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Lawrence Radiation· Laboratory and Department of Chemistry 
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·ABSTRACT 

231 229 ·227 The alpha decay of Pa , Pa . , Pa .• d A 223 . t d' d an c .1 s s u 1e • 

An alpha-particle -gamma-ray coincidence technique was employed. 

We used a 180 deg double -focusing spectrograph or gold-silicon solid­

state detectors for alpha analysis, and a sodium iodide ( Tl -:-activated) 

scintillation crystals for gamma-ray d'ete.ction. ' 

h d f 227 ' .229 ' d T e groun states o Pa . and Pa . are· shown to be P;opulate 

by 5.46- and 5. 73 -MeV a particles, respectively. The rotational 

bands populated· in the decay of Pa 22 7 are interpreted as being based· 

on octupole vibrational levels predicted by the Bohr -Mottelson "strong­

coupling" model. Modified decay schemes are presented. 

It is suggested that in odd-proton nuclei, the permanent nuclear 

deformation starts closer to the closed shell· than in the even-even 

nuclei. 

A new alpha group at 5.4 7 MeV is reported in the alpha decay of 

Ac 223 . No rotational structure is observed in the levels populated. 

Evidence is pre sen ted for· the presence of two additional levels 
231 populated in the alpha decay of Pa 



-1-

·I. INTRODUCTION 

A number of theoretical·models have been proposed to explain 

the properties of the nucleus. Experimental te.chniques, which are 

being constantly improved, have helped :us test these theories and 

understand the nuclear-decay. processes. The shell.model of the 

nucleus originally proposed by Mayer 1 and Jensen2 describes the 

properties of spherical nuclei, while·the strong-coupling "collective 

model" by Bohr and Mottelson 16 successfully.explains the nuclear 

properties of heavy elements having nuclei known to possess a non­

spherical hut axially symmetric equilibrium shape. 

In the periodic table where both the proton and neutron shells 

are filled (in the isotope Pb208 ), the equilibrium shape of the nucleus 

is known to be spherical. In the heavier elements (A> 225), an exist­

ing permanent spheroidal deformation explains the rotational nature of 

the observed levels. In the intermediate region the level structure·is 

not very well understood. Also, experimenters have observed that 

the level structure becomes more complex for the odd-mass nuclei. 
229 22 7 . . 

A study of Lhe alpha decay of Pa and Pa 1s undertaken .to gather 

information that may help extend the pre sent theories of nuclear 

structure to elements of the intermediate region of deformation. The 
•223 

alpha decay of Ac is also studied. 
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II. EXPERIMENTAL METHODS 

Two types of nuclear spectroscopy--alpha and gamma--have 

been employed here. The alpha spectra were. obtained with either 

a double -focusing electromagnetic spectrograph or with surface­

barrier solid-state detectors. Thallium-activated sodium iodide 

crystals were used to detect the 'I rays. The '1-ray spectra were 

obtained through a.-particle -y -ray coincidence measurements. De­

tails of these experiments and the preparation and purification of 

samples .are presented in the following section. 

A. Alpha Spectroscopy 

1: Surface Ba.1·rier DetcctorG 

These detectors may be considered to be solid-state ionization 

chambers; they consist of thin wafers of silicon crystals coated with 

gold on one side. A positive voltage bias was applied across the 

crystal and the a. particles striking the gold surface created aJ;l. elec­

tric impulse when stopped in the depletion layer. This signal, pro­

portional to the a. -particle energy, was then amplified and pulse­

height-analyzed. 'Different sizes of detectors were used, depending 

on the resolution and geometry considerations. Full details of con­

struction and maintenance of these detectors are available in the 
. 34 

literature. 

2. Double -Focusing ci. -Particle Spectrograph 

This instrument is a modified Siegbahn-Svartholm double­

focusing spectrograph. The magnetic field is nonuniform, with a 

radial dependence that produces focusing in both vertical and horizon­

tal directions. The field is shaped to permit the location of both 

sample and receiver outside· the magnetic field. The magnet covers 

180 deg with a maximum radius of 50 em and an optical axis of 35 -em 

radius. The field along the norrrial axis is proportional to the 

measured frequency of a Li 7 nuclear-magnetic resonance probe 

located at 9-cm radius. The receiver was either a photographic plate 

or an array of solid-state detectors 1.5 mm wide and 10 mm long. 

•' 
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The path of the a particles reaching the receiver can be restricted 

by adjustable baffles at 90 deg radius. The photographic plates used 

to record the spectra were scanned every 1/4 rnm along,th~ width 

under a microscope. The total number of tracks at each position was 

plotted against the position, this position being proportional to the 

energy of the a ,particle. The energies of the various peaks observed 

with Pa
227 

sources were,calculated relative to the two peaks of Bi211 , 

. whose energies .were known accurately. 5 The dispersion and the peak 

shape depended on the position of occurrence on the plate. The· change 

·in peak shape was shown to be caused by the focusing at different 

positions on the receiver of a particles of single energy traveling in 

paths· farther away from the optical axis. We corrected this construe­

tional defect of the magnet by changing the pole shape of the magnet on 

the source side, thereby achieving improved transmission·of the a 

·particles. The exact shape of the pole face was determined by ob­

serving the focusing of single -energy a particles traveling away from 

the normal axis. Through this modification all a particles of the 

same energy crossing ·the 90 -d~g ra?-ius between Z5 em· and 44 em 

could be brought to focus at the same position. 

B. Alpha-Particle -Gamma-Ray· CoinCidences 

The '( rays arising from the internal transitions could be 

detected only through coincidence techniques because of the high 

levels of extraneous gamma activity associated with the prepared 

samples. Further, the c.losely spaced levels demanded an alpha de­

teeter of high resolution. For this ,purpose the double -focusing spec­

trograph was employed· in which an array of ten solid...,state detectors 

. was used as the receiver.. The magnetic field was so adjusted as to 

focus an alpha group ·among two or three detectors. The whole array 

accommodated about 60-keV energy range. 

The '( rays were detected by a Na.I ( Tl-activated) crystal 

mounted on a phototube '(DuMont 6292). The light output of the detec­

tor was converted into an electric pulse by the phototube, then ampli­

fied. and used on the gamma· side of the coincidence setup. Two sizes 
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of crystals were used, one of 3 in. diam and 3 in. long, the other of 

1.5 in. diam and 1.5 in. long. The latter was provided with a beryl­

liumwindow and was more useful in the investigations of the L x-ray 

region. 

The arrangement for the coincidence measurements when the 

magnetic alpha spectrometer is employed is represented schemati­

cally in Fig. 1. The details of its working were described by others 6 

and therefore are here mentioned only briefly. The electrical pulses 

from each one of the detectors in the array on the 'alpha side were 

amplified, counted, and fed into a c.oincidence unit that puts out a 

"coincidence pulse" when a gate gene rated by the gamma pulses is 

also pre sent at .the same time. The coincidence pulse act~ as a gate 

for an ECHO aualy :t.e1· whe're the coi~icident 'Y ray wac pulse .:.height-. 

analyzed. The ECHO analyzer also operated a printer that records 

the number identifying the alpha detector and the 'Y-ray energy. The 

't-ray spectrum in coincidence with a given alpha group was then com­

piled from these data. The corrections for accidental coincidences 

were determined separately by replacing the alpha pulses by artificial 

electronic pulses; these corrections were subtracted from the observed 

data. The background counts for each detector un the alpha side were 

determined and· subtracted from the number of counts recorded during 

the experiment and the intensities of the coincident 't rays were cal­

culated. The whole experimental arrangement was aligned and cali­

bra ted using the· 60 -ke.v 't ray in the alpha decay of Am241 

223 
·In the decay of Ac the a particles were detected by surface-

barrier detectors and the experimental arrangement for coinCidence 

measurements is represented in Fig. 2. The amplified alpha pulses 

were fed into a router that consisted of four single -char'mel pulse­

height analyzers that operated one at a time. The analyzers were ad­

justed to pass pulses corresponding to the a particles of Ac
223 

The 

outputs were counted individually to determine the intensity of the 

coincident 't rays. The output of the· router. operated a variable delay 

gate and the corresponding quadrant of a 400-channel pulse -height 

analyzer.· The 't rays detected by a Nai crystal were· amplified and 

fed to the 400 -channel analyzer and to a variable delay gate. The 
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Fig. 1. Block diagram for coincidence measurements 
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shaped pulses from the delay-gates, properly delayed, were placed in 

coincidence with a resolving time of .1 tJ.SeC: . The pulse from the coin-
' ' 

· cidence unit opened. the gate of the pulse -height analyzer, which. 

analyzed the coincident.y ray and stored it in·the appropriate quadrant. 

This arrangement allowed us ·to. ·study. all . the alpha groups simul­

taneously. When y rays in coincidence with only one alpha group 

were measured,. the. router was replaced by a. single -channel analyzer 

in combination with a 100 -channel pulse -height analyzer. 

