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CONPLETE SET OF
CORRECTIONS FOR UCRL-342%

Ps_4 - Table of Contents

After Section 52 there should'be a subheading:

II. Alpha Decay in the Region of Spheroidal Kuclei.
p._1lk

Add missing A 1n two places.

p. 63, addition to footnote 2

Strictly speaking, this specisl definition would apply to summation over
one or a limited number of nucleons with the center of mass ¢f the resi-
dual Z protons and A-Z neutrons defining the origin of the colrdinate
system. If the summation were really carried o#er all nucleons with the
nuclear center of mass as the origin, no special definition of eNP need
be made; it will be the unit charge e for a proton and zero for a neutrom.

[(23 +1) (20 + i)] should read [2e + 1) (200 + 1)]2/2 tn eq. (29.9)
2h + 1 L 2n 4+ 1 ,I q. .9).
p._68 T
bm2rl .+ 1) B (\) , 1/2
[ ‘Irzx — should read [l‘“(zx}; + 1) B‘e(")} in eq. (29.13).
‘ 2n + 1
E‘ . il
“ﬁz" 1% u u. [
- ghould read — 1 1
Mr Mrz E;[ should read E;
Section 51

In ‘sentence beginning "Nielsen's results ........-ghange "all" to "one".

Delete last sentence of the paragraph. (Corrigengum to Pryce'article.c

affects these changes).
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Corrections for UCRL-3424, cont'd.

Section 56 ‘
Note added in proof: Recent work by Kalkstein, Stephens, Caretto, and
Hollander has shown positively thaf. Puzg’7 does decay to the extent of
about 2% to the 60-kev state of Kp>3!. They can set an upper limit on
electron capture to the 33-kev state of < 0.5%.

Ref. (9) Ad4d the reference Proc. Phys. Soc. (London) A65, 962 (1952).

(Corrigendum to preceding reference. )

2kg should read 6.14 not 6.0k,

Table I P. 2, Column 4 -- second group of Cf
P. 4, Columm 7 -- in An®3? should read 48 .y not 0.048 7.

P. 8, Colum 4 -~ in Th228
214

should read 5.338 not 5.348.

P. 15, Colum 8 -~ in B1“"™, 17 should be enclosed by parentheses. (17)

Table VIII There should be a minus (-) sign at the heading of Column 5.

Table X Second -"4" (in heading of Column 5) should be £' (prime).
X .

Table XIII Bk%'Y hindrance factor should read 0.70, not 19.

¥ x

Figure 30 Energy of 4th level is 75.76, not 75.26,

x XX

This paper 18 a contribution to Vol. 42, of The Handbuch der Physik

(Springer-Verlag, Berlin).
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COMPLETE SET OF
CORRECTIONS FOR UCRL-342k

p, 4 - Table of Contents

D, Lh

After Section 52 there should be a subheading:
II. Alpha . Decay in the Region of Spheroidal Nuclel.

Add missing A in two places,

p., 63, addition to footnote 2

Strictly speaking, thils special definition would apply to summation
over one or a limited number of nucleons with the center of mass of
the residual Z pfotons and é-g neutrons defining the origin of the
coBrdinate system, If the summation were really carried over all
nucleons with the nuclear center of mass as the origin, no special

definition of ehp need be made; 1t will be the unit charge e for a

.proton and zero for a neutron,

4 1/2
oy .,
(22 +2i)+(iz +1) should read{: (24 + %i +2f + 1) in eq, (29.9),
kx(214 + 1) B_(\) (21 + 1) B (0) | /2 .
T T should read T in eq. (29,13),
2
n 2n~ a u u
—%;— should read Q—E L should read L
Mr e} ub
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Jorrections for UCRL-3424, cont'd,

Section 51

In sentence beginning "Nielsen's results ,....... change "all" to "one",
Delete last sentence of the paragraph, (Corrigendum to Pryce' article

affects these changes).,

Section 56
Note added in proof: Recent work by Kalkstein, Stephens, Caretto, and
Hollander has shown positively that Pu237 does decay to the extent of
about 2% to the 60-kev state of Np237o They can set an upper limit on
electron capture to the 33-kev state of < 0.5%.

Ref, (9) Add the reference Proc, Phys, Soc, (London) A65, 962 (1952).

