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THE STUDY OF NUCLEAR STATES OBSERVED IN ALPHA DECAY 

F. S. Stephens, Jr. 

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

March 1958 

INTRODUCTION 

Alpha decay occurs at an appreciable rate in only two regions of the 

periodic table. The first of these, located in the rare earth elements around 

gadolinium, is quite limited in extent and includes only about a dozen known 

alpha-emitting nuclides. The second region, however, ex.tends from lead upwards 

to the heaviest elements yet discovered, and contains at present over 160 alpha 

emitters. Only in the latter of these two regions has the study of alpha emit-

ters thus far yielded any data of importance to nuclear spectroscopy and for 

this reason the discussions in this chapter will be confined almost ex.clusively 

to the heaviest elements. 

Almost all the data available on nuclear energy levels in the heavy 

element region have come from the study of radioactive decay schemes. Alpha 

decay and beta decay have probably contributed about equally in this regard. 

In many cases the levels of a nucleus are populated by both .modes of decay. 

The energy levels of Pu
239, for ex.ample, have been studied following the alpha 

decay of (1,2), the beta decay of Np239 (3-6), and the electron capture 

decay of (7). The wealth of data thus accumulated has been invaluable 

in identifying and interpreting the levels of Pu
239. The study of alpha decay 

schemes is very similar to the study of beta decay schemes, which has been 

dj_scussed in the preceding chapter. There are, however, at least two rather 

fundamental differences relating particularly to the study of nuclear energy 

levels. The first of these is the fact that alpha particles from a given 
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nucleus are emitted with one of a few discreet energies, each of which corre-

sponds to a transition between the parent and a particular state in the daughter 

nucleus. In beta decay, on the other hand, the essentially undetectable neutrino 

carries off a varying portion of the transition energy; so that, although each 

transition is of a discreet energy, a continuum of beta particle energies always 

results. For this reason in complicated decay schemes it is essentially impos-

sible to pick out levels in the daughter nucleus by analysis of the beta spectrum, 

whereas this is usually not difficult in alpha decay, provided instruments of 

sufficient resolving power are available. Alpha decay also differs from beta 

decay in that the initial and final nuclei in an alpha emission are of the same 

nuclear type (even-even, odd~even, etc.). This fact is of more significance 

than it might at first seem to be, since it raises the possibility of alpha transi-

tions occurring between states of the same configuration. Such transitions not 

only occur, but comprise a large part of alpha decay data at the present time. 

There are'also a number of differences between alpha and beta decay in regard 

to the selection rules and energy dependence governing the population of various 

states in the final nucleus, but since these will be discussed in some detail in 

later sections, they will not be mentioned further here. 

The aim of this chapter is not to present a comprehensive review of any 

particular aspect of the study of alpha emitters, but rather to provide a general 

picture (with a few specific illustrations) of the energy levels populated in the 

alpha-decay process and to show how this information is related to theories of 

nuclear structure. Toward these ends the chapter has been divided into three 
I 

main sections. The first section deals with the apparatus and experimental 

techniques used in studying nuclear states observed from alpha decay. The sec-

ond short section covers a few considerations on the alpha decay process per se 
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which will be essential in understanding the experimental data~ and the third 

section presents some of these data together with their interpretation. It 

should be emphasized that in this chapter the primary interest will be in alpha 

decay as a .means of studying nuclear energy levels. For more general discus

sions of alpha radioactivity, several recent review articles are available (8-10). 

I. EXPERIMENTAL TECHNIQUES 

A. The Study of Alpha Spectra. 

A number of techniques have been developed for the detection of alpha 

particles and the study of alpha particle spectra. These range from extremely 

sensitive methods (nuclear emulsions) which can detect a very few alpha disinte

grations occurring over a period of months and measure their energy to within 

about lOr{o, to methods of high resolutJon (magnetic spectrographs) capable of 

measuring the energy of an alpha group to about O.Olr{o, but in doing so can 

detect less than O,lr{o of the alpha particles. The selection of a particular 

detection method depends, of course, on the experimental requirements. In the 

study of energy levels populated by alpha decay the interest is usually centered 

in doing two sorts of things. One of these is determining the exact time (and. 

possibly direction) of the alpha particle emission, so that the gamma rays as

sociated with the decay can be identified and. studied, Techniques for doing 

this will be considered in Part B of this section, The other measurement of 

general interest is the identification of energy levels directJ..y from analysis 

of the alpha particle spectrum into its various energy groups, This requires 

instruments of high resolution, since the average spacing of energy levels in 

the region of the heaviest elements is somewhere around 50 kev. Of the 
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techni~ues yet developed, only the magnetic spectrographs have sufficient re

solving power to be very satisfactory in this regard, and for this reason 

further discussion along this line will be limited to this means of detection. 

Nevertheless, some important information has been obtained using ionization 

chambers with pulse height selection (see Ref. 10). 

Although a number of magnetic alpha particle spectrographs have been 

put into operation from time to time, only a few are now being extensively 

used in the study of radioactive alpha emitters. These di.ffer considerably 

in their magnetic field properties, as will be described; however, they are 

~uite similar in overall operation. In each case a thin alpha-emitting sample, 

deposited or masked as a narrow line, is placed at the source position of the 

instrument with the sample line parallel to the magnetic field (vertical). The 

alpha particles travel in vacuum through the magnetic field and strike a photo

graphic plate. The field characteristics are such that at the photographic 

plate, the alpha particles are caused to focus into a vertical line ( an ap

proximate image of the source). Upon development, the plates are scanned under 

a low-power microscope in vertical columns (scans) and the individual alpha 

tracks are counted. A plot of counts per scan versus horizontal position of 

the scan along the plate then corresponds to a plot of intensity versus alpha 

particle energy. Usually the energy of an alpha group is only measured rela

tive to that of another group. The use of photographic plates permits the 

simultaneous accumulation of data over a rather wide energy region, which is 

of great help .considering the low transmission of these spectrographs. 

Two of the most important characteristics of an alpha particle spec.

trograph, particularly in regard to the study of nuclear energy levels, are 

its transmission and its resolution. Transmission, as used here, will refer 



• 

. -'7- UCRL-8217 

to that fraction of the total number of alpha disintegrations occurring in the 

source line which is recorded at the detector. It is important to note that 

the transmission is not related to the total alpha activity on the source plate 

if a masking slit is used; but only to the part of this activity which is ex

posed to the spectrograph. The resolution will be expressed as the full width 

of an alpha group at one~half its maximum height~ and will be referred to as 

the "half-width". This definition is somewhat arbitrary, but corresponds with 

that most generally used in alpha particle spectroscopy. A high transmission 

is clearly desirable in a spectrograph, since this reduces the operating time 

required to study a given sample. Similarly~ small half-widths are advantageous~ 

in that close-lying alpha groups can be resolved, and also more precise energy 

separations for all the observed groups can be calculated. Resolution and 

transmission are pot independent of each other, however, and with a particular 

sample and instrument one of the two can usually be improved only at the ex

pense of the other; so that in practice some kind of a compromise must be 

reached. The exact compromise made is governed by the objectives of each parti.

cular experiment, but normally in studying nuclear energy levels half-widths 

around 8 kev at 6 Mev particle energy are sufficiently good. For this reason, 

in the following discussion of the various spectrographs, the transmissions 

mentioned are those at which the above resolution can be obtained. 