The a -particle -y- ray coincidence arrangement used for Pa 
229 

sources is represented in Fig. 3. A two-dimensional analysis and 

coincidence technique was employed in place of a single -channel 

pulse-height analyzer for energy ciiscrimination of the a particles. 

The arrangement, as repr·e sented, is a. ~ombination of the punch-tape 

unit 
7 

and the coincidence unit. 6 The a and y pulses. from the. respec­

tive linear amplifiers were fed into two separate ·ECH<? analyzers 

operated by a coincidence gate. The coincidence gate was formed 

when the shaped pulses from the variable delay.- gates on both sides 

arrived at the sarne time. The resolving time u·sed was 0.5 J.lsec and 

was determined by the width of the two pulses. After the formation· 

of the gate that opened the analyzers that analyzed the respective 

pulses, and after the·pulse-height information was fed to the punch­

tape control, the coincidence unit was made inoperative. The coinci­

dence data were recorded in two ways on two different tapes; the alpha 

or the gamma pulse -height information·appeared. first. This facili­

tated the decodification of the data. The gross alpha spectrum was. 

also recorded separately on a 100-channel· Penco pulse -height 

analyzer during the experiment. The gamma spectrum in coincidence 

with an alpha group was obtained from the tapes with the help of a 

punch-tape reader. The information which appeared first on the tape 

was analyzed by a. single -channel analyzer (SCA) of the reader and if 

the data were to fall within the two pre set boundaries of the SCA, the 
. . . . . . . .· . 

following information was analyzed and stored .. Similarly, using the 

tapes with the gamma. information appearing first, it was also possi­

ble to obtain the alpha. spectrum in coincidence with any given region 
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MU-32884 

Fig. 3. Block diagram of two-dimensional analysis 
coincidence measurements. 
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of the gamma spectrum. The ·arrangement was calibrated by using a 
·241 . 

standard Am sample. 

C. · Preparation and Purification of Samples 

The protactinium-22 7 used in these studies was prepared by. 

bombardment on the end of thorium-232 foils with deuterons of mini­

mum available energy, 15 0 MeV .. Thorium foils 0~ 010. in. thick and 

measuring 0. 75 X 0.5 in. were·wrapped in 0.001-in. platinum foil and 

introduced into the 184 -in. synchrocyclotron. At the minimum ap­

proachable radius, a dP.uteron beam of 0.5 f.LA was oulained. Under 

these conditions, various isotopes of protactinium were formed 

almost in equal amounts. The half lives and the modes· of decay of 

these isotopes are indicated in Table· L FollowiJ:1-g 1-hr bombard­

ments, thorium foils were dissolved in about 15 ml of hot cone HCl to 

which dilute HF was added drop by drop. On some occasions, a white 

precipitate· (believed to I?e thoria) was observed; this was removed. 

The excess flouride in the solution was eliminated by adding a satu­

rated borate solutiou. The clear solution was then transferred onto a 

5 -mm diam column packed with 2.5 to 3.0 em of Dowex 1A (400 f.L• 8% 

cross linkage) anion-exchange resin. T_he column was pressurized to 

increase the flow rate but not to exceed. 2 drops per second. Thorium 

passed through without adsorption while the other actinides· remained 

on the column. The resin was washed successively with 3 to 4 times 

its volume of cone HCl, 10. M HCl, and 6 M HCl. Protactinium iso­

topes were eluted with 1 ml of 9 ~ HCl containing 0.1 M HF and 

evaporated to dryness. The·activity, consisting mainly of protac­

tinium isotopes and some uranium, was transferred to another box 

where it was further purified by adsorption on an anion-exchange resin 

column 2 mm in diam,. and. 1 em long. The cleanup column was first 

washed with 10 M and 6 M HCl and protactinium was eluted from this 

cleanup column by 5 to 6 drops of 2. 7 M HCl,. and evaporated on a 

platinum disc. The line sources were prepared by vacuum sublima-

·tion of the activity O.nto 0.002-in. aluminum discs. Alpha activities 
. ·. 6 

actually used in the experiments were restricted to 2 X 10 

---------------------------------------------------------------------------~ 
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Pa 229 

Pa 
228 

Pa 
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Table ·I. Protactinium isotopes formed 

in the bombardments. 

Mode of decay No. of states populated 
Half .life alpha EC alpha EC 

(%) (%) 

.17 day- -- --

1.5 day 0.25 99 13 2 

22 hr 2 98 27 13 

3 8. 3 lllifl 05 . 15 9 

'-
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disintegrations per minute so as to minimize chance coincidences re­

sulting from the high gamm<t' activity from the other isotopes of pro­

tactinium. The total time required for the chemical separation and 

sample preparation was about 1 hr. 

Protactinium-229 was obtained as the electron-capture decay 

product of uranium-229. Uranium-229 was prepared by bombarding 

thorium-232 foils of 1 in. on end with the minimum available energy 

a. particles of 280 MeV. Following 1-hr bombardments, the .foils 

were dissolved in cone HCl (with some HF) and adsorbed on an 

anion-exchange resin. All the actinide elements except.uranium were 

washed off with HCl of various concentrations, and 9 M HCl plus 

0. 1 M HF was used to remove any directly formed protactinium. 

Pr.otactinimp.-229 was eluted with 2. 7 M HCl after the complete decay 

of uranium-229 and further purified in a cleanup column. This 

n:etho.d provided isotopically pure Pa 229 , but the amounts were not 

enough· for the experiments. The required amqunt of activities were 

prepared by bombarding Th232 with protons of 25 -MeV energy from 

. the 88 inch cyclotron. Protactinium was separated chemically from 

the targets following 4- to 5 -hr bombardments amounting to .15 to 

20 f.LA.hr. 

Actinium-223 samples were obtained by repeated 3-min coliec­

tions of the recoils from the parent. Protactinium-22 7 was. sublimed 

as a thin layer onto a· metallic disc and the recoiling atoms were 

collected on another disc ·1 in. away in the atmosphere. A potential 

difference of 1~00 V was maintained b~tween the source (positive) and 

the collector (negative). Better collection efficiency was achieved by 

making the sources thinner and by collecting the recoils at the center 

of a cylinder with the source vaporized onto the inside surface of the 

cylinder. Three -minute· collections appeared to contain the optimum 

amounts of actinium. Attempts to remove the directly collected 

bismuth by flaming the collection plates did not prove profitable. 
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III. OBSERVATIONS 

227 
Alpha Decay. of Pa 

Protactinium-227 was first prepared by Meinke, 8· who deter­

mined its half life to be 38.3 min with an alpha decay branching of 85%. 

The energy of the a particle associated with its decay was deterrnined 

to be 6.46. MeV. The fine structure of the ·alpha spectrum was studied 

by Hill, 9 who proposedthat.the.6.46 MeV alpha group led to a~ excited 

state at 67.3 keV; he also suggested the presence of a rotational band 

(K = 5/2) based on this level. This suggestion was based purely on 

the observed energy spacings and intensities of the various levels. A 

systematic study of a -particle -y -ray coincidences ·was undertaken 

to· e"stablish a decay s·cheme. 

1. . Alpha Spectrum 

The various groups identified in the alpha spectrum represented 

in Fig. 4 are·based on the present studies. The spectrum is quite 

similar to that .obtained by Hill ·with the important difference ·that 

groups of higher energy"than 6.46 MeV are interpreted as not belong­

ing to the Pa
227 

decay: The energies of the various levels shown in 

Table II.come from alpha groups determined relative to the two alpha 

f B · 211 ( h' h . . 'l'b . . h. p 227 ) d groups o 1 w 1c was present 1n equ1 1 r1um w1t a an 
. . c 

whose energies were determined accurately by Pilger: J 

2. Gamma Spectrum 

The method of preparation of sources makes it impossible to ob-
. p 227 f. f h 1. h . ·. 0 . h ta1n pure .a ree rom ot era p a em1tters. w1ng tot e pres-

ence of other isotopes of protactinium the samples also exhibited high 

levels of gamma activity. Coincidence techniques (de scribed in 

·· Sec .. II) were employed to observe the y rays; we u'sed the-double­

focusing spectrograph for detecting selectively the ·Closely spaced 

alpha groups. 
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Table II. Alpha groups of Pa227 

Alpha -particie ' Excited- state 
Abundance 

energy:. energy ( %) 
(MeV)' (keV) 

Hill 1B This work 
work 

6.460 0.0 49·.5 50 .. 7 

6 . .418 ,A2.4 11.5 11.8 

6 . .410 50.8 14.8 15.2 

6;396 64.7 9.3 9.6 

6.371 90.6 2.6 2.6 

6:35•1 110.3 7.8 H.O 

6.331 131.3 0.7 0.7 

6.321 141.3 0.4 0.4 

6.294. . 168.3 . 0.8 0.8 

...... . . . ~ . . . . . . . 
a. Hindrance factor values taken from reference· 37. 