(Corrigendum to proceding reference,)

. 2, Column 4 -- second group of Cf249 should read 6.14 not 6.0k,

Table I, P
P, 4, Column 7 -- in a3 should read 48 v not 0,048 7.
P, 8, Column L -- in Th228 should read 5,338 not 5.348,
P, 15, Column 8 -- in 3121”, 17 should be enclosed by parentheses, (17)

Table VIII. There should be a minus (-) sign at the heading of Column 5.

Table X, Second "£" (in heading of Column 5) should be £' (prime),
ek L.
Table XII. Hindrance factors of Cm T shéuld be 2.0,
Hindrance factors of Pu241 group, 0,75 and 1.2,

249

Table XTII, Bk hindrance factor should read 0,70, not 19,

249

Table XIII. Hindrance factor of 5.06 Mev group in Bk“ '~ should be 0,72,

Figo 30 Energy of 4th level is 75,76, not 75.26.

p. 63 Delete A! wherever it occurs in the denominators in Egs. (29.3), (29.7),

pt°68 (29.8), and (29.14),

This paper is a contribution to Vol, hzé of The Handbuch der Physik

(Springer-Verlag, Berlin),
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p. b
Add missing A in two places.

p. 63, addition to footnote 2

Strictly speaking, this special definition would apply to summation ower
one or a limited number of nucleons with the center of mass of the resi-
dual Z protons and A-Z neutrons defining the origin of the colrdinate
syétem; If the summation were really carried over all nucleons with
the nuclear center of mass as the origin, no special definition of ekp

. 1
need be made; it will be the unit charge e for a proton and zero for a

neutron.
p. 71
) 2n - 2 - §
g el m
M should read S El should read
‘ Mr Mb 0

This paper is a contribution to Vol. 42, of the Handbubh der Physik

(springer-Verlag, Berlin).
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ALPHA RADIOACTIVITY
I. Perlman and J. 0. Rasmussen
Radiation Laboratory and Department of
Chemistry and Chemical Engineering
University of Califormia
Berkeley, California

INTRODUCTION

The study of alpha-radicactivity has generated manj of the fundamental
concepts of atomic and nuclear structure. Important discoveries came from
both the effort to understand the mechanism of the alpha-emission process

and from the-obsefvation,of‘events produced by the high velocity particles,

- In this latter category we should recall that it was from the analysis of

large-angle scattering of aipha-particles that Rutherford (;) conceived of
the atomic nucleus as the center of mass and positive charge. He also made
the fundamental deduction that the subatomic particles bearing the charge
within the nucleus must exhibit strong short range attractive force, other-
wise the nucleus could not exist. As further examples, the discoveries éf
nuclear transmutation by Rutherfordl and of artificial radioactivity by

I. Curie and F, Joliot2 came about from the irradiation of light elements

with alpha particles,

5. Rutherford, Phil. Mag. 37, 581 (1919).

£I. Curie and F. Joliot, Compt. rend. 198, 254;259 (1934).

In this review we shall deal principally with thbse phenomena concerned
more directly with the mechanism of alpha-emission. Nevertheless, some de-
rivative topics will be mentioned or partially developed because they
currently recei&e much\support from the study of alpha-radiocactivity. Among

A

these topics is the identification and classification of nuclear levels in
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the heavy element region. Much information on this subject is obtained from
the study of alpha-spectra and furthermore the explanation of the degree of

population of'theﬁvaribugﬁavailable levels is:qne’of the-central objectives’
‘in the current develgpment of alpha emission theory.

It will become clear that current directions of interest in alpha-
radiocactivity had to await the events starting about 1945 in which much new
experimental information became available. Up to that time fewer than thirty-
alpha-emitters had been reported and almost all of these lay in the natural
radioactive series. At present there are about 160 species known and meny of
these have been studied intenslvely., Before pursuing the discussion of these
a brief historical sketch will be presented in the following paragraphs.

