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INTRODUCTION

Alpha decay occurs at an éppreciable 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, extends 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 exclusively
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 nucieus are populated by both modes of decay.
The energy levels of Pu239, for example, have been studied following the alpha

243 (

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

decay of Am?3? (7). The wealth of data thus accumulated has been invalusble
in identifying and interpreting the levels of Pu239. The study of alpha decay
schemes is very similar to the study of beta decay schemes, which has been
discussed 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 beﬁa 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 é comprehensive reﬁiew 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
main sections. The first séction deals with the appératus and experimental
techniques used in studying nuclear states gbserved 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 radiocactivity, 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 10%, to methods of high resolution (magnetic spectrographs) capable of
measuring the energy of an alpha group to about 0,01%, but in doing so can
detect less than 0,1% 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 fcr doing
this will be considered in Part B of this section, The -other measurement of
general interest is the identification of energy levels directly 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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techniques yet developed, only the.magnetic spectrographs have sufficient re-
solving power to be very satisfactory in this regard, and for this réason
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 differ considerably
in their magnetic field properties, as will be described; however, they are
gulte 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 & 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 developmenf, 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 alﬁha 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 iow 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, Transmisslon, as used here, will refer
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to that fraction of the total number of alpha disintegrations occurring in the
source line which is recorded at the detector. It is important teo 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 scmewhat 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
fequired to studyva 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
transmissicn are not 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 experimenf, 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'bf complex
alpha spectra are those built by Rosenblum (11,12) at Bellevue, France and by
Reynolds, Asaro, and Perlmaﬁ (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 é schematic view

of the optics of this instrument, The permanent magnet is a distinct improvement
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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 stabillity is concerned, so that for
weak samples or samples of low specific activity where long expesures are re-
quired this instrument is quite desirable, Half-widths asvlow as 8 kev have
been reported, The Berkeley spectrograph employs a 60o sector electromagnet
having a radius of curvature of 75 cm, TFigure 1lb gives a sketch of the optiecs
of this instrument, Although the magnetic field shapes of the two instruments
are guite 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 elegtromagnetic double -
focusing spectrographs, used principally for studying radiocactive alpha emit-
ters, have recently been bullt; 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 radius of 50 cm,
and both source and receiver are located inside the magnetic field, Focusing
occurs after J—E n radians or about 2500. Half=-widths of 7.5 kev have been
reported at a transmission of 2 x 10_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.
~ The alpha particles are brought to a foéus after being bent through 1800. The
normal radius of this instrument is 35 cm, Half-widths of about 8 kev have been
obtalned on this machine at a transmission of 1 x 10-3, which is around 20 times
larger than the Berkeley uniform field instrument, The adva;tage of double
focusing is evident; however, these transmissions should nct be 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 lOu° Even for the
electromagnets this stability is not difficult to achieve over reasonably short
periods (sevéral days), and, in fact, it would probably be possible to obtain
equipment 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 require a pressure of a few microns of mercury,
Pressures much lower than this are relatively easy to obtain, and for the Berkely

spectrographs the ope rating pressures are a few tenths of a micron or less even
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though a spread in energy of one kev would not usually be detectable, The
preparation of satisfactory sources, however, can be quite a difficult problem,
There are three aspects, in particular, which require 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 iargep 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 below; however, in general
the fhickness must be less than a few ugm/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 spectrograph,
a source width of avmillimeter 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 apparent souice width, The third aspect re-
quiring attention has to do with a broad "tail" which extends from alpha parti-
cle peasks toward lower energies., Unless precautions are taken this continuum
is about 0,02% of the height of the peek, 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
guoted above,

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

particle spectroscopy when the best possible account is tsken 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 1s possible, In both cases thin uniform ssmples are needed and are at
present most satisfactorily prepared by high temperature wvacuum sublimation from
a tungsten filement onto a cold platinum plate, For case (1) above, the samplés
were masked to widthé of 1-5 miis, and no more than 2-3 p,gms/cm2 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_5a
Half-widths of 2.5 kev (out of 5-6 Mev) have been almost routinely achieved, and
the alpha particle spectrum of Th227 (20,21) ﬁaken at about this resolution is
shown in Flg, 2. It is not difficult to see the need for high resoclution in
studying this particular spectrum, In test runs on szhz half-wldths as small
as about one kev were measured (22), The limiting factor may be source thick-
ness, since 5-6 pgm/cm2 of a heavy element or ~1 ugm/cm2 of a light element im-
purity would be sufficient to give the above width, With the present equipment
it is estimated that half-widths of a few tenths of a kev should be attainable,
provided the lines are not made broader than this by some effect accompanying
alphs emission, such as the ejection of orbital electrons (23,24). Probably the
4235

weakest sample that has been studied on a spectrograph is cne of containing

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

235 yhich is only 4,5 disintegrations/minute /ugm.