Hindrance 
factor a 

2 .. 6 

. 7.4 

5.3 

7.3 

20 

5.6 

50 

80 

. 30 
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3. DecayScheme 

The decay scheme proposed by Hill (see Fig. 5). repr~ sents the 

ground state .as .being populated by 6.52 -MeV alpha particles. On·this 

basis, the intense ·6 .46 ~MeV gro~p is expected to be -in coincidence 

with photons or conversion·electr:ons or both .. · Neither y rays nor 

conversion x rays were -observed .in coincidence. O.n the assumption 

that an isomeric state· is .involved,. delayed-coincidence experiments 

were conducted. In the-investigated range of 1 f.!Sec to 0.5 min half 

·life, the observed coincidences were enough to account for the ex­

pected chance coincidences. These negative results:ledto the present 

assignment in· Fig. 8. (see ·alpha. decay of A~223 ). The results of the 

·coincidence measurements are presented below, where the separate 

levels are ·discus sed. 

a. 42 -keVTevel. No y rays of. measurable intensity. were ob-
. :. 

served in coincidence with the a's populating this· level, and the 

intensity of the observed L. x rays accounted forthe·intensity of the 

group, which suggested an E2 transition consistent with the as sign­

ment of this level as a member of the ground-state rotational band. 

b. 50-keV state. Both L x rays and a y ray of approximately 

50 keV were observed in coincidence with a. particles·leading to this 

state. The. intensity of the ·photon could not be determined with 

certainty· because of the strong·E 1 transition from the -next highest 

.level and because of the inherent limitations on the alpha. resolution. 

This means·that there .is not a 50-keV E1 transition in coinddence 

with this alpha-group. However, an upper limit of 0.02 photon per a 

decay can be· set on the intensity of this y ray,. which gives a mini­

mum value·for the conversion coefficient of 6.5. ·The theoretical con­

version coefficients for E1, E2, Mi, and M2 are 0. 7, 275,. 22. 7, and 

1050, respectively. This allows a reasonable choice of M1 or E2 or 

a mixture of both for this transiton. 

c. 65 -keV level. The gamma spectrum observed in coincidence 

with the a. particles populating this state is presented in Fig. 6. The 

intensity of the 65 -ke V y ray was found to be 6. 2% of the total alpha 

decay, while this level is populated to the extent of 9.6% ,. which gives 
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Fig. 5. Decay scheme of Pa 22 7 (by Hill).· 
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a conversion coefficient of 0.35 for this transition. The theoretical 

conversion coefficients 'of E 1COA )' and M 1( 11) suggest clearly an 

E 1 nature for this transition. 

d. 110-keV state. ·Two y rays of energies 67 and 110 keY an4 

K x rays were found to depopulate this level as shown in Fig. 7. 
1
The 

curve drawn through the badly scattered experimental points is in­

fluenced by the a-particle energies and the expected y transitions. 

The intensities of the photons were calculated to be 14.5% of 6 7 ke V 

and 25.5% of 110 keV per a particle populating this state. The calcu­

lated conversion coefficients suggested strongly that the transitions 

are E1 in nature. The decay of this state. to the two. members of the 

ground-state rotational band is of particular interest. The relative 

·intensities of the two E1 y rays, when considered with the E1 deexci­

tation of thP. 65 -keV state to the ground state, suggests the possible 

presence of a second rotational band based on'the 65 -keY state with 

the second member at 110 keV. The parity of such a rotational band 

should be opposite to that of the ground-state band. 

The amount of K x rays in coincidence was enough to account 

for the intensity of this alpha group, but the calculated K-conversion 

coefficient was much higher than the theoretical value of 0. 3. This 

excess of observed K x rays may be attributed to an admixture of 

some M2 transition that also has an estimated half life comparable to 

the 1-fJ.sec resolving time of the coincidence equipment; Calculations 

indicate that such an admixture must consist of equal amounts of E 1 

and M2 transitions, which does not seem reasonable. Another expla­

nation might involve an anomalously high E1 conversion coefficient. 

Such anomalous dipole transitions were reported earlier by 

Vartapetian 11 and Asaro et al., 12 and the theoretical treatments: for 
. . ~ 13 

the retardation were given by Church and Weneser, Nilsson and 

Rasmussen, 14 and Kramer ahd Nilsson. 15 However, the competition 

of these interband dipole transitions with the enhanced intraband 

quadrupole transitions suggests that Lhe life tin'leS involved are 

comparable and thus makes the anomalous E1 explanation unlikely. 

Also the pas sible presence of another unresolved, highly converted 
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transition cannot be ruled out. This will be discussed later in further 

detail. 

The intensities of other alpha groups are too· low to conduct the 

·coincidence work with the presently available experimental arrange­

ment. 

4. Interpretation of Levels 

The decay scheme represented in Fig. 8 is derived from the 

data presented so far. Among the actinide elements, where the evi­

dence .for permanent deformation: is good, . there are at. least five ex­

ample s of rotational bands based on I= K = 5/2 that have been identi­

fied in which the spr~.r.i nes between the first two me,mbe rs have a 

characteristic energy of about 45 kt:!Y. For Pa227 , the observed 

42 -keY E2 transition points strongly to the conclusion that A~ 223 

belongs to this group. The energies of the members of a rotational 

'band c~n be calculated according to the Bohr-Mottelson collective 

model; 2 where. the energy, EI' of a member of spin I. is given by the 

simple expression 

11?._ 
E 1 = 

2
0< .. ['UI + 1) - I 0( I 0 + 1)) , 
:-_s, . 

( 1 ) 

where ~ is the effective moment of inertia and· I
0 

is the spin of the 

lowest member. [In the case of I= 1/2, the additional term 

.C:.E = ~2 a(-)I+ 1/ 2 (I+ 1/2) should be added to the simple formula where 
~· 

a, the decoupling parameter, is a constant for each band.] In Eq. ( 'i) 

I
0 

also represents the K quantum number, and for an odd-mass 

nucleus the sequence of spins in the band is I
0

, I
0 

+ 1, I
0 

+ 2, etc. 

The two levels observed at 90.6 and 141.3 keV are interpreted 

as the higher members of a rotational band based on the ground state 

of spin 5/2 with the first excited level at 42.4 keY. The agreement 

between the calculated and experimental energies is more· convincing 

on the inclusion of a second-order term of the form BI
2

( I+ 1)
2 

to the 

simple expression given-:by Eq. ( 1) (see Table III). 

In odd-mass alph;;t emitters the decay to the unhindered.or 

"favored 11 rotational band, where the odd nucleon of the daughter 
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Table III. Favored alpha decay to K = 5/2 :-rotational 
. 223 

band in Ac . 

Excited-state energy 
· · (keV) Rel<tti ve intensity 

Spin of 
state . 

5/2 

7/2 

9/2 

11/2 

Exp. Simple 

0 ( O)a 

42.4 (42.4)a. 

90.6 96.9 

141.3 163.6 

6.07 keV 

7.0 keV. 

Theo. 

Seconcf-orde.r 
term BI2(1 + 1)2 

( 0) b 

( 42 .. 4) b 

'190 .. 6)b 

140.9 

c. c
0

=1.0·•C 2 =o.ss 
B· = -. .0.04.keV .· 

C
4

=0.15 

Exp. Theo. 

( 100) ( 100)c 

23.0 22.0 

5.3 6.3 

o.s·. 0.9 

........ 
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remains·in the same intrinsic state as·the parent, was shown to be 

similar· to the decay of the e~en-even n~cle.i to the ground-state· rota­

tional band. 
16 

·A relationship has been developed by Bohr, Froman, 

and Mottel son for the calculation of the· transition probabilities in. 

such cases to the various members of the rotational band, represented 

· in the form 

P= P 0{Z,E)LcL (riLKfo·lriLif.Kf)
2

. 
L . 

{ 2 ) 

In the above expression, P
0

{ Z, E) represents a barrier penetration 

factor depending on ~he atomic number of the decaying nucleus and the 

energy of the outgoing a particle, and is calculated from the one -body 

theory of alpha decay. The squared terms are .the vector :-addition 

·coefficients for the distribution of various alpha waves. and the CL's 

are .the reciprocals of the hindrance factors of the states populated by 

alpha waves of angular momentum L. The hindra·nce factor 
17 

of an 

alpha group is defined as the· ratio of the experimental to the theoreti­

cally calculated partial half life and is considered a constant for an 

alpha wave of a given angular momentum. If the· spin assignments of 

the ground-state rotational band are correct, the intensities of the 

various members can be calculated by using the· hindrance factors of 

h 0 2 d 4 ul d · h · hb · Th226 d u 228 
t e +, +, an + states pop ate 1n t e ne1g onng · an 

even-even nuclei. Table :III shows the agreement between the calcu­

lated and experimental values. 