As early as 1900 Mme. Curie3 suggested that alpha-rays were heavy pro-
Jected particles following an experiment in which she showed that they
differed from R8ntgen rays in that they became degraded in energy in travers-
ing matter. Further work by Strutt (JL901)l+ and Crookes (1902)5 on the ioni-
zation produced in gases served to reinforce this conclusion. . Measurements
of the deflection of alpha-particles in magnetic and electrostatic fields by
Rutherford (1903)6 demonstrated clearly that thése rays were indeed heavy
charged particles and also afforded a measure of their velocities. PFurther
deflection experiments (particularly those of MacKenzie7)showed that a mix-
tﬁre of élpha-emitters produced a mixture of alpha-groups of different velo=-
city each of which was homogeneous. Almost three decades were to pass before
Rosenblum8 demonstratedvthat these homogencous alpha groups often had "fine

structure".



3w, Curie, Compt. rend. 130, 76 (1900)0.

R. J. Strutt, Phil, Trans. Roy. Soc, 1964, 507 (1901).

5W. Crookes, Proc. Roy: Soc. 694, 413 (1902).

E. Rutherford, Phys. Zeit. 4, 235 (1903); Phil. Mag. 5, 177 (1903).
7D..R.»MaéKenzie, Phil..Mag. 10, 538 (1905).

S. Rosenblum, J. Phys. 1, 438 (1930).

Along with the early deflection work another type of measurement came
into use for characterizing alpha-groups. Mme. Curie3 had demonstrated that
alpha-particles from a thin polonium source had a defihite rangé and an ex-
ténsion of this work by Bragg9 firmly brought in the concept of range as a

distinguishing feature of each alpha-emitter.

. H. Bragg, Phil. Mag. 8, 719 (1904); 10, 600 (1905); 11, 617 (1906);

W. H. Bragg and R. Kleeman, Phil. Mag. 8, 726 (1904); 10, 318 (1905).

The relation between the rangel(or velocity) of the alpha=-group and the
half-1life for emission was noted at an early date by Rutherfordloc However,
it remained for Gelger and Nuttallll to examine this relationship‘systemati=
cally and to show that the logarithm of the decay constant changed linearly
with the logarithm of the range. It was even possible to predict from the
range the half-life of ionium which had not been measured and to deduce that
there was an extremely short-lived alpha activity associated with RaC. This

214)° Among the other significant deductions

was later shown to be RaC'(Po
made was that alpha-groups of low energy would require a very long time for
emission and it became.clear in this way why all the energies observed did

not vary continuously to include low values.
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105, Rutherford, Phil. Mag. 13, 110 (1907).

llH. Geiger and J. M. Nuttall, Phil. Mag. 22, 613 (1911); 23, 439 (1912).

In 1911, Rutherford [see (1)] produced the concept of the atomic nucleus
as the center of mass and positive charge in the atom. Soon thereafter, corr
siderable speculation arose on the structure of the nucleus and the relation
of the alpha emission process to it. Among the early interesting theories of
the alpha-emission process was that of Lindemannlz who was able to obtain an
expression which followed the Geiger-Nuttall relation. By 1919, Rutherford13
had succeeded in transmuting light elements by irradiating with alpha-

" particles and the concepts of the potential bafrier and short range éttrac-
tive forces in the nucleus were brought into sharper focus. With regard to
heavy atoms such as uranium the puzzle yet remained as to how the alpha-
particle could leave the nucleus even though particles of even higher energy
could not get into the nucleus. .The development of.wave mechanics was the

necessary prelude to the explanation.

Y25 A. Lindemann, Phil. Mag. 30, 560 (1915).

135, Rutherford, Phil. Mag. .37, 581 (1919).

In 1928, Gamow (2) and Condon and Gurney (3) indepéndehtly showed that
the wave nature of matter permits the alpha-particle to penetratethe region
of potential energy higher than its kinetic energy. Excellent quantitative
agreement was obtained for the dependence of the decay constant upon the
decay energy, and the principal feature of the Geiger—Nuttall relation was
now understood as was the anomoly of how an alpha particle could leave a
heavy nucleus but not be free to enter,

Despite the remarkaple éuccess of the theory it was soon obvious that
important details were not yet explained., In the beginning it was noted

that an.alpha emitter such as AcX did not lie on the appropriate Geiger-



Nuttall line and the new theory did not help in this regard., The situation
took on an added degree of interest and complexity'when,RosenblumB showed,
by magnetic analysis that the alpha particles from a particular.substance
had "fine structure". The demands on alpha decay theory now took on the
added dimension of explaining the relative competition between several alpha
groups of a particular emitter. Ensqing work showed that the energy depen-
dence was not the only factor involved, indeed cases began to appear in
which the alpha-group of highest intensity did not have the highest energy.
This problem takes us to the present day. Although a coherent quantitative
theory to explain all alpha-spectra is still incomplete a number of the
factors influencing alpha-emission rates are recognized., Much of the
material in this article is concerned with just these problems,

