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INTRODUCTION

-

Theoretical expressions relating alpha decay rate and energy
were first derived by Gamowl and Gurney and Condon.2 The relationships
hold best for éven—even‘alpha emitters. Perlman, Seaborg, and Ghiorso3
in their alpha systematics have pointed out large and erratic hindrance
in odd types. .I\Iord‘Lstrombr has plotted distributions of hindrance factdrs
in an attempt to compare "forbiddenness" in alpha decay in a manner
similar to log ft valueé in beta decay. We have made hindrance factor
plots for all observed alpha groups emitted from nuclei with greater
than. 128 neutrons in an attempt to establish correlations.

BASTS OF CALCULATTONS
Even-Even Nuclel - Ground State Transitions

Decay rates to ground states of even-even nuclel are correlated
remarkably well by simple barrier penetration formulas with smoothly
varying radius formulas. However, there are significant trend55 as
shown in a plot of "effective nuclear radius" for even-even alpha
emitters. Thus, for our semi-empirical correlations of alpha decay
rates we have chosen to plot decay rate trends of even-even nuclei on

a type of plot which from barrier penetration .theory should lead to

nearly straight line plots for isotopes of a given elemént. The type
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of plot chosen sets the logarithm of the half-l1life against the reciprocal
of the square root of the total alpha decay energy. (We have included
recoil energy and the electron screening correction.)

From this relationship between log t and. E-l/2 the "hindrance"

| 1/e,
of an alpha particle is seen as the deviation from the curves. The

alpha decay energy is then taken as the independent variable, and the
hindrance factor is defined as the ratio of the experimental partial
alpha half-1ife to that predicted from. the curves.

The primary problem in tﬁis correlation, therefore, was to determine
the lines which would serve as the basis for the calculations. This
was done by the method of weighted least squares analyses on the ground
state to ground state decay of even~even nuclei. The solid lines in
Fig. 1 are the result of these analyses.

The weighting consisted of giving spectroscopically deterﬁined
alpha energies double weight as compared to ion chamber energy measure-
ments. The solid triangles in Fig. 1 indicate the isotopes used in
fitting the line. Solid circles indicate isotbpes for which the half-

lives had been estimated from previous alpha systemati053 (i.e. Eleé,

Razzo, Th224) etc.) or which appeared to deviate markedly from systematic

behavior (P0212, U228, U238) and these were not used in the least

squares analyses., For the elements up to curium there was no problem-

in fitting the lines., For curium and higher elements the scarcity of
s : 2k2 _2kk

data made the fitting scmewhat arbitrary. Cm and - Cm were used

exclusively to set the curium line because of their well determined

decay schemes, as .compared with the lighter curium isotopes about

which insufficient experimental data is available.
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2 :
20 and Cf oz were rejected in the determination of the

sz
californium line slopet because of their proximity to the closed
subshell at 152 neutrons°6 The slopé for fermium was obtained by
extrapolation as indicated in Fig, 2.

Alpha particle energies were obtained from the compilatioﬁ of
Perlman and Asaro5 with the exception of the isotoﬁes listed below.
All partial alpha half-lives were obtained using half-lives, alpha
branching ratios, and alpha particle abundances listed in the Table

of Isotopesz,except for the following: Emzou, Em206

Ra222 & 30

, Reference 8;

232

, Reference .9; U2 > Qo Reference 1Q; U ’ a3’

237, all states, Reference 12; Pu238, a3, Q, 5

2h2
y Qg O, Reference 14; Cm a3, Q) O,

b5

Reference 11; Np

Reference 1.3; Am2u3

2k3

Reference 15; Cm , a

l)
Cf2u6; GZ, Cley » Referencell@; Cf2

3
Qyy Qg5 Reference Z0; Cf252

o)
254 25k
> » ao, Reference 23; Fm s qo, al, Qo

> Qs Reference 17;

250
> Oy Oy Reference 19; CT 2 B

253..
» Qg Q5 Reference 21; E”53, Oys O s

Reference 16; Cm
k9

05, Reference 2z2; E

Reference 2k,

tSince this paper was prepared, new data have been obtained on the
lighter californium isotopes which reassign the alpha decay energy and

24k 2ks

half-1life of Cf to cr and which give the actual half—life and

alpha particle energy of szuugaagince these new data have been found
to alter the slope of the Cf line only slightly due to the ancmalous be-
havior of szuS, we have not recalculated the hindrance factors for

the isotopes of berkelium, californium,'einsteinium, and fermium which

would be affected if the change were large.
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It is easy to Justlfy the above—mentloned type of plot from WKB
barrier penetratlon formulas (the form for S-wave em1551on) The most
important factor in these formulas is the exponential expression