The presence of a second rotational band of opposite parity is 

indicated, as we suggested, by the observed electric dipole transi­

tions. The level spacings again correspond to an r
0 

=K = 5/2 .. If the 

two states at 64.7 and 110.3 keV belong to a rotational band, then the 

other members of the band are expected at 168.8 and 240.4 keV. The 

alpha group observed at 168.3 keV could be one of them, and is there­

fore suggested as the third member of the band. 

The members of a rotational band populated by alpha waves of 

odd angular momentum can have L values of 1, 3,· 5 · o o 0 The K 

selection rules restrict the·values to L ~{Kf+Ki)' and for this case 

mean ·L= 1, 3, or 5o The intensities of .these members also can be 
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calculated by Expression (2) using the appropriate Clebsch-Gordan 

coefficients and hindrance factors. In the adjacent even-even nuclei, 

only the 1- states were observed; by utilizing these hindrance factors 

and by_ assuming that only alpha waves of· L = 1 and 3 populated the 

states, we 'used two of the three experimental values to calculate c3. 
The intensity of the third member was compared with the calculated 

value.· The calculations are shown in Table IV, and the agreement is 

seen to be poor. It is clear from the last column of the table that the 

observe~ i.ntensity of the 110~keV state is rnuch higher than the one 

calculated using the intensities of the other two members. This fact 

combined with the observation that more K x rays than can be ex­

plained are in coincidence with this state ·provides further support to 

·the suggesti9n that there is an unresolved a. group ut the same energy. 

This will .be consiclered again under the identification of various 

.levels. 

Th . . . 1 1 . 1 d . A 2 2 3 . d . f" d e vanous energy eve s popu ate 1n c were 1 enh 1e 

with the help of the Nilsson diagram for protons, as shown in Fig. 9. 

This diagram is ba~·ed on Nils son 1 s calculations 18 of the effect of a 

spheroidal deformation on the shell-model energy levels. The de for­

mation ~$-expressed in terms of the parameter 6, which is defined as 

(R .. - R . )/R . . For a spherical nucleus, 6 = Oll the 
maJor m1nor average 

energy levels correspond to those of the shell-model c:alc:nlations, As 

the deformation increases~· the shell-model levels split into a number 

of components each of which is doubly degenerate. These levels in a 

·spheroidal well are identified by quantum numbers S11r[N n A"Z], 
z 

where S1 is the projection of the particle angular momentum, j, on 
r 

the nuclear symmetry axis and has the parity lT, N is the principal 

oscillator quantum number, n is the symmetry-axis oscillator 
' . . z 

quantum number, ·and, A and "Z are the orbital and spin components 

of !J such that !J =A ± "Z depending on "spin up" or "spin down II con­

ditions. Because of the relation that exists between st, A, and "Z, "Z 

is often omitted in the identification of a state. For the relatively low 

energy states we have n = K = I
0

, where I
0 

is the spin of the lowest 

member ofa rotational band based on n. These quantum numbers 
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Table IV. Alpha decay to· K = 5/2 . 1 ba d . A 223 + rotahona n 1n c . 

Excited-state energy· . . a. 
Spiri of (keV) Relative 1ntens1ty 

state Ex :e. · Theo. Exp .. Theo. 

5/2 . 64.7 ( 64. 7) b 100 ( 100)c '(100)c 

7/2 110.3 (110.3)b 84 ( 84 )c 39 

9/2 168.3 168.8 8.6 36.6 ( 8.6)c 

a. c1 = 0.173. . 

b. Experimental values used to calculate 1'1
2 /2~ 6.15 ke V. 

c. Experimental intensities.used to calculate c
3

. 
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define the independent particle states in the limit of high nuclear de-

.formation and are. not applicable to spherical nuclei. Although the 

energy separations of Nilsson's calculations are only approximate, 

the order of filling of the states has proved very useful in correlating 

data pertaining to odd-mass· nuclei. The state 5/2 -:( 642),- indicated by 

a small arrow in Fig. 9, is believed to be the ground state of Np
23 7 

241 
( Z = 93), but in the alpha decay of Am the population of this state is 

hindered to a great extent. The theoretical grounds for the "favored" 

("unhindered") alpha decay, and its similarities .to the decay of even­

even nuclei, were first given ·by Buhr, Fro~an, and Motte! son. 19 

The ground states of both the parent and the daughter in alpha decay 

may have the same configurations resulting from an appreciable 

h f d f t . Th. · 1· · h · f u 233 d c ange o e orma 1on. 1s 1mp 1e s, as 1n t e case o ecay, 

that the odd-particle state occupied in the daughter ·is vacated when 

the particle becomes paired. The ground state of proton number 91 is 

expected to be 1/2-(530). The·measured ground-state spin.of 3/2 of 

P 231. db c 1 b . . d' 20 d 21,22. f a 1s supporte y ou om -exc1tat1on stu 1es, 13- ecay· .o 
231 . 231 .. 23 235 . 

· Th , electron capture of U ; and alpha decay of Np . A sp1n 

of 3/2 for the ground state of Pa
233 

has been assigned from the alph~-
. 24 25 23 7 

decay studies ' of Np · The ground states of both these isotopes 

have been suggested to be _the I= 3/2 member of a rotational band 

based on I
0 

= K = 1/2, 1/2 -( 5 30) state. 
26 

A spin of 5/2 for the ground 

state of Pa229 was· proposed from its EC decay andfrom the popula­

tion of levels in Th229 • In this region of deformation, the intrinsic 

state ·1/2-(530) crosses the state 5/2 -(523), and the ground state of 

Pa 
229 

could have a spin of 5/2 provided it possesses a smaller 

nuclear deformation than Pa 231 . This assumption is reasonable be­

cause of the decreased number of nucleons inside .the nucleus; which 

brings the nucleus closer to the closed shell, thus resulting in a de­

crease of deformation. 
. 227 

It is now proposed that the ground states of both Pa and 
223 . . . I · . 

Ac · have a sp1n of 5 2 and belong to the same intrinsic state 

5/2 (523) Th d · · ·1 h f u 233 d · 1· d - . e ecay 1s s1m1 ar to t at o an 1mp 1es a ecrease 

in.the deformation of the nucleus. A decrease in nuclear deformation 
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in this region is expected to lead to an increase in the value. of the 

rotational constant,· 11
2 

/2<;J , as observed in the even-even cases. The 

absence of such an increase (11 2 /2'J = 6.07 keV for the ground-state 

band) may be. attributed to the interaction of this state with the neigh­

boring states. It is seen from the Nilsson diagram that the possible 

states that can·interact due to the G~riolis force are 3/2-:(532) and 

3/2 -(.521), which are well separated in energy. However,. the former 

·state, 3/2 -( 5 32), has been assigned to the 2 7 -ke V leve1 25 in Ac
22 7

, 

with a rotational band based o.n it. This state is not apparently popu­

lated in Ac 
223

. In the event of these states existing within a few 

h d d k V b h d fA 223 h . . . t un re e a ove t e groun state o c , t e1r 1nteractlon canno 

account for the large difference of the :rota,tinn.::il constant from those 

f th · hb · 1'h226 d ·u22 R A' ddi · 1 rr f . o e ne1g onng even-even an . .n.n·a tlona e · ect o 
. . 

an unpaired nucleon.on moments·of inertia can arise from the de-

crease of pairing correlations (decrease in 6.) caused by the blocking 

of one orbital. This blocking effect as it relates to increasing mo­

ments of inertia has been discussed by Nilsson and Prior~ 6a It may 

be that the odd mass (at. least odd proton) nuclei remain deformed 

longer than the even-even as one approaches the closed shells. This 

persistence of spheroidal deformation in odd-mass nuclei is supported 

b th . . Z 7 f h 1 1 . 1 1 . F 223 d F 221 
y e Interpretation o t e ow- y1ng eve s 1n r · an r 

22 7 225 populated in the alpha decay of Ac and Ac , respectively, as 

members of rotational bands with large rotational constants and the 

1 f . 1 h . 1· h d ' ?. ?. .~ Th apparent ack o rotatlona structure in t e. a p a ecay of Ac . e 

presence of·a permanent nuclear deformation justifies the use of the 

Nilsson diagram for the identification of the various levels. The need 

to consider the second-order term, -BI
2 

(I+ 1)
2

, to match the calcu­

lated and experimental energies of the ground-state rotational band 

(see Table III) is reasonable in this region owing to the vibrational 

rotational interaction and the centrifugal stretching. 