Part A of this article has to do with the alpha-energies and nuclear
levels and emphasizes separately the total decay energies of the alpha-
emitters (Sections lm?), the spectrum of alpha-groups for each species
(Sections 8-11), and patterns of energy levels in the heavy element region
(Sections 12-15). The total disintegration energy is now a property which
can be predicted with fair accuracy. It is, of course, simply related to
mass differences between parent and product, and it is now clear that these
mass differences for the most part vary in regular fashion.

The next two major parts (B and C) are concerned with alpha-decay rates.
A division is made between the even-even emitters and the other types in
order to develop:.the theory first for the simplest cases. The first group
in Sections 16~18 in Part B have to do With4the semi-empirical correlations
of decay rates, These have been of great practical value as a guide to ex-

perimental work and point out most clearly what is demanded of the theory,
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Following this are sections devoted to the theory: Sections 19-27 are on the
‘one-body classical theory, Sections 28-33 are on the effects of non-central
fields and Sections 34=37 consider multi-body aspects.

Part C takes up those aspects of alpha-emission which are different for
nuclei having'unpairéd nucleons, The first several sections (40-42) treat
the semi-empirical correlations and parallel those for the even-even type
(16-18). The second group (Sections 43-48) treat the directions which the
theoretical interpretations are taking.

‘Finally, Part D discusses the energy level diagram of several cases
selected to illustrate different types encountered. Information obtainéd
from the alpha-emission is in this way correlated‘with that obtained from
other sources.

Unfortunately, a number of interesting topics related to the alphém
emission process are omitted in thié review. Oﬁe‘of’these; the experimental
techniques employed in studying nuclear spectra, has become too elaborate
to be dealt with:in limited space. Others, such as the interaction of alpha‘
particles with matter, were eliminated with fewer misgivings because de-

tailed accounts can be found elsevhere.
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A. ALPHA ENERGIES AND NUCLEAR STATES

I. ALPHA DISINTEGRATION ENERGIES

1. Conditions for alpha instability. We are concerned here with de-

noting the specific conditions which must apply in order that particular
nuclear species- can be alpha emitters, and further, to see in general how
these conditions are met in different regions of the system of nuclei. From
straightforward energy considerations it is seen that any nuclear species
will be alpha-unstable if the sum of the separation energies of two neutrons
and two protons is less than the binding energy. of the alpha particle, 28.3
Mev. ‘

As discussed by Kohman® and others (4), the slope of the packing
fraction curve gives a rough indication of where alpha instability may be
expected, but many of the important features are not revealed because the
packing fragtion curve only reflects the gross structure of nucleon-binding
energies. The closed shells have a dramatic effect upon alpha energies and
appear to be dividing lines between regions of alpha stability and alpha in-
stability. Actually, the sudden appearance of alpha radicactivity in crossing
a closed shell means only that the lifetimes have suddenly become short

enough to permit detection of the instability.

1. P, Kohman, Phys. Rev. 76, 448 (1949).

From‘existing atomic mass data it is possible to determine (with varying
degrees of accuracy) alpha energies in regions where the actual deéay process
is too slow to permit observation and also where it is energetically impossi-
‘ble. Buch regions can then be made continuous with those in which accurate
direct measurements are posgsible -and in this way to display a profile of
alpha energies throughout the system of nuclei. Figure 1 contains such a
plot of alpha energy as a function of mass number (heavy coritinuous line).
This line attempts to show alpha energies for nuclei which lie along the "line
of stability" of the energy surface; that is, it pertains to the most beta-

stable isobar for each mass number.
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Alpha energies are by no means simply a function of the mass number any
more than a packing fraction curve reflects the masses of all isobars. It is
more illuminating to consider an "alpha-energy surface" in analogy to a mass
.or energy surface. It has been found convenient to correlate alpha energies
by relating the isotopes of each element separately2_6 and on the alpha-energy
surface this would correspond to contours of constant atomic number. Several
such curves .derived from experimental energy measurements have been entered .in
Fig. 1. That for uranium shows monotonic variation of alpha energy with mass
number while the polonium curve exhibits a shérp inversion. These properties

will be returned to presently.