Two of the first spectrographs used for systematic study of complex 

alpha spectra are those built by Rosenblum (111 12) at Bellevue, France and by 

Reynolds, Asaro, and Perlman (13,14) at Berkeley, California. The Bellevue 

instrument is a large permanent magnet giving a field of 12,500 gauss in which 

a 180° focusing spectrograph has been built. Figure la gives a .schematic view 

of the optics of this instrument. The permanent magnet is a distinct improvement 
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a. 

Photographic plate 

Source 

Source Photographic plate 

MU-1481'6 

Fig. 1. Schematic view of the optics of (a) the Bellevue permanent

magnet alpha particle spectrograph and (b) the Berkeley electro

magnetic alpha particle spectrograph. In (a) the entire assembly 

is in the magnetic field, whereas in (b) the magnet is indicated. 
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over the electromagnets as far as field stability is concerned, so that for 

weak samples or samples of low specific activity where long exposures are re-

quired this instrument is quite desirable. Half-widths as low as 8 kev have 

Th k 1 t h 1 a 60° t 1 t t been reported. e Ber e ey spec rograp emp oys sec or e ec romagne 

having a radius of curvature of 75 em. Figure lb gives a sketch of the optics 

of this instrument. Although the magnetic field shapes of the two instruments 

are quite different, the focusing characteristics are very similar. Half-

widths of 8 kev have been achieved on the Berkeley spectrograph at a trans

mission of 5 x 10-5 . Considerably smaller half-widths have been obtained at 

the expense of transmission, as will be discussed presently. 

Both of the spectrographs discussed above have flat magnet pole pieces, 

so that uniform magnetic fields are produced. From the analogy to electron 

spectrometers it was realized some time ago that considerably better trans-

mission at a given resolution could be achieved by using a non-uniform magnetic 

field such that without destroying the focusing in the horizontal plane shown 

in Fig.l a similar focusing occurs simultaneously in the vertical plane. Such 

an instrument is said to be "double-focussing". Two electromagnetic double-

focusing spectrographs, used principally for studying radioactive alpha emit-

ters, have recently been built; one in Moscow by Goldin, Novikova, and 

Tretyakov (15,16) and the other in Berkeley by Asaro and Perlman (17,18). The 

Russian machine is in the form of an annular ring having a rad.iufl of 50 em, 

and both source and receiver are located inside the magnetic field. Focusing 

occurs after~ ~radians or about 250°. Half-widths of 7.5 kev have been 

reported at a transmission of 2 x lo-4, or about four times larger transmission 

than the Berkeley uniform field instrument at about the same resolution. The 

magnet of the Berkeley double-focusing spectrograph is in the form of a semi-
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circle, and both the source and receiver are located outside the magnetic field. 

0 
The alpha particles are brought to a focus after being bent through 180 • The 

normal radius of this instrument is 35 em, Half-widths of about 8 kev have been 

obtained on this machine at a transmission of 1 x 10-3, which is around 20 times 

larger than the Berkeley uniform field instrument, The advantage of double 

focusing is evident; however, these transmissions should not pe considered as 

figures of merit for the spectrographs. Other important considerations closely 

related to transmission are (1) the permissable source area., (2) the energy 

range over which the stated resolution can be obtained, and (3) the stability 

of the instrument. Any relative evaluation of the instruments would have to 

take all these factors into account, and would be very difficult to make. 

In order to obtain the resolution and transmission of which the magnetic 

spectrographs are capable several factors must be considered. Most important 

·Of these are magnetic-field control, pressure, and source conditions. The first 

two of these represent no particular problem. It may readily be estimated, for 

example, that in order to confine the spread in energy to one kev or less, the 

magnetic field must be held constant to about one part in 104. Even for the 

electromagnets this stability is not difficult to achieve over reasonably short 

periods (several days), and, in fact, it would probably be possible to obtain 

e~uipment that could control the field somewhat better than this if necessary. 

For very long periods, however, this stability is difficult to maintain and the 

permanent magnet is a distinct advantage, Similarly one can estimate that a 

spread in energy of one kev, would re~uire a pressuxe of a few microns of mercury. 

Pressures much lower than this are relatively easy to obtain, and for the Berkely 

spectrograprrs the o~rating pressures are a few tenths of a micron or less even 



~~ 

' 

.. 
-11- UCRL-8217 

though a spread in energy of one kev would not usually be detectable. The 

preparation of satisfactory sources~ however, can be ~uite a difficult problem. 

There are three aspects, in particular, which re~uire careful attention. The 

first of these is the thickness of the layer of material in which the sample 

is desposited. If this thickness is too large, some of the alpha particles 

will lose enough energy in traversing the layer to cause serious broadening of 

the peaks. Some specific cases will be considered be~ow; however, in general 

the thickness must be less than a few llf!JIJ./cm2 of material. Since the line 

focused on the photographic plates is an approximate image of the source~ the 

source width is also critical. For the Berkeley uniform field spect~ograph, 

a source width of a millimeter would give a line width corresponding to about 

8 kev for an alpha particle group of energy 5 or 6 Mev. The allignment of the 

source is also important in this regard since any deviation of the line from 

the vertical contributes to the appa~ent source width. The third aspect re-

~uiring attention has to do with a broad "tail11 which extends from alpha parti-

cle peaks toward lower energies. Unless precautions are taken this continuum 

is about 0.02% of the height ·Of the peak, and this represents a rather serious 

disadvantage since low intensity alpha groups which may be present in this 

region cannot be detected. This tailing is thought to be due largely to alpha 

particles that have been scattered off the backing plate~ slit system, and 

other objects which may be in the vicinity of the source. Rosenblum (19) has 

reported that by using very thin backing materials and taking other precautions 

the effect can be reduced at least two orders of magnitude below the figure 

~uoted above. 

It is perhaps of interest to mention the present capabilities of alpha 

particle spectroscopy when the best possible account is taken of the considerations 
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in the preceeding discussion. Of interest will be (1) the best resolution that 

can be obtained with an optimum sample and (2) the weakest samples for which 

analysis is possible. In both cases thin uniform samples are needed and are at 

present most satisfactorily prepared by high temperature vacuum sublimation from 

a tungsten filament onto a col.d platinum plate 0 For case ( 1) above, the samples 

were masked to widths of 1-5 mils 7 and no more than 2-3 ~gmsjcm2 of the radio-

active· material were vaporized onto the sample plate. The measurements were 

made on the Berkeley uniform field instrument at transmissions of about 10-5. 

Half-widths of 2.5 kev (out of 5-6 Mev) have been almost routinely achieved, and 

227 the alpha particle spectrum of Th (20,21) taken at about this resolution is 

shown in Fig. 2o It :ts not difficult to see the need for high resolution in 

242 studying this particular spectrum. In test runs on Cm half-widths as small 

as about one kev were measured (22). The limiting factor may be source thi.ck

ness, since 5-6 ~gmjcm2 of a heavy element or -1 ~gmjcm2 of a light element im-

purity would be sufficient to give the above width. With the present equipment 

it is estimated that half-wi.dths of a few tenths of a kev should be attainable, 

provided the lines are not made broader than this by some effect accompanying 

alpha emission, such as the ejection of orbi.tal electrons (23,24). Probably the 

weakest sample that has been studied on a .spectrograph is one of u235 containing 

250 alpha disintegrations per minute (25,21). The problem in this case has to 

do with the specific activity of u235 which is only 4.5 disintegrationsjminutej~gm. 

