.51 

43.17 ms 15 ~II 47.47 

46.19 m NII 47.46 
ll 

46.43 m NIII 47.47 

47.33 wm 4 0 47.5 

Adopted value 47.48 

87.94 . s 18 LII 108.88 

91.74 s 13 LIII 108.90 

103.72 m 6 ~I 108.90 

104~ 50 m 6 ~II 108.80 

107.59 w NII 108.86 
3 

107.81 w NIII 108.85 

108.59 w 0 108.8 

Adopted value 108.9 

272.15 vw K 387.74 

365.91 vw LI 387.67 

Adopted value 387.7 
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3. Decay Scheme and Interpretation of Levels 

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 the latter is more intense. 

The spins and parities of the ground-state rotational band are the 

only ones that may be ass-igned 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 unkno1vn. 

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 Pa232 .in order to 

fit his log (ft) values. This would be in perfect agreement with the pre

diction based on Moszkowski's rules, using 1/2- (530)t for the 9lst proton 

in both Pa231 and Pa233 and 5/2+ (633)~ for the 14lst neutron in both 
Th231 and u233. 

I. Beta Decay of Pa233 
) 

Pa233 is a 27:;.,d.ay beta !=mitter 'whose radiations have been ex-
-- 46 

tensively investigated. It is especially noted for the very large 

number of conversion electrons emitted in its decay. 

In bombardments of Th23°, 232 with deuterons or of Th232 with 

protons, one would not expect to make appreciable quantities of Pa:233. 

However, in each type of bombardment, large amounts of Pa233 were formed, 

presumably by the ~n232 (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 

The conversion lines of Pa233 .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-Ml would 

not be inconsistent with the observed patterns. 
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Table ·x::IJ/. ConverE-ion lines of Pa233 

Electron Relative Sub- Transition 
energy (kev) intensity shell energy {kev) 

19-32 w LII 40.26 

23.11 w LIII 40.27 

35.09 vw ~I 40.27 

39.02 vvw NII 40.22 

Adopted value 40.27 

53.36 ms 3 LI 75.12 

54.22 wm LII 75.16 

69.64 m 1 ~ 75.19 

73·70 wm NI 75.14 

74.71 vw 0 75.0 

Adopted value 75.15 

64.67 s 4 LI 86.43 

65.47 m 1 LII 86.51 

80.95 ms 1 ~· 86.50 

81.31 vvw ~I 86.47 

85.08 wm NI 86.52 

Adopted value 86.49 

82.01 ms 0.8 LI 103.77 

82.80 w LII 103.74 

98n22 wm ~ 103.77 

102.27 vw NI 103.71 

Adopted value 103.8 
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Table XX:V. Conversion lines of Pa233 (cont.) 

Electron Relative Sub- Transition 
energy (kev) intensity shell energy (kev) 

184.42 vs 2.3 K 300.01 

278.29 s L 
I 300.05 

294.33 .m ~ 299.88 

Adopted value 300.0 

196.08 vvs 10 K 311.67 

289.89 VS L 
I 311.65 

305.98 m ~ 311.53 

310.06 w NI 311.50 

Adopted value 311.6 

224.75 ms K 340.34 

318.56 w LI 340.32 

Adopted value 340·3 

299.95 m K 415.54 

393.78 w LI 415.54 

Adopted value 415.5 
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2. Gamma Spectrum 

The gamma spectrum of Pa233 is shown 'in ··Fig. 31. Nci attempt has 

been made to resolve the peaks, since they are known to be composed of 

·several· :components- of approximately .the same energy. 

3. .Decay Scheme and Interpretation of Levels 

The decay scheme of Pa233 is shown in Fig. 32. It is identical 

· to that proposed by Ong Ping Hok18 and earlier by Brodie, 50 with the ex

ceptic;m 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 

s.tudy are shown by dotted lines, with the. energies obtained by difference. 

The. abundances of the beta components were also taken from Ong Ping Hok. 