2 G. Fournier, Compt. rend. 184, 878 (1927)§ K. Fajans Radioelements ang
Isotopes (McGraw-Hill Book Company, Inc., New York, 1931). Chap. I.

3
L

J. Schintlmeister, Wien. Chem. Ztg., 46, 106 (1943).

A. Berthelot, J. phys. radium:VIIT;.3, 17 (194%@)...).

° B. Karlik, Acta Phys. Austriaca, 2, 182 (1948).

I. Perlman, A. Ghiorso, and G. T. Seaborg, Phys. Rev. 77, 26 (1950) ;
Phys. Rev. 74, 1730 (1948). '

Returning to the main curve of Fig. 1 we note that at mass number 90 the
alpha energy is a negative 3 Mev. Below this it drops rapidly to a negative
8 Mev at mass nunber 70. Somewhere between mass numbers 130 and 140 energies
become positive and it is likely that ail nuclei above this mass number (and
within the band of beta-stability) are unstable toward alpha emission.

The prominent peaks in the curve above mass number 140 and again above
210 are consequences of major closed shells. Other irregularities, no doubt,
occur, but mass data are not sufficiently refined to permit placement of any
more detail in the curve. The effect of closed shells.on alpha energies
expressed in terms of the more familiar behavior of neutron and proton binding
energies is illustrated by the sequence of energy cycles of Fig. 2. Selection

212 azzz Uzgn, 246

was made of the alpha emitters Po , R s and Cm which represent

points at the respective mass numbers on the curve of Fig. 1. It is seen that

the alpha energy of P0212 is determined by the binding energies of two neutrons

beyond Pb208 and two protons beyond PbZlO° These are the 127th and 128th



-and U2

,Th232
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neutrons and the 83rd and 84th protons all of which have low binding energies

.because -they are just past closed shells. The sum of these four binding

energies when subtracted from 28.3 Mev (the binding energy of the alpha parti-
cle) gives the large alpha energy, 8.9 Mev. As the closed shells are left

behind, the nucleon-binding energies increase rather sharply as shown for.the

222 234

cycles pertinent to the decay of Ra and of U .The alpha energies con-

‘sequently decrease. Superimposed upon the factors causing an’ increase in

nucleon-binding energies beyond a closed shell are those which produce a

gradual decrease as one progresses to higher and higher atomic numbers.

The minimum in alpha energy which results from these .opposite effects occurs
ot 23t _
increase in alpha energy may be seen by comparing the energy cycles for Cm@u6

3k

in this illustration, and the energies then increase again. This

in Fig. 2, and the increase is illustrated by the final upturn of
the main curve in Fig,.l;

The guide lines in Fig. 1 labeled with half-lives of 1 hr and.108 yr
show the approximate alpha energies necessary to pfoduce the indicated half
lives for alpha decay. The sudden appearancevof natural alpha radiocactivity

above mass number 210 is readily seen;as is the fact that a beta-stable

238

uranium isotope (U®“") has & half life longer than 109 yr, and therefore has

persisted through geological time. Isotopes of other elements with sufficien®

ly long alpha-decay lifetimes turn out to be beta unstable. . (The exception is

») .In the rare-earth region, on the contrary, almost all of the beta-
) Y s

‘stable species. have alpha lifetimes too long for detection. The exception is

'Sml

b7 146

which is an alpha emitter found in nature and Sm which is beta-
stable but has . an alpha decay half life which is too short to have pérsiéted
to the.present day. A number of neutron-deficient isotopes of this region
have been prepared artificially and these have both electron capture and alpha-
decay lifetimes too short to have persisted through geological time.