To obtain half-widths of 10-15 kev, the maximum amount of uranium that can be on 

the source plate is around 50 ~gmjcm2 , and, since the area of the sample used was 

1/8" wide x 1" long (-008 cm2), only a total of 50 ~gm or -250 disintegrations 

per minute of u235 could be used. This was run in the Berkeley double~focusing 

spectrograph for about two weeks at a transmission of 0.1%, and the resulting 
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0 
spectrum is shown in Fig. 3. The half-widths of the peaks are arotind 15-20 

kev, and unfortunately the statistical variation of the counts is rather large. 

This spectrum has been quite useful in the study of the decay scheme of u235 

(26), however. Certainly at the present time samples this weak are not very 

convenient to study on the magnetic spectrographs 7 an.d a limit which would 

permit reasonably convenient study is probably in the vicinity of 1000 alpha 

disintegrations per minute. 

B. Supplementary Techniques. 

The study of nuclear states observed from alpha decay by no means ends 

with the study of alpha particle spectra. The elucidation of a decay scheme 

always requires that the gamma rays and conversion electrons associated with 

the alpha emission be studied, and in many cases energy levels can be detected 

by these means which receive either no direct alpha population or an amount 

insufficient to be observed directly. Almost all the techniques of gamma-ray 

and beta-ray (conversion electron) spectroscopy are appli.cable to the study of 

alpha emitters, and have been rather extensively used in such studies. Since 

these subjects are considered in detail in other chapters, however, they will 

not be reviewed here. Instead7 a few coi.ncidence methods which make use of 

the properties of alpha particles will be described. In this discussion, a 

general familiarity with the detection methods for gamma rays and alpha parti-

cles will be assumed. 

The simple measurement of gamma ray spectra in coincidence with gross 

alpha particles is a considerably more powerful tool than is the analogous 

measurement with beta emitters. Not only does such a measurement establish 

that the gamma rays are associated with an alpha emitter, but also in many 
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... : . 
4.559 

Fig. 3. Alpha particle spectrum of u 235 taken by Pilger et al. 21 , 25, 26 

The full width of the peaks at half their maximum height is 15-20 

kev. The peak at 4.354 Mev is complex and consists of three or 
more alpha groups. 
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cases photons can be observed which are much too weak to be detected by any 

other means. The reason for this is that it is extremely easy to detect alpha 

particles with higb. efficiency and to differentiate them from all other radi-

ations given off by radioactive nuclei (with the possible exception of spon-

taneous fission fragments where some energy discrimination is required). For 

example, a thin layer of zinc sulfide deposited onto a photomultiplier tube 

can detect about half of the alpha particles given off by a sample (geometrical 

considerations) and. is practically completely insensitive to gamma or beta 

radiation. The use of pulses from such a detector to "gate on" a gamma ray 

multi-channel pulse-heigb.t analyzer can reduce stray background gamma radi

ations by a factor cf 105 or more, while reducing the overall detection ef-

ficiency for gamma rays associated with an alpha. emitter by only a factor of 

two. This enormous increase in sensitivity becomes quite important where there 

are limitations on the amount of sample availaQle. This relatively simple 

coincidence arrangement, with no alpha-particle energy discrimination, has a 

variety of other uses r.anging from gamma ray abundance measurements to the 

determination of alpha-particle gamma-ray angular distributions. 

In coincidence measurements 9 however, it is often necessary to d.is-

criminate among alpha particles of different energies, and a number of detec-

tion methods have been used for this purpose. T.b.e only requj.rement not pre-

viously considered for alpha detectors is that an electronic pulse must be 

produced within a very short time after the arrival of an alpha particle. 

Usually this time is a few m1croseconds or lessp Scintillation counters using 

a variety of scintillators have been used for ~~is purpose (10), but the best 

half-widths that can be obtained in this manner are 150-200 kev (27,28), and 

this is not sufficiently good for most purposes. Much better results have 
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been obtained with ionization chambers (.10,29), where half-widths of 25-30 kev 

can be achieved with transmissions of up to 30%. Nevertheless, the complexity 

of energy levels encountered in heavy-element nuclei is such that fre~uently 

even this method leaves something to be desired in the way of resolution. One 

is thus led again to the magnetic spectrographs as the only means of obtaining 

really satisfactory resolution. These instruments have not previously been 

used very extensively for coincidence measurements because of problems asso

ciated with their low transmission. This situation should be largely remedied 

with the double-focusing spectrographs, however, and on the basis of prelim

inary results (21,30) this method promises to be ~uite useful in the study of 

complex decay schemes. A sketch of the arrangement using the Berkeley double

focusing spectrograph, is shown in Fig. 4. A particular alpha group is focused 

by the spectrograph onto a narrow slit in front of a ZnS screen and those alpha 

particles which strike the screen produce an electronic pulse in the photo

multiplier. The gamma rays from the sample are simultaneously detected with a 

Nai crystal and those which occur in coincidence with t~e alpha pulses are then 

analyzed on a multi-channel pulse-height analyzer. Thus it is possible to ob

serve separately the gamma rays which de-excite each particular level that 

receives direct alpha population. This represents an extremely powerful tool 

for studying nuclear energy levels. 
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Fig. 4. Schematic view of the Berkeley double-focusing spectrograph 

. used as a coincidence instrument. 
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II. ALPHA DECAY ENERGY AND LIFETIME CONSIDERATIONS 

A. Alpha Decay Energies. 

Around the middle of the periodic table, alpha decay becomes energet• 

ically possible for nuclei in the band of beta stability. Hovrever, except for 

a small region around gadolinium, this type of decay does not proceed at an 

appreciable rate until the elements somewhat heavier than lead are reached. 

The reason for this is to be found in the Coulomb barrier, which prevents the 

alpha particles from leaving the parent nucleus until sufficient energy is 

available. This barrier, incidentally, prevents completely the emission of 

such particles as c12 
and o16

, which is usually considerably more favorable 

energetically than alpha emission. The point at which sufficient energy is 

available for alpha emission to occur at a reasonable rate is determined by 

the height and thickness of the Coulomb barrier, which in turn depend on the 

charge (atomic number) of the nucleuso Hence, the requirement goes up as one 

proceeds upward in the periodic table. Figure 5 illustrates the situation 

graphically. The two straight lines represent the alpha energy required to 

give half-lives of 10
8 

years and 1 hour as a function of mass number, and the 

heavy curve corresponds to the alpha decay energy available for nuclei in the 

region of beta stability. It is evident that, except for nuclei which lie 

quite a distance from beta stability, alpha emission would not be expected to 

occur until the heavy elements are reached. The rather large irregularities 

in alpha decay energy for nuclei around mass number 140 and 210 are caused by 

the clo"sed shells of 82 neutrons and 82 protons - 126 neutrons which occur 

respectively in these two regions. The island of alpha emitters in the rare 

earth elements and the·rather sudden onset of alpha radioactivity in the region 

just above lead are caused by these two irregularities. 
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Fig. 5. The heavy line shows the alpha decay energy as a function of 

mass number for nuclei in the band of beta stability. The two 

straight lines denote the alpha decay energies necessary to give 
8 . 

half-lives of lO years and l hour, The isotopes of a few elements 

have been included to show the effect of varying neutron number. 
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A more detailed view of the heavy-element section of Fig. 5 is shown in 

Fig. 6. Here again the closed~hell eff~cts around the re~ion of mass number 

210 are evident. Away from this region, however, there is observed for each 

element a reasonably uniform decrease in alpha decay energy with increasing mass 

number. That this type of behavior is to be expected has been deduced by a 

number of authors (31,32) from general considerations of atomic masses. The 

principal value of a plot like Fig. 6, aside from orientation, is that it permits 

reasonably good prediction of the alpha decay energies of undiscovered isotopes. 