ZZe2 >
P = expl j”[zm(ézg -5 1% (1)

which is expressible in analytical form as

exp[-i%(ZMB)l/ZR][x‘l/zarc cos xl/zé (l—x)l/z] (2)

s

where x = ER/ZZeZ, a dimensionless parameter, and B .= Z2Ze /R the barrler
height. If we make a Taylor series expansion of this function about

x = 0, we obtain

‘ 1/2.1/2 1/2 2 .
P R exp{- (ZM)dh B R [“El/2 - b+ %_— % EZ + ...]] (3)

If one retains only the dominant first two terms, as has Gamowl, then
one sees that the logarithm of the penetration function is a linear function
of E_l/z.

An interesting check on simple barrier penetration theory is
provided by examination of the slopes of the least squares lines of
Fig. 1. The form of the first term of Equation (3) shows that the slopes
of the lines of Fig. 1 should be proportional to the atomic number, Z,
of the daughter nucleus to accord with simple theory° In Fig. 2 theée
slopes are plotted against Z. The thgoretically expected behavior is
well shown by the lower elements in the series, but there is a stfiking
break beginning at the plutonium alpha emitters and then a reversal of

the expected trend.
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It is beyond the scope of this paper to attempt any detailed
theoretical explanation of the deviations from simple theory. It should
be pointed out that abnormal slopes in Fig. lbdo not necessarily mean a
changed dependence of decay rate on energy, but since energy is (above
128 neutrons) amonotonic function of the neutron number for an isotopic
series, an-abnormal slope may reflect a change in the alpha decay rate
dependent on the addition of neutron pairs. Some isotopic series pass
through the region of the onset of validity of the Bohr-Mottelson26
spheroidally deformed model and some pass through rapidly changing
spheroidal deformation. Such changes must certainly influence barrier
penetration, yet, interestingly enough, the elements where these changes
are greatest, i.e. radium, thorium, and uranium, have the best-behaved
slopes. The slopes should also be influenced by variations in the alpha
formation probability entirely apart from the external barrier penetration
factor. |

Even-Even Nuclei - Excited State Transitions

In contrast to the regularly behaving ground state transition
rates, the transitions to excited states show striking trends in rate
for different nuclei.

For the elements thorium and above, alpha decay is often observed
to at least three levels (O+, 2+, and 4+), identifiable as a rotational
band sequence. Alpha decay to states of odd parity has been observed?

To exhibit this behavior we have calculated hindrance factors to
all observed states. The distribution of hindrance factors is shown in

the histograms of figures 3, 4, 5, and 6. The three lines of numbers:orn
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each histogram block represents (l) element/mass number/ground state,
indicated by zero if this is the ground state, (2) assigned number of
excited state and energy of this stéte in kﬂﬁre;éétron volts, and (3)-
the_value‘of the departure factor for this transition. Because of the
increasing interest in the correlations achieﬁed by the Bohr-Mottelson
largefdgfbrmation model, we have segregated the éases in the region of
ﬁuélea: rotationa} bands from those cases nearer the szo8 closed con-
figuratipﬁ. ﬂThe bold line on each histogram divides these regions,
the casés below therbold line coming from the rotational band region.
?or.the éven-eveﬂ nuclides the generally increasing nature of
hindrance to the higher groups is evident, and the hindrance to the U+,
6f; and 8f groups generaily far exceeds hindrance accountable fqr by the
addition to the barrier of the centrifugal potential associated with
angulér momeﬁtuﬁ of ﬁhe alpha de;ay system.

o

Asaro " has plotted hindrance factors* against atomic number for
the even parity excited state transitions. Ih gsomewhat similar manner

we_ have plotted hindrance factors against neutron number in Fig. 7.

*The hindrance factors of Asaro for transitions to excited states of
even-even nuclei are‘defined slightly differently from ours. Asaro
has_taken as unhindered the ground state to ground state even-even alpha
transitions. We have, ﬁowever, calculated hindrance factors in
relatioqvtovthe_least sqﬁare curves in Fig. 1. Consequently, we may
have_hindrapce factors for ground state transitions, whereas Asaro

will not.‘ The O+ hindrance factors shown in Fig. 7 illustrate this and-
can be used to obtain Asaro type hindrance factofs from the present

data.
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We do not expect to illustrate any trends with the O+ hindrances,
but the high hindrances of the lightest isotopes of polonium, emanation,
and plutonium and the slight depression at 142 neutrons are of interest.

The variation observed for the curium and californium isotopes is explained
by the manner, previously mentioned, in which the lines for thesé elements
in Fig. 1 were determined.