The Nilsson assignments were proposed by Newton,35·and l:l.re con

sistent with the decayscheme shown. 

J. Electron-Capture Decay of Ac 224 

Ac 224 decays 90% by electron -capture and 10% by alpha-particle 

emission, with a total half life of 2.9 hours. 17 Since it may be easily 

obtai;ned by a .milking experiment from Pa228, it was felt.advisable to 

investigate its electron-capture decay to Ra224 . The low-lying levels 

in Ra
224 ha~ beenpreviously studied by Stephens51 following _the alpha 

228 228 decay of Th • Figure 33 shows the decay scheme of Th . 

Gamma .Spectrum 
' 224 

The singles gamma spectrum of Ac as well as the K x-ray-gamma 

coincidence spectl.'um showed only K x.,-rays and gamma rays. of 133 and 217 
kev. A typical gamma-ray spectrum is shown in Fig. 34. A search for 

higher-energy gamma rays revealed none, although the total disintegration 

energy is estimated to be 1370 kev. 46 An upper limit .of 2% was set for 

the intensity of any gamma ray above 220 kev. 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 Ra224 . The 
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DECAY SCHEME OF Th 228 
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radium K x-rays are due mainly to K-electron capture, with a slight contri

bution from the K-conversion of the gamma rays. By integFating the three 

peaks and making the necessary corrections for counting ,efficiency, 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 
224 The electron-capture decay scheme ofAc is shown in Fig. 36. 

It is .seen to be very similar to .the electron-capture and beta decay 
226 46 . schemes of Ac , w~ th .. the 1- state being populated in each case. 

224 The levels of Ra · have 
. 51 

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, 

being 0.36 ± 0.15.52 Theoretically, this ratio is given by 
\ 

(llK. 
. ~ 

-K.Illoo)
2 

~ 
= -------------------~ 

-K.1112ol 
.~ 

(llK. 
~ 

= 
2.00 for K. 

~ 

0.50 for Ki 

1 

0 

The value obtained from this work is 2.24 (133/217)3 = 0.51 ± 0.05. 

This clearly indicates K = 0 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 

0 or l, with or without a change of parity. Since the decay is predomi

nantly to the 1- state with less than 20% to the 0+ and (or) 2+ states, 

a .choice of odd parity would be favored for Ac 224 . The spin should be 

less than 2, since the 3- and 4+ states are not populated. The best 

.choice would be 0- or 1-. Stephens favors 0- for Ac226 . 53 

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 Ac 223 

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 

6 17 its alpha-particle energy was measured as .64 Mev. Since its alpha 

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

gate it, especially since it is in equilibrium with Pa227 and its alpha 

energy is only slightly larger. 

1. Alpha Spectrum 

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

that .of Pa227. H . th p 227 1 h f d . owever, slnce e a a p a groups were ocusse ln 

the center of the plate, those of Ac 223 fell toward the end of the plate 

and were 'somewhat distorted. The spectrum obtained is shown in Fig. 37, 

and the results obtained from two suc,h spectra are summarized in Tab.le 

XXVI. The excited-state energies should be good to ± 0.7 kev and the 

abundances to 5%. 

Alpha-particle 
energy 
(Mev)a 

6.657 

6.643 

6.561 

Table XXVI. 223 Alpha groups of Ac 

.Excited-state Abu.."ldance 
energy (%) 
. (kev) 

0 40.0 

14.7 46.0 

98.2 14.0 

a Relative to B~~ll = 6.620 Mev. 
0 

2. Decay Scheme 

Hindrance 
factor 

1.3 

:l.O 

1.5 

The alpha-decay scheme of Ac223 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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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

cability to the levels populated in Pa227 and Pa229 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 stresses the need for even higher 

resolution and greater sensitivity than is provided by present spectro

scopic techni~ues. Many ~uestions remain unanswered in this region, and 

it is hoped that improved methods will help to explain these mysteries. 
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