The assignment of spin 5/2- for the ground state of Ac 
223 

re­

quires the second rotational band of opposite parity to be based on a 

5/2+ state. The only such level available is the intrinsic state 

5/2+(642). The observed hindrance factors do not permit such an 
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assignment. The low values of the hindrance·factors and the decay of 

the 110 -ke V state to two members of the ground- state rotational band 

can be explained by assuming that both the bands have the same intrin­

sic state for the odd proton but with the core coupled to K = 0, odd 

parity, for the upper band. Core excited states with K = 0- in nearby 

even-even nuclei lie higher in energy than our 5/2+ band in Ac
223

, 

but it may well be that coupling between the core excitation and odd 

proton motion could lower the energy of such a state. It is known that 

excited odd parity levels ( 1-, 3-, · · ·) come·very low in energy for 

even-even nuclei of this region. There have been several theoretical 

explanations offered- -one early explanation invokes the nature of a 

stable octupole deformation (pear-shaped nuclei);2'8 another speaks of 

octupole vibrations about a spheroidal minimum; most recently 

Soloviev28a explained the low-lying odd paritylevels in even-even 

nuclei on the basis of the superfluid model of the nucleus and the 

.interaction of various two -quasi -particle states. The only known 

cases of odd-mass nuclei, where the octupole vibrational levels are 

believed to be .populated, are the levels 9' 26 in Ac 225 in the alpha 

decay of Pa229 , 665- and 690-keV levels 29 in u 239 , and the 650-keV 

leve1
30 

in u 235
. The hindrance factor of the level in u 235 was re-

d b 75 F · · hb · l . R 222,224,226 d porte to e . or ne1g onng even-even nuc e1 a an 

Th
226 

the decay to 1- states exhibit low hindrance factors of less than 

four. These low hindrance factors·, ·as also observed for the 

I= K = 5 /2+ rotational band in Ac
223

, are cons ide red to be character­

istic of octupole vibrations .. 

The presence of an unresolved highly converted 110-keV transi­

tion was suggested to explain the excess of the observed K x rays in 

coincidence with that level. The M1 nature of deexcitation of the 

50-keV state provides more evidence for the assumption. The spin of 

this state is 3/2, 5/2, or 7/2. This could be the I= 3/2 member of a 

rotational band based on the intrinsic state 1/2-(530) with the 5/2 

and 7/2 members occurring at 80.8 and 110.3 keV, respectively. The 

rotational constant of this band would be 6.66 keV with a decoupling 

parameter, a, of -1.45 keV. The spin-1/2 member is then expected 
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at about 60 ke V and may remain unresolved from the adjacent intense 

a groups. The intrinsic state under consideration is expected to be 

populated in the decay of nuclei of this region and· has been identified 

as a rotational band at 330 keVin Ac 227 . It should be emphasized, 

however, that the K = 1/2 rotational band assignments are tentative 

and purely speculative and lack substantial evidence at this time. 

B. 
229 Alpha Decay of Pa 

Protactinium (229) was first produced by Hyde and Studier, 31 

who determined its half life of 1.5 d and observed an a-particle energy 

of 5. 66 MeV. Meinke et al. 8 confirmed the half life and measured the 

n. -particle enerey to be S. 119 MeV. The alpha branching ratio was re­

ported to be about 1o/o. Later work of Slater and Seaborg 32 and Asaro 

and Perlm.an
33 

suggested an alpha branching of 0.25%. A decay schen~e 
with two rotational bands was proposed by Hill 9 based on his studies of 

the fine structure of the alpha spectrum and the gamma spectrum as­

sociated with the alpha decay. To be consistent with previous work, 

it was proposed that the ground state was populated by a particles of 

5.665 MeV, leaving the observed a group at 5.69 MeV unexplained. 

The present studies were undertaken to ascertain the ground state of 
225 . 

Ac and to establish a decay scheme through '(-ray coincidence 

measurements with specific a -particle energies. 

1. Ground State 

34 225 
It was reported by Stephens that the f3 decay of Ra popu-

lated a 40-keV level in Ac 225 , which became deexcited by the emis­

sion of an E 1 gamma ray to the ground state. It was for this reason 

that the 5. 69 -MeV alpha group was not associated with the protac"' · 

tiniumdecay, :1n the present investigations, preliminary experirnents 

were conducted to determine the alpha spectrum in coincidence with 
229 40-keV '( rays. The samples of Pa used were the EC decay 

products of u 229
, which assured isotopic purity. The results indi­

cated (see Fig. 10) that 5.665- and 5.69-MeV a particles were m 
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Fig. 10. Alpha spectrum of Pa229 with y rays of 
<50 keV energy. 
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coincidence; other a particles of lower energies were also observe.d 

in coincidence. 

The gamma spectrum in coincidence with ci. particles of 5.665 

MeV is shown in Figs. 11 and 12. The data for Fig. 11 were obtained 

with the equipment represented in Fig. 3 by following the procedure 

described in Sec. II. The coincident gamma spectra were determined 

by using a single-channel pulse-height analyzer to energy-discriminate 

a particles (Fig. 2) and differen~ resolving times of the equipment 

ranging from 250 nsec to 0.5 sec. The coincident gamma spectra con­

tained both the "Y rays (see Fig. 12) of 40 and 6~ ke V that decayed 

with the appropriate half life of approximately 1.5 d. We show that 

these '{ rays deext:'ite thP. str~tP. innP.pP.ndently. The parallel deexcita­

tion of the level by the two "Y rays indicates that the gruuw.l-::;tate 

a-particle energy of Pa229 is at least 5. 73 MeV. The alpha spectrurn 

of Pa
229 

determined by Hill was reexamined to find out whether the 

newly assigned ground state received any population. An alpha group 

of 5. 73 MeV had been assigned as Ac!
2
1
5
00

. A recalculation of the 

energy of this group indicated that it was 8 keV higher than the value 

reported by Asaro and Perlman. 35 This energy difference could be 

explained ·by assuming an alpha group of about 0.5% intensity at 
. . 229 

5. 73 MeV coming from the decay of Pa . This should be regarded 

as an upper limit. It is presently believed that the ground state of 

A 225 . 1 d b 5 73 M V .· l f P 229 h . c 1s popu ate y . - e a part;~.c es r()m a ; t e exclta-

tion energies of the various levels represented in Table VII and the 

decay scheme (Fig. 18) are based on this ground state. 

2. Gamma .Rays 

Gamma rays of energies 40( 10%), 69(5o/o), 81(2o/o), 92( 16o/o), 

107(5o/o), and 120(2o/o) keV were reported9 to accompany the alpha 
229 . 

decay of Pa . The gamma spectra in coincidence with some of the 

alpha groups populated in the decay are presented in Figs. 13, 14, and 

15. These spectra we.re obtained by a two-dimensional analysis, as 

described in Sec. II. These spectra will be described under each 

a -particle energy populating the state. The alpha spectrum of the 

sample recorded during the experiment is shown; in Fig. 1.6. 

,; 
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Fig. 11. Gamma spectrum in coincidence with 5.665-MeV 
a particles of Pa2 29, wi.th two-dimensional analysis 
( resolving time 0. 5 sec). 
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Fig. 12. Gamma spectrum in coincidence with.5.665-MeV 
a particles ofPa229 (resolving time 250 nsec). 
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Fig. 14. Gamma spectrum in coincidence with alpha groups 
at 157 keVin Ac225. 
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a. 5.665-MeV a particles. These a particleswerepreviouslybe­

lieved· to populate the ground state. In the pre sent investigations the 

gamma spectrum in coincidence with a. particles of this energy was 

studied extensively and repeatedly. Two prominent rays of 40 and 65 

keV were observed in coincidence. The relative intensities of ,the· two 

y rays were always·foundto·be :the same, with the 65-keV being·66% 

of the 40-keV y ray. The·accurate determination of these·y-ray 

intensities ·was made·difficult by the presence of two alpha groups 

from·u
230 

of 0.7% intensity at 5.66·MeV. The 72-keV y:- ray and the 

K x rays. of the u 230 family, whose amount increased rapidly by the 

decay of Pa230 , influenced·the·intensity.of the 65-keV. y ray. The 

low-energy scattering-from·the·u230 a groups also interfered vyith the 

determination of the· number of alpha gates. The intensities of the ·y 

rays were· determined in the following manner: The gamma spectrum 

in coincidence wi.th the alpha groups of u230 falling within the gate 

was determined after :the complete decay of Pa229 and subtracted from 

. the total coincident gamma. spectrum by normalizing the· 15 0 -ke V y 

ray of u
230 

The· graphical subtraction gave the true gamma spectrum 

'(Fig. 12) in coincidence with 5.665-MeV a particles fr_om.Pa 229 , 

which was then resolved into various y rays by using standard peak 

shapes. The number of gates of Pa229 was determined by using 

Fig. 17, inyJhichthe full circles represent the gate region. The 
. . . 230 

number of gates caused by the alpha groups of U · .( 0. 7%) was calcu-

lated from the ground- state group ( 6 7%) and was subtracted from the .. 

total number of gates. Within·the gate region, the background caused 

by the·low-energy scattering·from alpha groups of higher energy, was 
. . 

also subtracted. The-true alpha-gate·number ·was also calculated 

from the intensity of the Pa~ 21~ 7 (36.6%). alpha group at 5.575 MeV. 