This fact has been of great value in the search for new alpha emitters. 

B. Lifetime Considerations. 

Certainly one of the most ~pressive facts about alp~a decay lifetimes is 

the wide range they cover. In the heavy elements alone, half ... lives vary from 

less than 10-6 E)econds (Po212 ) to over 1010 years (Th232) or more than a factor 

of 1024 • That this variation is caused by (or related to) differences in alpha 

decay energy was recognized as early as about 1907 (33,34); however, an under-

standing of the quantitative relationship between decay energy and lifetimes 

had to await the advent of wave mechanics. In 1928 Gamow ( 35) and Condon and 

Gurney (36) independently proposed the wave mechanical barrier penetration 

solution, which is essentially the one used today. Although certain features 

of this "one-body theory" are unacceptable in terms of present nuclear theory, 

the results are of such importance to the study of energy levels from alpha 

decay that a qualitative description of the theory will be presented. 

"One-body" alpha decay theory considers the alpha particle to have a 

continuous existence in the potential of the daughter nucleus. The decay rate 
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is expressed as the product of a "freq.uency factor", that represents the fre-

quency with which the alpha ~article strikes the potential wall, and a 

"penetration factor" that expresses the probability of the alpha particle 

penetrating the negative kinetic energy region of the Coulomb barrier. The 

serious objections to the theory have to do mainly with the frequency factor 

and the concept of an alpha particle existing for any length of time within a 

nucleus. Fortunately, it turns out that the lifetimes are not very sensitive 

to this portion of the treatment; so that the usefulness of the results, in 

spite of these objections, can be understood. In practice some rather simple 

approximation of the frequency factor is generally used. 

In the penetration factor the decay constant, A., depends on the decay 

energy, the charge of the nucleus, and the effective nuclear radius. The 

decay energy and the nuclear charge can be determi.ned precisely, but the ef-

fective nuclear radius turns out to be some combination of the actual nuclear 

radius and the alpha particle radius, and is not subject to independent 

measurement. Several courses could be followed from this point, but the one 

usually found most fruitful (32, 37-4o) is to assume some function for the 

radius, calculate decay constants using this function, and compare these cal-

culatedwalues with the experimental ones. The results of this type of 

treatment can be seen in Fig. 7, which is a plot of the logarithm of the 

alpha half-life versus the decay energy for the alpha transitions from even-

even nuclei to the ground states of the daughter nuclei. The points on Fig. 7 

correspond to the experimental alpha half-lives, while the curves are ,those 

calculated from Preston 1 s treatment of the one-body model (41), using a radius 

of 1.51 x 10-l3 Al/3 em, where A is the nuclear mass number. Significant 

deviations occur for the lighter elements, and become progressively worse for 
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Fig. 7. The logarithm of the alpha half-life has been plotted against 

the alpha decay energy for the alpha transitions from even-even 

nuclei to the ground states of the daughter nuclei. The ctrrves 
41 

are those obtained from Preston 1 s treatment of one-body alpha 

decay theory, using a nuclear radius of 1.51 x 10-l3 Al/3 em. 

The systematic deviations for Th, Ra, and lower elements (not 

shown) could probably be reduced considerably by using a different 

value for the radius. 
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radon and polonium which, for the sake of clarity, have riot been included in 

Fig. 7. Nevertheless, the agreement between the theory and experiment is im-

pressive and could probably be even further improved by using a more complicated 

function for the radius. It should be kept in mind, however; that this is only 

for the even-even ground state transitions, and some other types of alpha tran-

sitions, as we shall see, are by no means so simply explained. 

Since the even-even ground state transitions are so well accounted for 

by the theory, a logical next step is to try to include excited states for 

these nuclei. The way to ,proceed is clear. The radius is expected to be the 

same as for the ground state transition in the same nucleus, so that the only 

change should be the reduction of the alpha decay energy by an amount corre-

sponding to the excitation of the state. In some cases this ,procedure works 

beautifully. In ti232 (42,43) decay, for example, an excited state of Th
228 

at 

an energy of 57.5 kev is populated, for which a decay constant is calculated 

such that the state is expected to receive 32% of the total alpha decay. This 

corresponds exactly to the observed situation. On the other hand, in the decay 

of this same nucleus a state at 326 kev is also populated, but in an amount 

about a factor of 70 smaller than would correspond to the calculated decay 

constant. This leads to the introduction of the term 11hindrance factor", which 

will be quite important in later sections. The hindrance factor for decay to 

an excited state of an even-even nucleus is the ratio of the experimental alpha 

half-life for decay to that level divided by the half-life calculated as in-

dicated above. This automatically makes the hindrance factors for the even-

even ground state transitions nearly unity, and in practice these are all as-

sumed to be exactly unity, so that they serve to define the nuclear radius 

rather than using the Al/3 relationship. Thus for the u232 case described 
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above, hindrance factors for the transitions to the ground, 57.5, and 326 kev 

states of the daughter nucleus would be 1.0 (by definition), 1.0, and 70 re-

spectively. The concept of hinderance factors is so useful it has been ex-

tended to the other nuclear types (besides even-even). In these cases the 

ground state transitions do not generally give results in agreement with the 

theory, so that effective nuclear radii cannot be calculated as for the even-

even nuclei. The usual procedure, for this reason, is to use the average 

radius appropriate to the even-even nuclei nearest the nucleus under consider

ation. In u235 decay, for instance, the radius used in the calculation would 

be the average of those calculated from the ground state transitions of u234 

and u236. ~indrance factors actually represent the reciprocal of what might 

be called reduced alpha transition probabilities. Effectively the theory is 

used only to remove the energy dependence of alpha decay. It is in this re-

gard that the hindrance factors are of considerable importance to the study 

of nuclear states populated by alpha decay. 



-27- UCRL-8217 

III. ENERGY LEVELS POPULATED IN ALPHA DECAY 

The study of alpha emitters divides rather naturally into categories 

according to the nuclear type involved, At the present time sufficient in

formation is available to warrant discussion of only two of the three nuclear 

types - the even-even and. the odd-mass nuclei. The absence of data on odd-odd 

alpha emitters is due to the added instability of this nuclear type towards 

beta decay; which usually results in half-lives too short for favorable alpha 

competition, As our understanding of the energy levels and the alpha decay 

process in the other nuclear types improves, however, the odd-odd nuclei 

present a more and more interesting challenge, and it seems likely that in 

the near future a few of these nuclei will be studied, This section will thus 

be divided into two parts di~cussing the data on even=even and odd-ma§ls nuclei 

respectively, The theory of nuclear energy levels will not be considered in 

any detail, but a sufficient amount of theory to permit some understanding of 

the regularities observed in the alpha decay process will be introduced from 

time to time, 

A. Even-Even Nuclei. 

The alpha particle has spin zero, even-parity" and no excited states 

below about 20 Mev (Le. Jl none that can be reached. in even the most energetic 

alpha decay), This means that any change in angular momentum between the 

initial and final states in an alpha decay process must be carried off by the 

alpha particle as orbital angular momentum, For even-even nuclei, whose 

ground states are all presumed to have zero spin and even-parity (0+) alsoJ 

the above facts result in a "selection rule". It is possible for each orbital 
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angular momentUm wave (s, p, d, ••• ) to populate only states of a particular 