do with the specific activity of U
To obtain half-widths of 10-15 kev, the maximum amount of uranium that can be on
the source plate is around 50 ugm/cmz, and, since the area of the sample used was
1/8" wide x 1" léng'(~098 cmz), only a total of 50 pgm 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 O.l%, and the resulting
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Fig. 2, Alpha particle spectrum of ‘.I‘hz27 taken by Pilger et al.zo’Zl

ax indicates the alpha group populating a state x kev above the
ground state of Ra223 . The full width of the peaks at half their

maximum height is about 2.5 kev,.
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spectrum is shown in Fig, 3, The half-widths of the peaﬁs are around 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 af the present time samples this weak are not very
convenient to study on the magnetic spectrographs, and 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 assoclated 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 applicable 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. Instead, a few coincldence 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 assoclated with an alpha emitter, but also in many



)

-15- ' UCRL -8217

24

ALPHA TRACKS PER |mm SCAN

ENERGY

aaaaaaaa

Fig. 3. Alpha particle spectrum of U235 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 1is complex and consists of three or
more alpha groups, '
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cases photons can be observed which are much tco weak to be detected by any
other means, The reason for this is that it is extremely easy to detect alpha
particles with high efficiency and to differentiate them from all other radi-
ations given off by radioactive nuclei (with the possible exception of spon-
faneous fission fragments where some energy discrimination is required), For
example, a thin layer of zinc sulfide depositedlonto 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-height analyzer can reduce stray‘background gamma, radi-

ations by a factor of lO5

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 availahle, This relatively simple
coincidence arrangement, with no alpha-particle energy discrimination, has a
variety of other uses ranging from gamma ray abundance measurements to the
determination of alpha-particle gamma-ray angular distributions.

In coincidence measurements, however, it is often necessary to dis-
criminate among alphas particles of different energies, and a number of detec-
tion methods have been used for this purpose, The only reqpirément 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 thié ﬁime is a few microseconds or less, Scintillation counters using
a variety of scintillators have been used for this purpose (lO), 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 frequently
even this method leaves something to be deéired 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 quite useful in the study of
complex decay schemes, A sketch of the arrangement usiﬁg 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
Nal crystal and those which occur in coincidence with the alpha pulses are then
analyzed on a multi-channel pulse-height analyéer. Thus it is possible to ob-
serve.separately the gamme rays which de-excite each particular level that
receives direct alpha population, This represents an e#tremely powerful tool

for studying nuclear energy levels,



-18- .

Magnet Adjustable

Baffles

Slit Sampie
. ZnS Screerf Be Metal
J— .
Light-pipe Nal Crystal Window
—Photomultipliers —
—Preamplifiers
Gate Pulse l | Signal lsulse
To Fifty-channel
Pulse-height Analyzer
MU-13831

UCRL-8217

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 nuclel in the band of beta stability. However, 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 Couloﬁb 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 016, which 1s usually considerably more favorable
energetically than alpha emission, The point at which sufficient energy is
avaeilable for alpha emission to occur at a reasonsble rate is determined by
the height and thickness of the Coulomb barrier, which in turn depend on the
charge (atomic number) of the nucleus, Hence, the reéuirement 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 108 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
regién of beta stability., It is evident that, except for nuclel which lie
quite a distance from beta stability, alpha emission would not be expected to
occur until the heavy elements ére reached, The rather large irregularities
in alpha decay energy for nuclel around mass number 140 and 210 are caused by
the closed 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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ALPHA ENERGY
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Fig. 5. The heavy line shows the alpha decay energy as a function of
mass number for nuclel in the band of beta stability. The two
straight lines denote the alpha decay energies necessary to give
half-lives of lO8 years and 1 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 shell effects around the reéion 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 thlis 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 Impressive facts about alpha decay lifetimes is
the wide range they cover, .In the heavy elements alone; half-lives vary from
- 1 2
less than 10 6 seconds (P0212) to over 10 0 years (Th232) or more than & factor

of lOZh

., 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 relationshlp between decay energy and 1ifetimes
had to await the advent of wave mechanicé; In 1928 Gamow (35) and Condon and
Gurﬁey (36) independently proposed the wave mechanical barrier penetration
solutiqn, which is essentially the one used today., Although certain features
of this "6ne—body theory" are unacceptable in terms of present nuclear theory,
the results are of such importance to the study of energy ievels from alpha
decay that a qualitative description of the theory will 5e presented,