The·intensities of the-40- and 65-keV gamma rays were calculated to 

be 18 ± 2.5% and 12 ± 3%, respectively, of this alpha group. The 

graphical resolution o.f Fig. 12 into various y. rays indicated. the pres­

ence· of a y ray of approximately 51 ke V in an intensity of about 1% 

and possibly another y .. ray of approximately 26 keVin an· intensity of 

about 0.4% of this alpha group. 
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b. The 5.625- and 5.610-MeValpha·groups. These two alpha 

groups could not be resolved with the experimental arrangement and 

are therefore considered together. The alpha-gate region used for 

the determination of the conc-ident gamma spectrum included all the a 

particles populating the 105 -ke V level and approximately 70o/o of those 

popula~ing the 121-ke V level. This means that the gate region con­

sisted of about equal amounts of a particles populating the two states. 

In Fig. 13 we show the coincident gamma spectrum which has been re­

solved into a K x-ray peak and 'I rays of 40, 52, 64, and 71 keV. 

The K x rays can arise from. the 121-keV level, and possibly from 

the 105 -keV level, if its excitation energy is above the K binding 

energy. In our·present discussion, the latter state is considered to 

be under the K edge. The intensities of the 'I rays per alpha gate 

(consisting of equal amounts of a particles populating the ·two states) 

are .shown in Table V. 

Table V. Gamma rays in coincidence with a particles 

·leading to 105 -:-ke V r~.nd 12 1-ke V states. 

Energy of I . a 
gamma ray ntens1ty 

(keV) 
(per alpha gate) 

Multipolarity 

40 13 

51 5 

·64 13 

71 21 E1 

K x rays 10 

a. The alpha gate c.onsists of equal amounts of a particles populating 

the two states. 

c. The 5.5 75 -MeV alpha group. This alpha group, denoted as 

a
157 

in the decay scheme, was suggested to be the lowest member of 

a favored transition rotational band. 9 Owing to the limitations on tll.e 

resolution of the alpha spectrum, this group is again considered with 

the adjacent groups at 146 and 172 keV, and their coincident gamma 
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spectrum is represented in Fig. 14. The gamma spectrum was re­

solved. by con~idering the 90-keV energy regi·on as a combination of a. 

y ray andK x rays. The intensity of,any y ray with ene•rgy >90 keV, 

if present, . was cqnsider~d negligible~ :The intensities of-:the .three 

gamma rays at 50, 63,and 72 ·ke V energy were adjusted to account for 

the observed coincident gamma spectrum containing 40 keV gamrna 

ray and K x rays.:· The calculated intensities of the various y rays 1n 

coincidence with c1 partiCles populating these levels are shown in 

Table VI. The energy .spaCings observed in the alpha spectrum were 

utilized in identifying the transitions responsible for the ·various 

y. rays. 

Table . VL Gamma rays in coincidence with alpha !Jal'ticle 15 

leading to 142-, 157-, and 1.72-keV states. 

Energy of Intensity a 
gamma ray 

(per alpha gate} 
(keV) 

40 21 

50 .5 

64 6 

72 9 

K x rays. 84 

a. Gates consist of all the a. particles populating the· levels. 

d. The 5.53Q..:.MeV·alpha group. This alpha group was well re-
! 

solved in the alpha spectrum,_ and.the gamma spectrum in coincidence 

is shown in·Fig. 15. It is seen from the coincide~t gamma spectrum 

that the decay of this ·level proceeds mostly (> 70%) through the·level 

at 15 7 keV; The possible presence of radiati~ns at about 100 and 136 

keV was i~dicated when the:157-keV coincident gamma spectrum was 

subtracte?-, normalizing·the 40~ke V peak· in the two spectra. From 

the alpha spectrum, a pos.sible :explanation would be the· presence of . . : . ' 

96- and 136-keV gamma transitions. The intensities of these two y 

rays were calculated to be about 10% and 20%, respectively. 
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3. Decay Scheme and Spin.Ass-ignrrients 

The intensity of the alpha population to the 15 7 -keV lev.el indi-. 

cated, that it has a low hindrance factor (see Table VII). This type of 
. ' 

unhindered decay is supposed to take place between the states of the 

same configuration .. In the favored alpha decay of this nature, the 

whole rotational band is expected .to· be populated.. The levels at 201, 

259, and. 329 keV were shown to be the higher members of such a ro­

tational band .(I
0 

=K = 5/2) from a consideration of their energy spac­

ings and intensities. 9 ' 36 The levels at 121, 172, 23 7, arid 317 keVin 

the present.dccay sche11u:! (Fig. 18) were proposed by Hill') to consti­

tute another· rotational band based on the octupole vibrations of the 

favored.band. If these assignments.are correct, the lowest member 

of the favored band ( 15 7 ke V) is expected to decay- by E 1 ·transitions 

to the members of the octupole band. ·.The energy and peak shape of 

the radiation at 90 keVin Fig. 14 suggests strongly that it consists 

mostly of K x rays. The calculated intensity of K x rays (see 

Table· VI) indicates that the decay.of the levels at 157 keV are highly 

K converted; this points to the absence of any E1 transitions. 

The presence of the 72 -keV y ray in Fig. 14 indicates that the 

levels at 15 7 ke V decay partial~y through the·levels at 105 and 121 

keV. Only·Z.5o/o of the observed 5% of the 50-keV gamma.intensity can 

be accounted for·by·the·decay through 105-, 121-keV levels. This is 

derived from the gamma. spectrum in.c.oincidence ·with these levels. 

The remaining 2.5% of the 50-keV .y ray can come either from the 

decay of the 172 -ke V level to the ·121-ke V state or from the decay of 

these states through the 51- or 65-keV levels,· (or both). 

The 64 -ke V y ray of Fig. 14 can arise from the decay of the 

levels at 157 keV through the 65-keV level or the 105-, 121-keV com­

bination. The·observed intensity can be explained in both cases. If 

the decay proceeds· through 105- and 121-ke V levels about 6.5% of the 

observed 21% 40 -keV y ray can be explained, while a cascade through 

the 65-keV level explains about 9.6o/o of the 40-keV y ray. In either 

case, the observed intensity of the 40-keV y ray can be accounted for 

only by supposing.a transition to the 40-keV state, a transition that 
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Table vn: 229 Alpha groups of Pa . 

. Al_pha particle .•Excited state 
·Abundance 

a 
·Hindrance 

energy · energy ( o/o .) factorsl? (MeV) (keV) 

5 .. 73 0· . 0.5 1300c 

5. 69 40 1.5 335c 

5.665 65 18,5 22 

5. 625 105.5 . 9 .. 7 26.8 

5.610 121.3 13.3 16.~ 

5. 586 145.6 4.6 34 

5.575 1~6 .. 9 36.5 3.8 

5.560 172.3 3.9 30 

5.531 201.7 8.8: 9 

5. 512 220.9 0.6 . 105 

5.496 237.1 0.7 . 70 

5.474· 259.1 1..7 22.2 

5. 417 317.4 0.07 2 70 

5.408 328.7 0.15 110 

5. 315 421.0 0.05 100 

a. Values reported by Hill corrected for the addition of 5. 73- and 

5.69-MeV alpha groups. 

b. Hindrance factors from reference 37. 

c. Calculated as in reference· 37. 

·. 
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Fig. 18. Decay scheme of Pa22 9. 
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will have a maximum K conversion coefficient of 6 or 7 depending on 

the choice of the above -mentioned cascade. 

The intensity of the observed K x rays in Fig .. 14 suggests that 

they arise· from the transitions depopulating the 15 7 -ke V level, lead­

ing to either 51- or 40 -ke V levels or the ground state. It is not 

presently known whether one or .all of the transitions are taking place. 

However, it can be stated that at least one of the transitions should be 

M1 in .. nature to account for the K x rays. If the parity assignment of 

the ground state is correct, the choice would be in favor of a.transi­

tion to the 40 -ke V level. 

The decay .of the 20 1-ke V level is of particular interest because 

of its designation u.s the second mernbe r of the .fr~.vnn~d rotational band. 

The coincident gamma spectrum (Fig. 15) shows that the decay uf 

this state proceeds mainly through the 157-keV level, which is con­

sistent with the rotational assignments. 