spin and parity in the daughter nucleus (0+, 1-, 2+, .•• respectively, for 

the above waves). States with other spins and parities (0-, 1+, 2-, ••• ) can

not receive direct alpha population from an even-even nucleus. This rule is 

not nearly so important as it might be, because it is now rather well estab

lished that states with even spin and odd parity (also odd spin and even 

parity) are missing among the levels of low energy in even-even nuclei. How

ever, a number of spin assignments have been made or confirmed by the use of 

this selection rule. For odd-mass nuclei no such selection rule results since 

spins are half integer (eliminating the possibility of spinO). Consideration 

of the orbital angular momentum waves involved in the alpha decay of odd-mass 

nuclei will be of great importance, however, 

1. Even-Parity Rotational Band. The excellent agreement of the ground 

state alpha transitions of even-even nuclei with the one-body model for alpha 

decay has already been noted. Since the spin and parity of the ground state of 

every even-even nucleus is thought to be 0+, these must all be s-wave (£ = 0) 

alpha transitions, which occur between very similar states in the initial and 

final nucleus. Thus the uniformity of these alpha transitions and the fact 

that they are "unhindered" (agree with the one-body model) are not particularly 

unexpected. According to the unified nuclear model of Bohr and Mottelson (44), 

nuclei in regions removed from closed shells should have spheroidal rather than 

spherical shapes, and there should then be associated with the ground states of 

even-even nuclet rotational bands whose members have spins and parities of 0+ 

(ground state), 2+, 4+, 6+, The odd spin members of the rotational band 

are excluded by symmetry considerations. The energies, E
1

, of these states 

are given by: 
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(1) 

Where I is the spin of the level, ~ r'=presents an effective moment of in-

ertia, and W is a constant giving the elevation of the entire band above 
0 

the ground state (for the ground stat'= band under discussion here, W is 
o. 

of course zero). In all instances where a closed shell is sufficiently 

far away and where data are available, such bands have been found. Start-

ing with uranium and progressing through the transuranium elements the 
2 

value of~ is rather constant and equal to approximately 7 kev. Below 
fi.2 

uranium the value of z;s (i.e., the spacing of the band) becomes larger 

until, as the closed shell region is approached, the band can no longer 

be identified. Alpha decay follows distinct patterns in its population 

to the various band members, and some of the data in this regard will now 

be examined. 

The decay scheme of Pu238 (45,46) is shown in Fig. 8. This scheme 

is typical of that for decay to the ground state (or "even-parity") rota-

tional band in an even-even nucleus. The alpha transitions not inclosed 

in parentheses in Fig. 8 have been directly observed with a magnetic spec-

trograph. Those in parentheses are too weak for direct observation on the 

spectrograph, and have been identified from gamma-ray and gamma-gamma 

coincidence studies. The spin and parity of the first excited state has 

been assigned 2+ from the fact that the 43.50 kev transition i.s E2. The 

other spin and parity assignments have been made principally on the basis 

that the energy agreement with equation (1) is good, and the gamma-ray 

data are consistent with the predicted spins. These data and assignments 

are typical of the even-even nuclei in this region and are considered 
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Fig. B. 238 Decay scheme of Pu • K, which has not been mentioned in 

the text, represents the projection of the spin, I, on the nuclear 

symmetry axis. In all the decay schemes, parentheses aro'und the 

spins indicates that these are uncertain, whereas parentheses 

around an alpha energy and intensity mean that the group was not 

directly observed on an alpha particle spectrograph, but was 

deduced from gamma ray data. The sequence of levels populated 

in u234 are those of the even-parity rotational band. 
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well established. However 7 it should be pointed out that independent spin and 

parity assignments of states above the 2+ levels are largely absent; in fact, 

in only one case (47) can a. 4+ assignment be considered independently proved 

for the second excited state. The hindrance factors for alpha d.ecay to the 0+, 

2+, 4+, 6+7 and 8+ levels of u234 are 1.0 (by definition), 1.5, 120, 360 7 and 

15,000 respectively. Comment on these values will be reserved until they are 

compared with the analogous data for other even-even nuclei. 

Now that a rather typical decay scheme has been examined in some detail, 

the general features of alpha decay to the even-parity rotational bands will be 

considered. Figure 9 shows the variation in energy of the first excited state 

( 2+) of even=even nuclei as a function of neutron number, where the lines are 

connecting points for each element. The sharp increase in this energy in the 

vicinity of the closed shell region (126 neutrons) is apparent. For conven-

ience in discussing energy levels, the heavy elements have been divided into 

three regions as indicated in Fig, 9. In the immediate vicinity of the closed 

shell, nuclei are thought to be spherically shaped;> and. hence this region will 

be referred to as the spherical region. Similarly, well removed from the closed 

shell, the spheroidal shapes previously mentioned are thought to be stable, giv-

ing rise to the rotational characteristics of this region. Hence this is gen-

era.lly called the spheroidal re?ion. Between these two reasonably well-charac-

terized areas lies the intermediate region 7 where the properties of the nucleus 

seem to be changing from spherical to spheroidal. The extent of this region 

varies 'somewhat according to the nuclear properties under consideration, These 

subdivisions are quite important in considering the energy levels of both even
! 

even and od.d-mass nuclei, When the energy of the first excited state in even-

even nuclei gets as high as about 200 kev (around neutron number 134 in Fig. 9) 
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Fig. 98 The first excited state energy of even-even nuclei is shown 

plotted against neutron number, where the lines connect the 

points for each element. The spherical, intermediate, and 

spheroidal regions of the heavy elements are indicated. 
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the pattern of excited states changes from 11rotational", as has been described, 

to "near -harmonic 11
, which has been discussed by Goldhaber and Weneser ( 49)" and 

is characteristic of the intermediate region. Thus the regularities in the 

even-parity rotational band as illustrated for u234 extend only down to the 

vicinity of neutron number 134. 

Hindrance factors for alpha decay to the members of the even-parity 

rotational band are shown in Fig. 10, where they have been plotted against the 

atomic number of the parent, the wide variation of these hindrance factors is 

apparent:; and it is well to bear in mind that these differences are after the 

energy dependence of alpha decay has been removed by the one-body theory. The 

reasons why (1) the higher spin states have such large hindrance factors and 

(2) there is such a wide variation in hindrance factor to a given level (almost 

a factor of 100 in the case of the 4+ state) are not very well understood at 

the present time. It is true that the dependence of the alpha particle emission 

probability on the angular momentum change in the transition ("spin dependence") 

has not been included in the hindrance factor:; and its inclusion would probably 

bring down appreciably the values for the higher angular momentum alpha waves. 

This effect does not seem to be large enough, however:; to account for all the 

hindrance of these waves, nor does it explain the large variation of hindrance 

factor within a given wave (to a given level). Thus it seems we must look 

further for the explanation of these hindrance factors, and considerable progress 

is being made in this direction by Rasmussen (50) and others (51~53). It is 

worth noting that the spin dependence of alpha decay is enormously less than that 

of beta decay, so that in regard to spin, alpha decay is much less selective in 

the levels it populates. 
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Fig. 10. The hindrance factors for alpha decay to members of the 

even parity rotational band are shown plotted against the atomic 

number of the parent alpha emitter. The spins indicated are 

those of the final state, and the £ value is the alpha particle 

orbital angular momentum wave for each transition. 
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2. Odd-Parity Rotational Band. In some heavy even-even nucle~ energy 

levels that are not members of the even-parity rotational band, have been found 

224 at excitation energies of only a few hundred kev (54). Ra ( 54-61) is such 

a .case, and the level scheme of this nucleus, as populated by the alpha decay 

of Th228, is shown in Fig. 11. Each of the alpha transitions indicated in Fig. 