"One-body" alphsa 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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Fig. 6. Detailed view of alpha decay energy as a function of mass

- nmumber for the heavy-element region,
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is expressed as the product of aA"frequency factor", that represents the fre-
quency with which the alpha particle 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 factof 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 determined 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, 37-40) is to assume some function for the
radius, calculate decay constants using this function, and compare these cal-
culatedealues 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. T

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

calculated from Preston'’s tréatment of the one-body model (41), using a radius
-1 :

of 1,51 x 10 3 Al/3 cm, where A is the nuclear mass number, Significant

deviations occur for the lighter elements, and become progressiﬁely 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 curves
are those obtained from Preston‘shl treatment of one-body alpha
decay theory, using a nuclear radius of 1.51 x 10—13 Al/3 cn.,

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 rot 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, aﬁd 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 exéited 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 ﬁe 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 U232 (42,43) decay, for example, an excited state of Th228 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 totai 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 "hindrance 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 éutomatically'makes the hindrance factors for the even-
even ground state transitions nearly unity, and in practice these are all as-
sumed £o be exactly unity, so that they serve to define the nuclear radius

1
rather than using the A /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 huclear 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-

235

decay, for instance, the radius used in the calculation would

23k

ation., In U
be the average of those calculated from the ground state transitions of
and U236, Hindrance 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 ﬁhis re-

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

of nuclear states populated by alpha decay,
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IIT. 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 cur understanding of the energy levels and the alpha decay
process in the other nuclear types improves, however, the odd-odd nuclei
present g 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 discussing the data on even-even and odd-mags nucleil
respectiveiyo The theory of nuclear energy levels will not be considered in
any detail, but a sufficilent 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 (i.e., none that can be reached in even the most energetic
alpha decay), This means that any change in angular momentﬁm 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 nuclel, whose
gfound states are all presumed to have zero spin and even-parity (O+) also,

1

the above facts result in a "selection rule"., It is possible for each orbital
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angulaf momentium wave (s, p, 4, ...) to populate only states of a particular
spin and parity in the daughter nucleus (O+, 1-, 2+, ... respectiveiy, for

the above waves), States with other spins and parities (O-, 14, 2-, ...) can-
not receive direct alpha population from an eveﬁ—even nuclgus, 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 (£ = 0O)
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 nuclei rotational bands whose members have spins and parities of O+
(ground state), 2+, 4+, 6+, ... . The odd spin members of the rotational band
are excluded by symmetry gonsideraﬁionsn The energiles, EI’,Of these states

are given by:
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hZ

I o =3

(1) (1+41), (1)

Where I is the spin of the level, § represents an effective moment of in-
ertia, and Wo‘is a constant giving the elevation of the entire band above
the ground state (for the ground state band under discussion here, WO is
of course zero). In a;l 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 %5 is rather constant and equal to approximately 7 kev. Below
2
uranium the value of %g (ige., 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 gemma-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 is 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. 8, Decay scheme of Pu - . K, which has not been mentioned in

the text, represents the projection of the spin, I, on the nuclear
symmetry axls, In'all the decay schemes, parentheses around the
spins indicates that these are uncertailn, 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, 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 b+ assignment be considered independently proved
for the second excited state., The hindrance factors for alpha decay to the O+,

34 are 1,0 (by definition), 1.5, 120, 360, and

2+, b+, 64, and 8+ levels of v
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 thé variation in energy of the first excited state
(2+) of even=-even nuclel 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 reglons 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-

erally called the spheroidal region, Between these two reasonably well-charac-

terized areas lies the intermediate region,; 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 levFls of both even-
even and cdd-mass nuclei, When the energy of the first excited state in even-

even nuclel gets as high as about 200 kev (around neutron number 134 in Fig, 9)
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Fig., 9, 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, Intermediste, and

spheroidal regions of the heavy elements are indicated,
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the pattern of excited states changes from "rotational", as has been described,
to "near-harmonic", which has been discussed by Goldhaber and Weneser (49), and
is characteristic of the intermediate region. Thus the regularities in the

3k extend only down to the

even=-parity rotational band as illustrated for U2
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 numbef of the parent, the wide variation of these hindrance factors is
apparent, and it is well to bear.in mind that these diffe:gnces 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, noﬁ does it explain the large variation of hindrance-
factor within a given wave (to a given level)o 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 i1s 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
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number of the parent alpha emitter, The spins indicated are
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orbital angular momentum wave for each transition.