The 71-keV y ray, in coincidence with a. particles populating 

the 105- and 121-keV levels (Fig·. 13), is considered as coming from 

the decay of the 121-keVlevel to the 51-keV state. A maximum value 

of 1.3 for the conversion coeffi'ci.ent of the- 71-keV transition can be 

calculated by assuming that equal amounts of a. particles leading to 

the 105- and 121-ke V levels are present. in the gates used for obtain-

ing the coincident spectrum. The theoretical conversion c::oefficients 

for the transition are 0.26, 7. 9, and 60 for E 1, · M 1, and E2, re spec­

tively. The-assumptions made in the calculation of the conversion 

coefficient are such that the actual value is smaller than 1.3, making 

the transition E 1 in nature . 

. If we assum·e that all the K x rays observed in· Fig. 13 come 

from the decay of .the 121-ke V level. to the ground state, and use the 

intensity and theoretical conversion coefficient of the 71-ke V gamma 

ray, a minimum value of 1.2 for the K conversion coefficient can be 

calculated for the 121-ke V transition. The theoretical values for the 

various multipolariti~s are 0.2(E1), 0.3(E2), 7.0('M1) and (M2). It is 

not possible to make a choice for the multipolarity of the transition. 

If the 121-keV transition exists, the parity of the state indicates an 

M2 nature for the transition. 

•· 
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The intensity of the 52 -ke V y ray in Fig. 13 cannot be explained 

by a cascade through the 51-ke V level because of the highly converted 

nature of the decay of that level (a= 44). The decay of the 121-ke V 

level to the 51-keV level can explain only 0.5o/o of the 5o/o intensity of 

the 5.2 -keV y ray, while the rest comes from the decay of the 105,.. 

and 1.21-keV levels to lower-lying states. However, as will be shown 

later, a cascade through the 65 -keV level is not probable. The unre­

solved 54 -ke V y ray arising from. the decay of the 105 -ke V level to 

the 5 i-ke v state can explain the 4.5o/o ( 9% with:. respect to one of the 

states of the combination) of the 52 -ke V ·y ray. Such an explanation 

would give a maximum total conversion coefficient of .10 for the 

54-keV transition, while the theoretical values are 0.54(E1), 17.7(M1), 

and 166( E2) which makes the choice of M 1 reasonable for the transi­

.tion. 

The relative int~nsities of the 40- and 64-keV gamma rays 1n 

Fig. 13 suggest that a cascade through the 65 -ke V level is not prob­

able. If such a cascade exists, the intensity of the 40-keV y ray, 

contrary to the uboervation, should be higher than the intensity of the 

65 -ke V y ray. This indicated the presence of a 65 -ke V y ray dif­

ferent from the one arising from the decay of the 65 -keV level: the 

second 65. -ke V y ray could come from the decay of. the 105 -ke V level 

to the 40-keV state. The level at 105 keV, as seen earlier, also 

decays to the 5.1-keV state. With the presently available data, it is 

not possible to determine what portion of the 105-keV level decays to 

either the 40- or the 51-keV level. 

The group populated by 5.665 -MeV a particles with an intensity 

of 19o/o is designated as the 65 -keV level in the decay scheme shown 

in Fig_. 18. The y rays and their intensities that deexcite this state 

were discussed earlier under the specific alpha group. If the 40- and 

65 -ke V y rays are in cascade, the 65 -ke V y ray should preced~ the 

40-keV y ray; this would be consistent with the 13 .decay studies of 

Ra 
225 

where the 40 -ke V state was shown to be the fir·st excit~d level 

. A 225 d . h d b Ei . . 34 B 1n c . ecay1ng to t e groun state y an trans1t1on. y as-

suming a. cascade of the two y rays, a maximum total.conver.sion 
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·coefficient of 4 can be calculated for the 40-keV transition compared 

with the theoretical value of 1.1. On the other hand, a m.aximum 

total conversion coefficient of approximately 5 can be calculated for 

the 65 -keV transition by assuming parallel transitions and by using 

the observed intensities and a conversion coefficient of 1.1 for the 

40-keV y ray. This turns out to be higher than the E1 value (0.4) 

and lower than the M 1( 11) and E2( 80) values. If the two ·y rays are in 

cascade, the coincidence effects are expected to produce in the coin­

cident gamm.a spectrum (Fig. 12) a 105-keV energy y ray of 10 

counts peak height. The absence of a peak with the expected intensity 

indicates that the two transitions are in parallel. . These two gamma 

rays, considered ac paraJlel tran~itions rln~ F. J i.n natufe, will ex­

plain about 55o/o of the decay of the state, leaving approxima.Lely 4S1u 

of the decay to be explained by the 51-keV y ray(:::: 1o/o intensity). 

The total conversion coefficient of the parallel 51-keV transition cari 

be calc\llated to be approximately 44 as compared with the theoretical 

values of 0. 73, 22. 7, and 200 for the E1, M1, and E2 transitions, 

respectively, snggesting an M1 nature for the transition with a sm.all 

admixture o£ E2. The observed 51-keV y ray requires the presence 

of a level at either 51 keV or 14 keV. The presence of a level at 

51 keV, which presumably does not receive any alpha population, is 

preferred because of its usefuluess in explaining the decay of the 

higher excited states. The 40-keV y ray is considered to be the 
225 

same one reported in the f3 decay of Ra , and the 40-keV first ex-

cited state is presently believed to be populated by a particles of 

5.69 MeV. 

If all the y rays in coincidence with the a particles populating 

the 65 -ke V state are cons ide red to be parallel transitions, the 65 -ke V 

y ray explains about 18o/o of the decay of this state~ The intensity of 

the 40-keV y ray indicates .that no more than 40% of the decay pro­

ceeds through that level. The intensity of the 26-keV y ray (:::: O.~o/o), 

considered as an M1 transition, explains all of the 40% decay that pro­

ceeds through the 40-keV level. The M1 assignment for the 26-keV 

transitioni.ffalso consistent with thepa·rities of the 40"' and 65-keV ... 

states. 
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4 .· Interpretation of Levels . 

Some of the levels represented in th~ decay scheme (Fig. 18) 

were identified with the help of the Nilsson 1s diagram shown in Fig. 9. 

The· use of the· diagram and the justification of its application were 

discussed earlier· in: this· work. 

The ground state·of Pa229 was suggested to have a· spin of 5/2 

based on its EC decay and the population of states in· Th229 . 9 It was 

identified by the Nilsson state 5/2 -·( 523). The same ·assignment is 

given to the level at 15 7 keY in·Ac 225 because of the favored nature of 

the alpha decay to lhis·level. The rotational members with spins 

7/2,. 9/2, and 11/2 are identified· at 201, 259, and 328 ke V, re spec­

tively. 

The ground state of ·Ac·225 is expected to· be similar to either 

th t f A 
2 2 3 ·A 2 2 7 Th N '1 t t . d t th d a o c or c . e 1 sson sa e ass1gne o e groun 

state of A~ 223 is-identified as the 157-keV level in A'c 225 . .The gro'\lnd 

state of A~ 225 
is therefore described by the Nilsson level 3/2~(651), 

which was assigned to the ground state of A~ 227 The·level at 27 keV 

in·Ac 227 is tentatively assigned the int.rinsic state·3/2-(532), 25 • 26 

-which may also describe-the 40-keV level in Ac 225 because of the 
. 25 

similarities of the two levels that were already suggested~ 

The parities of some of the levels indicated in: the decay scheme 

·are derived from·the·multipolarities of some of the observedtransi­

·tions. Assignments of spins could not be made·with the presently 

available data.·· 

C. Alpha I)ecay of Actinium-223 

Actinium-223 was first identified ·by Meinke 8 in the alpha decay 

of Pa227 . It decays with a half life of 2.2 'min and with analpha 

. branching of 99o/o emitting a. particles Of 6.64 MeV. The fine structure 

of the alpha spe.ctrum was reported by Hill, 9 based on .the magnetic 

analysis of a particl~s from Pa227 sources. The alpha groups· at 
·223 

6.657, 6.643, and 6.561 MeV were assigned to the· decay of Ac 

As reported earlier· in this wor.k,. our original consideration that the 
227 alpha group at 6.52 MeV was the ground state in the decay of Pa 
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was not borne· out, and a systematic study was undertaken with pure 
223 

Ac samples isolated from its parent. 

1. . Alpha· Spectrum 

The region of the a. spectrum attributed to Ac 223 'by, Hill is re­

produced in Fig. 19. Th.e a. spectrum that we obtained from pure 
223 . 

Ac ·by us1ng surface -barrier detector~ is represented in Fig. 20. 

The samples were prepared bycpllecting .. rec'oils from P~227 sources. 

·The various a. groups are not well resolve9, in the latter spectrum be­

cause.of the·low-energy scattering from the higher-energy a. 

particles. Howeve:r;-, the presence of an a. group denoted as a.
136 

at 

G.52 MeV·is very clea.r. In the alpha nP.r.;:ty nf Bi211 it was shown by 

Pilge:r5 th;:;,t in this energy region no levels. greater th.au 0.1% in in­

tensity were populated. The alpha. group at 6.52 MeV,. which evi·,;, 
' ·223 

dently belongs to Ac or·its d~ughte:r;-s, is therefore assigned to 

Ac
223

. This assignment de; rives further· support from. the a.·:-particle 

-y -ray coin~idence studies reported later. 