The dependence upon neutron number of decay to the first excited
state (2+) reflects the ground state transition probability and appears
relatively unhindered, although there is some increase among the heaviest
isotopes.

Of very great interest is the dependence of decay to the second excited
state (4+) upon N and 7. It can easily be seen from Fig. 7(c): that. the
hindrance factors for the second state vary with Z and pasé through a maximum
at 2 = 96. However, also notable is the apparent neutron dependence of
isotopes, as manifested by the apparent maxima in the 4+ curves of thorium
and uranium. The 1- states apparently follow the behavior of the L4+ states.

The relafive intensities of decay groups to the even parity states
have been considered by a number of authors in connéction with spherocidal
alpha decay theorfﬂi‘but will not be discussed here.

Odd-Nucleon Alpha Emitters

In contrast to the regular behavior of even-even alpha decay rates,
nucleil with odd nucleon numbers often exhibit erratic alpha decay rates,
tending generally to be slower than comparable even-even alpha emitters.
Perlman, Ghiorso, and Seaboré} have clearly pointed out that the hindrance
must be associated with a lowered alpha formation probability rather than

with thé higher external barrier resulting from non-zero angular momentum.
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e . . . 29
The details regarding th;s hindrance are not.well understood. _Rasmussen”

30

and Bohr, Friman, and Mottelson™ have selected and discussed a few
special cases exhibiting little or no hindrance.

To obtain the bases for calculation of these hindrance factors for

Iy

odd Z nuclei the élopes shown in Fig. 1 were interpolated to yield the intermediate
odd Z slopes. For instance, the average of the slopes for elements 84
and 86 was employed as the slope for Z = 85. Since it was impossible

to interpolate slopes for Z = 83 and 99, these slopes were obtained by
extrapolation, as indicated by the dashed line in-Figo 2. Siﬁilarly

the intercepts at Ea = © were interpolated.to yield the intercepts

for these nuclei,

The distributions of these hindrance factors for the various
nuclear types are shown in Fig. 8 (odd-even), Fig. 9 (even;odd), and
Fig. 10 (odd—odd)n The histograms for odd-even and even-odd types
exhibit broad distributions;with the suggestion of a breakup into two
groups. The main group peaks afound‘hindrance factors of order 3,
and the second and small group, around 500.

For the odd-even types in the rotational band region, most of the
cases in the highest hindered group probably involve a change in parity
in alpha decay. This fact is inferred from the apparent "favored" nature
of some of_the transitiors in the same nuclei, with the levels showing the
high hindrance connected to the favored levels by El gamma. transitions,
which signify a parity difference. Thus we suggest the poséibility that
rarity chénge is a major hinderingfactpr‘in alpha decay Qf odd ma.s s
nuclei. Examination of other odd—eyen alpha transitions possibly
involving a parity change indicates thét the alpha transition may
generally be hindered in such cases but that the hindrance associated

with the parity change becomes less at atomic numbers below 95.
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For the even-odd types in the rotational band region one again
observed a separate group of hindered cases for log hindrance factor from

2.0 to 3.5. Here, however, we may infer that at least two cases (in the

h3)

probably involve no parity change. This inference may be

243

 decay of sz
drawn from the probable presence of a "favored" alpha transition in Cm
and the connection between favored and hindered states by ML gamma
transitions.
CONCLUSION

The data presented here represent all that are available at present
on alpha decay rates. We have attempted, by presenting them in the form
of hindrance factor histograms, to illustrate the distribution of the deviations
from.simple theory. We hope that the preéentation of the data in this form
can serve as a useful reference for further studies.
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Fig. 1 Graph of log partial alpha half-life vs. .
the reciprocal of the total alpha decay
energy (alpha particle energy plus recoil
and screening corrections). Solid lines
represent least square fits to data represented
by solid triangles, for Z between 84 and 98.
These least square fits were used to calculate
hindrance factors. Solid circles represent
.date that were not used in the least squares
analyses. ' :
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Distribution of hindrance factors for alpha
decay to 2+ states of even-even nuclei.
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rotational region from region near closed
shells, where rotational model is not
applicable. First line of numbers indicates
element and mass assignment; second, present
order of state and energy of state; third,
value of log of hindrance factor.
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Fig. 6 Distribution of hindrance factors for
‘alpha decay to 1l- states in even-even

nuclei.
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Fig. 9 Distribution of hindrance factors for
alpha decay for all observed cases to
states in odd-even nuclei.
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Flg 10 Distribution of hindrance factors for
alpha decay for all observed cases to
states in odd-odd nuclei.