-35- UCRL-8217

2. 0dd-Parity Rotational Band. In some heavy even-even nuclei, energy

levels that are not members of the even-parity rotational band, have been found
at excitation energies of only a few hundred kev (54), Razzh (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.

11 has been observed in studies of tbe alpha particle spectrum of Th228 on the
. Berkeley uniform field spectrograph, The gamma rays de-exciting the levels have
been identified from a combination of gamma~-ray, alpha-gamma coincidence, and
gamma-gamma, coincidence measurements, The spins of the 84 and 217 kev states
have been established relative to that of the ground (0O+) state by conversion
coefficient and angular correlation studies; however, the spins fof the highest
twg states cannot yet be considered certain,

The even-parity rotational band is easily recognized in RaZZA, even
thqugh the level spacing has become considerably wider than in U23u (Fig. 8),
and significant deviations from eqﬁation (1) have developed, These changes are
dué to the proximity of the closed-shell region where some of the approximations
made in the rotational model are no longer velid, . There are also observed in
Razz)+ two levels that are not members of the even-parity band, ’These occur at
energies of 217 and 289 kev and comprise what we shall call the "odd-parity"
rotational band, States with spin and parity 1- (the 217 kev level in RaBZh)
have appeared at low excitation energies in many even-even nuclei in the heavy-
element region (54), Recently evidence has been accumulating (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

224

‘kev levels in Ra 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, Decay scheme of Th22 , showing both the even- and odd -

parity rotational bands.
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. 22h
transitions to the members of the even-~parity band., Thus the 1- state of Ra

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

" absence of the transition from the 3- state to the U+ state is thought to be

due only to its small energy (34 kev) relative to that of the transition to the
2+ state (205 kev)., The relative intensity of the two E1l gamma rays de-ekciting
each odd-parity state has been interpreted 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 itvrepresents the members of
the even-parity band supposedly absent due to symmetry considerations. Thus the
poésibility seems to be raised that some of the symmetry conditions within the
nucleus are beginning to break down, and it will be of interest‘to see whether
such & conclusion can be confirmed.

The energles of the 1- states thus far identified in even-even nuclei
are shown plotted against mass number in Fig, 12, A distinet minimum in fhe
energy of this state seems to occur around mass number 224 (or neutron number
136), The reason for this is not known; however, in terms of the discussion in
the preceding paragraph it i1s probably related in some manner to the stability
of the unsymmetrical deformations of the nucleus. .The data on the transuranium
elements afe fragmentary due to experimental difficulties in this region, and
it should not be inferred that the absence of data 1s 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 Pu238 (144 neutrons),
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although a careful search has been made (46), This means that either the

3k is quite high, which doesn't seem too likely

energy of the 1~ state in U2
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, Hilgher Energy levels, Alpha decay is not a very favorasble means

for studylng the higher energy states of even-even nueclei, This 1s because
almost all such levels lie at enérgies of about 1 Mev or more, and the steep
energy dependence of the alphs emission process discriminates rather severely
agalinst 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

rotational bands, These types are illustrated by the decay schemes of'Ra226

(64-68) and cm?'l*2 (69-71) which are shown in Figs. 14 and 15, anzz’ from

33226 decay,.lies in the intermediate region, and Goldhaber and Weneser (49)

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

the energy of the first 2+ state, The 450 kev level in_anzz.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 1eve1  at 935 kev in Pu238 (from the alpha decay of Cm242) is quite
interesting in that it decays by an electric monopole transition (71) to the
ground state of Pu2380 This fixes the spin of the level as O+, and mekes it
seem likely that it is the so-called "beta vibrational state" predicted by the
unified nuclear model, One other such state has been observed (alpha decay