228 
11 has been observed in studies of the alpha particle spectrum of Th on the 

Berkeley uniform field spectrograph. The gamma rays de-exciting the levels have 

been identified from a combination of gamma-ray, alpha-gamma coincidenceJ and 

gamma-gamma coincidence measurements. The spins of the 84 and 217 kev states 

have been established relative to that of the ground (0+) state by conversion 

coefficient and angular correlation studies; however, the spins for the highest 

twq states cannot yet be considered certain. 

The even-parity rotational band is easily recognized. in Ra
22

\ even 

thqugh the level spacing has become considerably wider than in u234 (Fig. 8), 

and. significant deviations from equation (1) have developed.. These changes are 

due to the proximity of the closed-shell region where some of the approximations 

maqe in the rotational model are no longer valid. .There are also observed in 

224 Ra two levels that are not members of the even-parity band. These occur at 

en~rgies of 217 and 289 kev and comprise what we shall call the "odd.-parity11 

rotational band. 224 States with spin and parity 1- (the 217 kev level in Ra ) 

have appeared at low excitation energies in many even-even nuclei in the heavy-

element region (54). Recently evidence has been accumula~ing (56) that there is 

a rotational band based on this 1- state, where the band members have spins and 

parities 1-, 3-, 5-, ... ' and energies given by equation (1). The 217 and 289 

kev, levels in Ra
224 

are thought to constitute the first two members of such a 

band. The odd-parity states seem to de-excite predominately by electric dipole 
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Fig. 11. 
228 Decay scheme of Th , showing both the even- and odd-

parity rotational bands • 
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transitions to the members of t4e even-parity band. 
. 224 

Thus the 1- state of Ra 

decays to the 0+ and 2+ states and the 3- state decays to the 2+ state, The 

absence of the transition from the 3- ntate to the 4-t state is thought to be 

due only to its smali energy (34 kev) relative to that of the transition to the 

2+ state (205 kev). The relative intensity of the two El gamma rays de-exciting 

each odd-parity state has been interpre~~ed in the framework of the unified nu-

clear model as indicating that the odd-parity band is related to the even-parity 

band (62), and a suggestion has been made (63) that it represents the members of 

the even-parity band supposedly absent due to symmetry considerations. Thus the. 

possibility seems to be raised that some of the symmetry conditions within the 

nucleus are beginning ~o break down, and it will be of interest to see whether 

such a conclusion can be confirmed. 

The energies of the 1- states thus far identified in even-even nuclei 

are shown plotted against mass number in Fig. 12. A distinct minimum in the 

energy of this state seems to occur around mass number 224 (or neutron number 

136)o The reason for this is not known; however, in terms of the discussion in 

the preceding paragraph it is.probably related in some manner to the stability 

of the unsymmetrical deformations of the nucleus •. The data on the transuraniwn 

elements are fragmentary due to experimental -difficulties in this region, and 

it should not be inferred that the absence of data is due to an absence of 1-

states. The hindrance factors for alpha decay to the odd-parity band members 

are plotted against neutron number of the parent in Fig. 13. The 1- state 

hinderance factors are seen to follow a rather smooth curve which possibly has 

a maximum around neutron number 144. In this .regard it is interesting to note 

that no 1- state has been found in the alpha decay of Pu
238 (144 neutrons), 
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Fig. 12. The energy of the 1- states of even-even nuclei is shown 

plotted against mass number. The lines connect the points for 

each element. No 1- states in uranium isotopes have been found.; 
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Fig. 13. Hindrance factors for alpha decay to the members of the 

odd-parity rotational band in even-even nuclei. The point 
242 (corresponding to Cm alpha decay) at 146 neutrons makes 

it seem that the hindrance factors for decay to the 1- state 

may go through a maximum around 144 neutrons. 
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although a careful search has been made (46). This means that either the 

energy of the 1- state in u234 is quite high, which doesn 1 t seem too likely 

from Fig. 12, or that the hindrance factor for decay to the 1- state is very 

high, which does seem rather likely considering Fig. 13. Why these hindrance 

factors vary the way they do is not understood, although, as in the case of 

the even-parity band, progress in this regard is being made. 

3. Higher Energy Levels. Alpha decay is not a very favorable means 

for studying the higher energy states of even-even nuclei. This is because 

almost all such levels lie at energies of about 1 Mev or more, and the steep 

energy dependence of the alpha emission process discriminates rather severely 

against levels of such high energy. In spite of this difficulty two types 

of states have been observed which do not belong to the even- or odd-parity 

226 rotational bands. These types are illustrated by the decay schemes of Ra 

(64-68) and em242 (69·-71) which are shown in Figs. 14 and 15. Rn
222

, from 

226 Ra deqay" .. lies in the intermediate region, and Goldhaber and Weneser ( 49) 

have shown that in this region a second 2+ state is expected at almost twice 

the energy of the .first 2+ state. The 450 kev level in Rn
222 is believed to 

be such a level (67). Two other similar levels have been observed from alpha 

decay (68), and. the hindrance factors for the decay to each of these is around 

10. The level. at 935 kev in Pu238 (from the alpha decay of Cm
242

) is quite 

interesting in that it decays by an electric monopole transition (71) to the 

238 ground state of Pu • This fixes the spin of the level as 0+, and makes it 

seem likely that it is the so-called "beta vibrational state" predicted by the 

un~fied nuclear model. One other such state has been observed (alpha decay 

of Pu
238 to u234 (71)), and in both cases the alpha transition is essentially 
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Fig. 15. 
242 Decay scheme of Cm . The 0+ level at 935 kev is believed 

to be the lowest member of the beta vibrational band. Other 
. 238 238 levels 1n Pu have been observed from the decay of Np and 

Am238_ 



-43- UCRL-8217 

unhindered (similar to the ground, O+p state). There seems to be little doubt 

that these weakly populated states in the alpha decay of even-even nuclei will 

receive considerable attention in the future. 

B. Odd-Mass Nucleio 

Odd-mass nuclei exhibit considerably less regularity in their alpha 

decay than has been described above for the even-even nuclear type. Consider, 

for example, that in comparison with the extremely regular behavior of the 

even-even ground state alpha transitions, those in odd-mass nuclei have hin

drance factors varying from about one to well over ten thousand. It is be

coming increasingly clear that this apparent irregularity is ·due to an increased 

complexity of energy levels in odd-mass nuclei rather than to any change in the, 

alpha decay process. Recent information, in fact, seems to indicate that in 

the spheroidal region of the heavy elements certain ~~'favore~' alpha transitions 

in odd-mass nuclei are virtually identical with those transitions to the even

parity rotational bands of the adjacent even-even nuclei. These "favored" 

alpha transitions seem to be one of the first steps in understanding the alpha 

decay of odd-mass nuclei and will be considered in some detail below. For con• 

venience the following discussion has been divided into a section on the sphe

roidal region of the heavy elements where most of the work both experimentally 

and theoretically has centered and a short section outlining the situation in 

the other regions. 

1., Spheroidal Region·. An enormous amount of progress has recently 

been made in understanding the energy levels of odd-mass nuclei in the regions 

of large spheroidal deformation. The first big step came with the unified 

nuclear model ( 44) which predicted the occurrence of rotational bands similar 
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to those in even,..even nuclei. Many such bands have since been found with spins 

I , I + 1, I + 27 ••• , 
0 0 0 

and energy level spacings in good agreement with equa-

tion (l)~e The second step was taken by Nilsson (72) and others (73,74) who 

considered the effect of a spheroidal deformation of the nucleus on the shell 

model energy levels. The results of Nilsson's calculations f'or a limited region 

are shown in Fig. 16. The energy of' particular levels has been plotted along 

the vertical axis in Fig. 16 against the amount of spheroidal deformation given 

in terms of a parameter, o (or~). A value of zero foro corresponds to a 

spherical nucleus, and here the usual shell model levels are observed. As o 
"I 

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

each of which can accomodate two nucleons. These components are designated by 

a spin and parity, and three "asymptotic quantum numbers" whose significance 

will not be of importance here. The usefulness of the diagr.am may be illus

trated by considering the nucleus, Np
2
37, which has 144 neutrons and 93 protons. 