The alpha group at 6.47 MeV in Fig. 20, denoted as a.
190

, is of 

particular interest. The·presence of_this group, (i.S~igped.alsotothede­

. cay of A~ 223 , was confirr~ed following repeated observations made 

with special care·to avo.id any cc;mtamination in the recoil samples of 
227 . ' ' ' 

Pa , which also has an intense alpha group at about. the same ene :rgy. 

The:energy Of the' a.' partic~e P?PUlating this state 'wa~ de.terrnined ·to be 

6.470± 0.005 MeV, whichis inagreement with the value determined 

from. Fig. 12 based on the magnetic analysis of the a. particles. The 

presence of this group is also indicated in the alpha spectrum reported 

by Hill. Attempts to obtain the alpha spectrum of.the recoils of Pa2 ? 7 

on the magnetic spectrograph were not successful because of the short 

half life. Figure21 shows thealpha spectrum of Ac 223 obtained on the 
' . 227 

magnetic spectrograph by using .thin samples of Fa , and the inten-

sities of the· alpha. groups are summarized .in· Table ·vnr. 
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Table VIII. 
223 

Alpha groups of Ac 

Alpha -particle 
energy 
(MeV) 

6.567. 

6.643 

.6.56 

6.52 

6.47 

2. Gamma Rays 

Excited- state 
energy. 
(keY) 

0 

15 

98 

136 

185 

Abundance 
(%) 

37.5 

42.1 

13.3 

3.8 

3.2 

.Hindrance 
factor 

7.9 

8.0 

10. 6 

25.2 

6.3 

The singles spectra of the y rays from samples of Pa227 
re­

coils showed only one peak of 350 keV corresponding to the Bi211 

alpha decay. No other photons of measurable intensity were observed. 

Coincidences between a particles from Ac 223 and y rays were 

measured and the results are described below under each level. 

a. 96 keV state. The gamma spectrum in coincidence with the a 

particles populating this state is shown in Fig. 22, The energy of this 

level being under the K edge of francium, the broad photon peak was 

cons ide red complex and was resolved by utilizing independently deter­

mined peak shapes. The intensities of the· two y rays at 82 ke V and 

96 keV were calculated to be 0.014 and 0.02 photon, respectively, per 

a particle populating this state. The total vacancies calculated from 

the observed L x rays, after we corrected for their absorption and 

assumed a fluorescence yield of 0.5, were just enough to account for 

the intensity of this group. The ratio of the vacancies to the total 

photon intensity was determined to be 26, which can be explained by 

assigning an E2 nature for both these transitions, assuming the theo­

retical conversion coefficients of Sliv and Band. 10 . . 

b. 136 keV state. The gamma spectrum in coincidence with a 

particles· populating· this level is presented in Fig. 23. It is evident 

from the coincident spectrum that the decay of this state proceeds 

through the 96 -keV level. The ratio of the total vacancies to the 
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radiation in the region 80 keV to 100 keV was calculated to be 12 from 

the coincidence spectrum, which when compared with the value of 26 

obtained in the deexcitation of the 96 -keV level, suggests clearly the 

presence of francium K x rays that can only arise from a direct tran­

sition to the ground state or to the 14 -keV state. The observed total 

vacancy photon ratio may be explained by assuming an additional 

0.15 K vacancy per a particle p_opulating this level, which gives a K 

conversion coefficient of about 5, which makes the choice of M1 tran­

sition reasonable. In arriving at this assignment the 40-keV transition 

l~ading to the 96 -keV level was considered as completely converted. 

c. 187-keV state. The deexcitation of this level proceeds through 

the 96 -keV level; any K x rays present under the peak observed in the 

energy range 80 keV to 100 keV can ariseonlyfromthe K c.onversioriof 

the cross-over transition to the ground. From the coincident gamma 

spectrum (Fig. 24), we calculated the ratios of the total vacancies to 

the radiation in the K x ray region and to the y ray of about 170 ke V. 

The values were 4.5 and :::: 100, respectively. 

The low intensities of the various y rays and the relatively 

large errors involved in their determination do not permit the unam­

biguous assignments of multipolarities to these transitions, but the 

tentative intensities and multipolarities are given in Table IX. 

Table IX. Abundances of y rays in the 
. 223 

alpha decay of Ac 

Energy of Gamma-ray 
Intensity 

level energy Mul tipolari ty 
(keV) (keV) per decay. 

96 82 z.3x1o-3 EZ 

96 2 X 10- 3 EZ 

136 123 <5 X 10-4 M1 

187 ·~170 <8 X 10- 3 
J M1 

3. Decay Scheme and Interpretation of Levels 

The decay scheme indicated in Fig. 25 is based on the informa­

tion presented in this section. If the multipolarities suggested in the 
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table are. correct then all the·levels should belong to·· the. same parity. 

The·hindrance factor of. the·alpha group at ~85keV suggests.the pos­

sible. presence of favored decay to this state, in which case its spin and 

parity will be same as the ground states of both Pa
227

and Ac 223 , 

5/2-(523). Any further identification of the levels is not possible at 

this time. 

D. Other Experiments 

The experiments reported in .this section were all conducted with 

Pa
231 s~rnples. Pa231 is one of the natural alpha emitters, and a 

considerable amount of work has been done· with this long-lived 

· ( T 
1

;
2 

= 3 .4·X i04
y) isotope. The a.lpha.-decay fine· structure of P~ 231

· 

was first reported by .H.osenblurn, 38 who attributed six alpha groups 

for·its alpha decay . .It was later sP,own·that the ~lpha spectrum was 

more complex· than was first reported. 

The conversion-electron studies· following the alpha decay were 

more extensive ;39 •
40

•41 this ·led to the conclusion that the alpha group 

observed at 29 keV consisted of more than one level. The·half life of 

the 2 7 -ke V level that decays by an· E 1. transition to the ground state 

was determined to be 42..5 nsec and 37 nsec, £rom the a -y and y -y 

coincidence methods, respectively. 

1. '231 Alpha Spec truro of Pa 

231 
A portion of the alpha. spectrum of Pa . obtained by means of 

the· magnetic analysis of the a particles ·is presented in Fig. 26. The 

sample used was 0.020'in. wide and had an activity of 2 X 105 dis/min. 

·The alpha groups at 71 and 84 ke V were reported 4 2 a~ a single group 

of 76 keV. The energies of the two groups were determined relative 

to the 46 and 107-keV groups that were present on the same plate. 

The intensities of the· two new groups were calculated to be approxi­

mately 1o/o and 1.5o/o, respectively. The· intensities of the same ·groups 

were· reported to· be 0.5o/o and 1.4o/o in the work of Baranov, (et aL)~ 6 

The scattered pointsat 90 rnrn in Fig. 25 were shown·by them to con­

stitute another group. 
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2. Gamma-Gamma Coincidences 

The conversion-electron spectrum given by Stephens 43 indicated 

two lines of 299 and 301 keY energy that were interpreted as conver­

sion electrons accompanying the decay of the 329 -ke V to two states at 

29 and 27 keY. 
42 

. The present experiment is airped at obtaining direct 

evidence for the two transitions by utilizing the fact that the 2 7 -ke V 

level has half life of about 40 nsec. 

Part of the experimental arrangement consisted of a height -to­

time converter (HTC). The working principle of the HTC is that the 

height of its output pulse is proportional to· the time difference between 

the start and stop pulses. In the present experiment the stop pulses 

consisted. of either the 2 7 -ke V y ray·s or· L x rayo, aml Lhe olarl 

pulses were the· 300-keV y rays. The proper functioning of the equip­

ment is seen in Fig. 27,from which half life· of the 27-keY level is 

determined; the stop pulses used were .the 27 -ke V y. rays obtained 

after the complete absorption of the· L x rays. The half life of the 

27-keY level, as determined from Fig. 27, was 42.5 nsec. Figure 28 

was obtained in exactly ·the same way as Fig. 27, except for the im­

portant difference that L x rays ·were used as stop pulses instead of 

the 27-keV y rays, ·If all the L x rays were to come from the 27-keV 

transition, both Figs. 27 and 28 would be identical. It can be seen 

from Fig. 2 7 that there are some "prompt"· L x rays that can arise 

only from a.fast transition following the 300-keV :y ray.· The pres­

ence of the prompt and delayed L x rays shows clearly that the 

329 -keY level. decays to two levels at about 29 keV,. out of which one 

le'vel decays promptly to the ground state. Baranov et al., from their 

studies of Pa
231

, reported that the 27- and 29-keV states received 

2.4% and 20% of the·population of the ·total alpha decay. 25 
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