238 4

2
of Pu to U°3 (71)), and in both cases the alpha transition is essentially
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unhindered (similar to the ground, O+, state), There seems to be little doubt
that these weakly populated states in the alpha decay of even-even nucleil will

receive considerable attention in the future,

B, 0dd-Mass Nuclei,

0dd-mass nuclei exhibit considerably less regularity in their alpha
decay than haé been degeribed 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 gbout one to well over ten thousand, It is be=-
coming incfeasingly élear 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 "favored' alpha transitions
in odd-mass nuclei are virtually identical with those transitions to the even-
. parity rotational bandé 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 nuelel and will be considered in some detail below, For éon—
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 ouﬁiining_the situation in
the other regiéns. |

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

been made in understanding the energy levels of odd-mass nuclei in the reglons
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 Io + 1, Io + 2, ...y and energy level spacings in good agreement with equa-

O)
tion (i)é° 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 for 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, © (or n). A vaiue of zero for & corresponds to a
spherical nucleus, and here the usual shell model levels are observed, As ©
ihgréases, however, these shell model ievels split into a number of components,
each of which can accomodate two nucleons. These components are designated by

1

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

will not be of importance here, The usefulness of the diagram mayfbe illus-

37

trated by considering the nucleus, sz , which has 144 neutrons and 93 protons,

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

in determining the properties.of the nucleus, the neutrons in Np neéd be con=-
sidered no further, Of the protons, 82 shbuld be contained in the closed shell
corresponding to the bottom of the diagram in Fig, 16. The remaining 11 prctons
should fill in pairs into the lowest unoccupied levels of the diagram until s
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, & is expected to be about 0.20-0.25, the

® In the case where I, = 1/2, a second term, AE =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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Fig. 16, Nilsson dlagram for protons, showing the energy of the
levels versus the amount of spheroidal distortion given in
terms of the parameter & (or n). A value of zéro forigwcor—
responds to a épherical nucleus, and here the usual sﬁell
model levels are observed, Positive values of & (toward the
right from zero) correspond to prolate distortion. The arrow
indicates the level believed to correspond to the ground state
of Np237. The levels are identified by the quantum numbers
Qx [N n, A], which represent respectively the symmetry-axis
component of total nuclear angular momentum, the parity, the
principal oscillator quantum number, the symmetry-exis 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 Np237,
and & spin of 5/2 has been experimentally observed (75). Other evidence (76~
78).indicates thet the last odd proton of Np237 is, indeed, in the expected
level, Althouéh the ehergy separatioﬁs 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 particﬁlar alpha
decay scheme,

One Qf the most carefully studied decay séhemes in the heavy element
region is that of Amzul (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
gshown in Fig, 17 have all been seen by more than one laboratory. The conver-
sion 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. Amz%l'l
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 iIle237 have
been seen from UZS! beta decay (77,86,91,92), but those will not be of interest
37

2 :
here, The levels of Np shown in Fig. 17 have been lnterpreted 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, 13, Just above this level in the dlagram at

5~ 0,23 is a 5/2~ state which 1s believed to correspond to the 59.57 kev
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Fig, 17. Decay scheme of Am , 11llustrating particularly the favored
alpha decay to the 5/2'— band, The £ 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 presumsbly a member of the ground
state rotational band, and the remaining levels have been assigned to the
rotational band based on the 59,57 kev level, The energy level spacing of

1
this latter band is in good agreement with equation (1), Amz# contains

237

two more protons than Np , and would be expected to have for its ground
state the same 5/2- level that corresponds to the 59.57 kev level in Np237o
All the available evidence indicates that this 1s the sltuation 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 evefy 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 ?33 (16,84) and E253 (93) decay or it might be an excited state as

high as around 400 kev as in Cf2h9

decay (94), The current picture of
favored alpha ﬁecay 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, meking 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 nuclei and the even-parity'rota-
tional band in even=~even nuclei, A comrplication arises, however, since in
odd-mass nuclei s gilven slpha wave can generally populate more than one level
in the favored rotational band. In the decay of Amznl (Fig, 17), for example,
the 4 = 2 wave can populate the 5/2, 7/2, and 9/2 members of the fa&ored band,
This is not true in the even-even anélOgm where the £ = 2 wave can only popu-
late the 24 state of the even-parity'bénd, This aspect of the problem has
also been considered by BFM who have ;hgﬁn 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 veotor addition coefficients given in BFM, (2) use hindrance factors for