Since, like the shell model, it is the last odd particle which is of importance 

in determining the properties of the nucleus, the neutrons in Np237 need be con-

sidered no further. Of the protons, 82 should be contained in the closed shell 

corresponding to the bottom of the diagram in Fig. 16. The remaining 11 protons 

should fill in pairs into the lowest unoccupied levels of' the diagram until a. 

single proton remains. This proton is expected to be in the next lowest avail-

able level, whose characteristics determine those exhibited by the nucleus. 

Since, in the region of neptunium, 8 is expected to be about 0.20-0.25, the 

a In the case where I
0 

= 1/2, a second term, ~EI =a (-)I+ 1/ 2 (I+ 1/2), 

must be added to equation (1), where a is a constant for each band. 
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16. Nilsson diagram for protons, showing the energy of the 

levels versus the amount of spheroidal distortion given in 

terms of the parameter o (or T}). A value of zero for It ··cor-
·.'.'!"'"" 

responds to a spherical nucleus, and here the usual shell 

model levels are observed. Positive values of o (toward the 

right from zero) correspond to prolate distortion. The arrow 

indicates the level believed to correspond to the ground state 

of Np Z37. The levels are identified by the quantum numbers 

n ~ [N 11 A], which represent respectively the symmetry-axis z . 
component of total nuclear angular momentum, the parity, the 

principal oscillator quantum number, the symmetry-axis oscil

lator quantum number, and the symmetry-axis component of 

orbital angular momentum. 
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above procedure puts the last odd proton of Np237 into the level indicated by 

an arrow in Fig. 16. A spin and parity of 5/2+ are thus expected for Np
237, 

and a spin of 5/2 has been experimentally observed ( 75) • Other evidence ( 76-

78) indicates that the last odd proton of Np237 is, indeed, in the expected 

level. Although the energy separations calculated by Nilsson are only ap-

proximate, the usefulness of such a diagram in interpreting ground and excited 

states in odd-mass nuclei in the spheroidal region can hardly be overestimated. 

This will be further illustrated by the consideration of a particular alpha 

decay scheme. 

One of the most carefully studied decay schemes in the heavy element 

241 
region is that of Am (16,76,79-87) which is shown in Fig. 17. The alpha 

spectrum has been thoroughly investigated (16,80,81,84,87), and the six groups 

shown in Fig. 17 have all been seen by more than one laboratory. The conver-

sian electron and gamma ray data are quite extensive, so that there seems to 

be little question about the gamma ray placements and the multipolarities in

dicated in Fig. 17. In addition, the ground state spins of Np237 and Am2~1 

represent measured values (75,88), 'and that .of the 59.57 kev level has been 

determined rather conclusively from alpha-gamma angular correlation measure

ments (89) and other data (9,90). Some additional energy levels inNp 237 have 

been see.n from u237 beta de cay ( 77, 861 91, 92), but those will not be of interest 

here. The levels of Np237 shoWn in Fig. 17 have been interpreted in terms of 

two rotational bands based on the ground and the 59.57 kev levels. The Nilsson 

assignment of the ground state has already been discussed and corresponds to 

the indicated level in Fig. 13o Just above this level in the diagram at 

o ~ 0.23 is a 5/2- state which is believed to correspond to the 59.57 kev 
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Fig. 17. Decay scheme of Am
241, illustrating particularly the favored 

alpha decay to the 5 /2·- band. The t values are the alpha waves 

believed to contribute to the population of each member of the 

favored rotational band. 
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level in Np237. The 33.20 kev level is presumably a member of the ground 

state rotational band, and the remain::Lng levels have been assigned to the 

rotational band based on the 59.57 kev level. The energy level spacing of 

this latter band is in good agreement with equation (1). Am
241 

contains 

two more protons than Np237, aqd would be expected to hav~ for its ground 

state the same 5/2- level that corresponds to tbe 59.57 kev level in Np237. 

All the available evidence indicates that this is the situation and the 

almost unhindered alpha decay between these two states (H.F. = 1.2) is 

thought to be characteristic of alpha transitions between the same Nilsson 

level in the parent and daughter nuclei. The term, "favored" alpha decay, 

is usually applied to these transitions. Alpha transitions to other rota

tional bands in the daughter nucleus, such as the ground state band of Np237, 

are referred to.as "unfavored" or "hindered" alpha decay. 

Almost every odd-mass alpha emitter in the spheroidal region of the 

heavy elements exhibits favored alpha decay to a rotational band of its 

daughter nucleus. The favored decay is usually the most prominent, since 

it is essentially unhindered, whereas the unfavored transitions generally 

have rather large hindrance factors. The position of the favored band in 

the daughter nucleus varies in different cases. It may be the ground state 

as .in J33 (16,84) and E253 (93) decay or it might be an excited state as 

249 high as around 4oo kev as in Cf decay (94). The current picture of 

favored alpha .decay is that the odd nucleon remains in its particular Nilsson 

level throughout the process, while the alpha particle is formed from the 

paired nucleons and emitted in a manner exactly similar to the decay of an 

even-even nucleus. Bohr, Fr8man, and Mottelson (BFM)(95) have considered 

this process and conclude that, making certain approximations, the total 
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emission probability for a given alpha wave should be the same for the alpha 

transitions to the favored band in odd-mass nuc~ei and the even-parity rota-

tional band in even .. even nuclei. A con.plication arises, however, since in 

odd-mass nuclei a given alpha wave can generally populate more than one level 

in the favored rotational band. In the decay of Am
241 

(Fig. 17), for example, 

the £ = 2 .wave can populate the 5/2, 7/2, and 9/2 members of the favored band. 

This is not true in the even-even analogy, where the £ = 2 wave can only popu-

late the 2+ state of the even-parity band. This aspect of the problem has 

also been considered by BFM who have shown that the distribution of a given 

alpha wave among the various band members it can populate is given approxi-

mately by certain readily obtained vector addition coefficients. Application 

of the BFM treatment to calculate the relative populations to the favored band 

is then as follows: (1) compute the distribution of each wave according to 

the vector addition coefficients given in BFM, (2) use hindrance factors for 

each alpha wave similar to the adjacent even-even nuclei (i.e., from Fig. 10), 

(3) obtain the energy dependence for each level from one-body theory of alpha 

decay. 241 For Am decay the above prodecure gives relative intensities to the 

5/2, 7/2, 9/2, and 11/2 states of 100, 13, 2.2, and 0.021 respectively (95,10), 

compared with experimental values of 100, 15, 2.0, and o.pl8 (16). The alpha 

waves to .each band member are indicated on Fig. 17, and hindrance factors of 

1.0, 1.67, 200, and 300 were used for the~= o, 2, 4, and 6 waves respectively 

(cf. Fig. 10). The contribution of the ~ = 4 and 6 waves to the 5/2, ·7/2, and 

9/2 band members is negligibly small compared with the £ = 2 and ~ = 0 waves, 

and similarly the contribution of the ~ = 8 wave can be estimated to be negli-

gible for the 11/2 state. The odd alpha waves are all excluded by parity con'-

siderations. The experimental and calculated intensities to the 5/2 state were 
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normalized, but even fi!O the agreement j_s rather impressive. A number of other 
' . 

favored alpha decays have been analyze{. in this manner ( 95,9,10), and the agree-

ment is about like that for Am
241, although in most cases the experimental data 

are not so extensive. 