each aipha wave similar to the adjacent even-even nuclei (ioeo, from Fig, 10),
(3) obtain the energy dependence for each level from one-body theory of alpha
decay., For Amzul 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 0,018 (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 £ = 0, 2, 4, and 6 waves respectively
(ef, Fig, 10), The contribution of the £ = 4 and 6 waves to the 5/2, -7/2, and
9/2 band members 1s negligibly small compared with the £ = 2 and £ = O waves,
and similarly the contribution of the 4 = 8 wave can be estimated to be negli-
gible for the ll/z.stateo The odd alpha waves aré all excluded by parity con=-

siderations., The experimental and calculated intensities to the 5/2 state were
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normalized, but even 80 the agreement.is rather impressive, A number of other
favored .alpha decays ﬂave been analyze¢. in this manner (95,9,10), and the agree -
ment is sbout like that for Amzul, although in mést cases the experimental data
are not so extensive,

Unfavored alpha decay in the spheroidal region of the heavy elements has
received very.little theoretical attention, This is probably due not only to.
the absence of an apparent analogy in the even-even nuclei, but alsp to the
small amount of experimental data which, at least ﬁntil 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 Amzul (Fig. 17),
for example, only about 0.6% of the total alpha decay goes to the unfavored
ground state rotationél band, A considerably better situation is found in the
decay of Cm2u3, however, which has recently been studied by Asaro et al, (1;2),

39

- and whose decay scheme is shown in Fig, 18, The levels of Pu? have also been
studied from the bete decay of Np239 (3-6), the electron capture decay of
237 (7), and Coulomb excitation of Pu’3?, itself (96); so that the level
scheme shown in Fig, 18 is Quite well established, The favored alpha decay
of sz)+3 populates a rotational band 286 kev above the ground state of Pu239,
while unfavored decay is seen to ﬁwo bands, one 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 observed (2),
and this represents considerably more information than is available on any
other unfsvored 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, the alpha wave hindrance factors are treated as adjustable
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parameters, and the values required to fit the experimental data seem to bear

no relationshlp to those for the even-even nuc;eio There are not yet sufficlent
data to test the general applicability of this method, but at the present time
it seems to offer a rather promising start prard understanding unfavored alpha
decay. | |

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), extending 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 hot seem to be sufficiently
extensive nor informative to warrant discussion here, Perhaps the most out-
standing feature of alpha decay schemes in the intermediate reglon is their
complexity, As an example consider decay‘of'Th227, whose alpha spectrum was

223

shown in Fig, 2., The level scheme of Ra -, as populated in this decay, has
been the subject of considerable study (105-111), and the recent results of
Pilger, Aéaro, and Perlman (21,112) are shown in Fig, 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 méss 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
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pointed out that the study of a complex decay scheme such as that in Fig, 19
is alded immeasurably by the fact that most of the levels can be observed .
directly in the alpha particle spectrun, If these same levels in Ra223 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,
Oﬁly in the odd-mass nuclei of the intermediaté reglon is the theory seriously
behind the experimental data, Beta decay, aé well as a number of other means
of exciting nuclear energy levels, can also give information of this kind, and
the study of nueclear energy levels represents the combined attack of all these
me thods, For this purpose, alpha decay differs from the other methods only in
that wheré it occurs it i1s usually the most convenient to exploit,

The second kind of information has to do with the alpha dececay process
and,vtherefore,-cén only be obtaiﬁed from the study of alpha emitters, The
energy dependence Jf alpha particle emission should probably be given as the
first.ekample of this kind of information, and the theoretical solution of this

problem in terms of the quantum~mechanical pénetration of the Coulomb barrier
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(35.36) contributed enormoﬁsly'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 trensition probability) almost un-
doubtedly represent another example of this kind of information. Although at
the present time these are ﬁot fully understood, Rasmussen (50,51) has shown
that the regular variation of the hindrance factors for the even-parity rota-
tional bands in even-even nucleil (Fig, 10) is probably related to thevparti-
cular area on the nuclear surface where alpha particle formatibnris most
probable, This area, Rasmussen further suggests, may depend rather sensi-
tively on the wave functions of the most loosely bound nucieons° Thus; as
our understanding of the alphavemission.process improves, it seems likely
that a considerable amount of fundamental information will be derived from

its study.
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