Unfavored alpha decay in the spheroidal region of the heavy elements has 

received very little theoretical attentiono This is probably due not only to 

the absence of an apparent analogy in the even-even nuclei, but also to the 

small amount of experimental data which, at least until very recently, has been 

available on this type of decay. This_latter problem arises due to the usual 

low intensity of the unfavored transitions. In the case of Am
241 

(Fig. 17), 

for example, only about Oo6% of the total alpha decay goes to the unfavored 

ground state rotational band. A considerably better situation is found in the 

decay of em243, however, which has recently been studied by Asaro et alo (1,2), 

and whose decay scheme is shown in Fig. 18. The levels of Pu
2

39 have also been 

studied from the beta decay of Np239 (3-6), the electron capture decay of 

Am
239 (7), and Coulomb excitation of Pu239, itself (96); so that the level 

scheme shown in Fig. 18 is quite well established. The favored alpha decay 

of Cm243 populates a rotational band 286 kev above the ground state of Pu239, 

while unfavored decay is seen to two bands, b.ne at the ground state and the 

other at 392 kev above the ground state. Alpha population to six members of 

the ground state (spin 1/2) rotational band in Pu239 has been obser,ved (2), 

and this represents considerably m~re information than is available on any 

other unfavored alpha transition. Asaro et al. (2) have been able to calcu-

late the relative alpha populations to the members of this band using an ap-

proach similar to the BFM method for favored decay. For the unfavored transi-

tions, however, tl1e alpha wave hindrance factors are treated as adjustable 
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Fig. 18. Decay scheme of em243, illustrating particularly the 

unfavored alpha decay to the ground state rotational band 

of Pu239. 
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parameters, and the values required to fit the eA"Peri.mental data seem to bear 

no relationship to those for the even-even nuclei. There are not yet sufficie~t 

data to test the general applicability of this method, but at the present time 

it seems to 

decay. 

offer a rather promising start toward understanding unfavored alpha 
\ 

2" Non-spheroidal Regions. Almost all· the nuclear spectroscopic data 

on non-spheroidal odd-mass alpha.emitters come from the intermediate region of 

the heavy elements (Fig. 9), exte~ding very roughly from astatine through 

actinium. Several alpha decay schemes have been studied in the closed shell 

region (21,97-104), but at the present time these do not seem to be sufficient+y 

extensive nor informative to warrant discussion here. Perhaps the most out-

standing feature of alpha decay schemes in the intermediate region is the~r 

complexity. As an example consider decay.of Th227, whose alpha .spectrum was 

shown in Fig. 2. The level scheme of Ra
223, as populated in this decay~ has 

been the subject of considerable study (105-111), and the recent results of 

Pilger, Asaro, and Perlman (217112) are shown in Fi~. 19. The complexity is 

evident,,and our present understanding of either the energy levels or the alpha 

decay process is almost non-existent. This complexity of levels seems to change 

rather abruptly around thorium into the rotational pattern characteristic of 

spheroidal nuclei. As one moves toward lower mass numbers the average spacing 

between levels gets wider until around bismuth and polonium the levels .can be 

interpreted in terms of the spherical-well shell model. As the theory of 

nuclear energy levels progresses, this intermediate region is becoming of 

considerable interest, and its elucidation will probable represent one of 

the next steps in understanding nuclear energy levels. It should perhaps be 



"--53-

Th227 

kev Ea Mev,% 

------------------..-375.8 5.667, 1.9 

::;;~;;~;;;;;;;;;;;;~~~~89;;1;; 350.4 5.692, 1.5 = 1l 342.6 5.699, 4.0 
"! C\J ll 334.3 5.708, 8.7 
~ w L 329.7 5.712, 5.0 

===l========:::;::::;=r-=Jq:=l=------- 286.1 5.755, 21 
------- 280.0 5.761, 0.3 

--·----~-·-------------- 247.7 5.793, 0.3 
C\J ~ -~-~-'N-C\i_'N_'N_ 234.9 5.805, 1.0 
w r<l ..::wwww 
r<l 00 d ~ ~ ~ r<l ~ 00 

~ ~ ~ ~ ~ ~ ~ ~ ~ 
--or=l ~ ~-;- q ~ ~ ~ q .!2 ~ .!2-; ~ ~ ~- 174.3 5.865, 3.0 

C\J q ~ 0 ~ 0 ~ ~ ~ 
w ~ ~ oo w o ~ oo m 

0 C\J N ~ r<l 0 N 00 
--~- N----- N--- r<l--- N-- 124.4 5.914, 0.9 

79.7 5.958, 3.5 
61.3 5.976, 24 
50.0 Not observed 
29.8 6.007, 2.8 

Ra223 
0 6.036, 23 

MU-14828 

UCRL -8217 

Fig. 19. Decay scheme of Th227. Very little is understood at 

present about the levels of Ra223 • The alpha particle 
227 spectrum of Th was shown in Fig. 2. 
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pointed out that the study of a complex decay scheme such as that in Fig. 19 

is aided immeasurably by the fact that most of the levels can be observed 

directly in the alpha particle spectrwn. 223 If these same levels in Ra were 

populated by a beta .emitter instead of an alpha emitter, it would have been 

much more difficult, if not impossible, to establish the decay scheme with 

equal certainty. 

CONCLUSION 

There are two essentially different kinds of information that can be 

obtained from the study of alpha emitters. The first of these might be called 

simply decay scheme information; that is, the mapping of nuclear energy levels 

and their decay characteristics. An enormous amount of progress has recently 

been made in this regard, and has been followed, for the most part, by at 

least some understanding of the energy levels in terms of nuclear structure. 

Only in the odd-mass nuclei of the intermediate region is the theory seriously 

behind the experimental data. Beta decay:; as well as a number of other means 

of exciting nuclear energy levels, can also give info~ation of this kind, and 

the study of nuclear energy levels represents the combined attack of all these 

ne thods. For this purpose, alpha decay .differs from the other methods only in 

that where it occurs it is usually the most convenient to exploit. 

The second kind of information has to -do with the alpha decay process 

and, therefore, can onl;y be obtained from tl;te study of alpha emitters~ The 

energy dependence of alpha.particle emi~sion should probably be given as the 

first example of this kind of :!rifarmatian, and the theoretical solution of this 

problem in terms of the quantum-mechanical penetration of the Coulomb .barrier 
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(35.36) contributed enormously not only to the understanding of nuclear phe

nomena, but also to the then-new concept .of quantum mechanics. The hindrance 

factors (reciprocal of the reduced alpha transition probability) almost un

doubtedly represent another example of this kind of information. Although at 

the present time these are not fv.lly understood, Rasmussen (50,51) has shown 

that the regular variation of the hindrance factors for the even-parity rota

tional bands in even-even nuclei (Fig~ 10) is probably related to the parti

cular area on the nuclear surface where alpha particle formation is most 

probable. This area, Rasmussen further suggests, may depend rather sensi

tively on the wave functions of the most loosely bound nucleons. Thus, as 

our understanding of the alpha emission process improves, it seems likely 

that a considerable amount of fundamental information will be derived from 

its study. 
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