Further discussion of these and other alpha emitters will be found in
Section 3-7. N\

2. ThHe energy surface. We shall now.make a more detailed examination of

alpha energies in the heavy-element region. .For this purpose it is conven-
ient to refer to a "mass surface" or "energy surface" of the heavy-element
region. One manner. of exhibiting the array of relative masses is .shown in
Fig. 3a. Here the neutron number is plotted against the mass decrement (A)
which is simply the difference between the mass (M) and the mass number

(A)al Contour lines are shown connecting points of constant mass number (A}
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and constant atomic number (Z). The "line of stability" which follows the
wttom of the valley is also shown. The actual points in Fig. 3a would not lie
on a sméoth surface as shown because of the differences in mass depending upon
whether the nucleons are paired or not. The data were normalized to make a
smooth surface by subtracting a pairing energy term from the odd-odd species
and adding a term to those with both even neutrons and protons. Since the
alpha-decay process does not change the ﬁuclear type, the same alpha-decay
energy would be derived from mass differences whether the actual masses were

used or normalized values used such .as shown in Fig. 3a.

IThe data upon which this plot is based were taken from Ref. (5).

In order to obtain an alpha energy from Fig. 3a the mass decrement of the
alpha particle (3.87_milli-massvunits) is subtracted from the difference be-.

tween the mass decrement of the alpha emitter (A&)and its decay products (4¥).

B, =4 - -(Af + %) (2.1) !

The curves .of Fig. 3b are used to illustrate this derivation of alpha
energy. Here the curve labeled "Pa" contains mass decrements of a series of
protactinium isotopes,(the (Aﬁ) of equation {2.1), while that labeled "Ac"

consists of the mass decrements of actinium isotopes ( to which have been

£)
added the mass decrement of the alpha particle ( a)' The alpha energies,
shown by the vertical arrows, are simply the differences between points on
the two curves related by alpha emission. It is seen that the alpha energy
increases with decreasing neutron number. This can be shown to be an expec--
ted consequence of a "regular" energy surface asdeéfined by any of the semi-
empirical statistical treatments of nuclear masses.

Figure 4 is an idealized sketch of such an energy surface and entered
upon it are the uranium family and an artificially-produced chain collateral
to the uranium series. Since this is.a normalized surface the beta-decay
steps (along constant mass number) are not portrayed accurately. For example,
it would appear that Em222 should decay to Ra222 by sliding to the center of
the trough through two successive B~ transitions. However, the intermediate
nucleus Frzz2 really lies on another surface above that of the even-even nucleil

and the decay of Em222 to" Fr222 is energetically impossible by a small margin.
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It should be noted that alpha decay cuts across the valley in the pro-
gression downhill. If a chain of alpha emitters is sufficiently long it
will eventually progress high enough up the side of the wall to produce a
5--unstable nucleus which will then decay toward the line of stability. In
234(le)‘, pb21* (RaB) and Pb2lO(ReD).

The marked change in the lower part of the energy surface displays the

effects of the closed shells at 82 protons and 126 neutrons. Some of the

the series shown, this happens at Th

consequences:will be discussed presently.

3. Systematics of alpha énergies.‘A convenient manner to display the

trends in alpha energies is shown in Fig. 3 in which the decay energy is
plotted against the mass number with points of constant atomic number joined.,l
Over a large area of this chart it is seen that for each element there is a
nearly perfect monotonic incredse in alpha energy with successive decreases
in mass number. This regularity is the reflection of a regular trough-like
energy surface gs already mentioned. Differences in slope or spacing of
the lines in Fig. 5 can be interpreted in terms of departure from extreme
regularity. of the surface such as small changes in the curvature -of the
trough or of its slope. Individual irregularities must occur wherever a

particular nucleon-binding energy does not follow the smooth trends.

lFor further discussion and references see.General Refc(é).

It is often possible to predict rather accurately the alpha energies of
unknown gpecies simply by interpolation or extrapolation of the curves of Fig.
5. The ability to make such estimations has been an important aid in pre-
paring new species.

The dramatic inversion in the alpha-energy trend around mass number 212
is a consequence of the major closed shells in this region2 (6). We can see
what happens more precisely by following the curve for the polonium isotopes.

From P0218 down to Po212 the curve follows the normal trend; then Pole is

212 Tnie can readily be

seen to have considerably lower alpha energy than Po
shown to be a reflection of the fact that the binding energy of the 126th

neutron in lead (Pb207-1>b208
211 _ 212
-Po™" ).

206

) is greater than that of the 128th neutron in
polonium (Po Similarly, since the binding energy of the 1zZ5th

neutron in lead (Pb -Pb207) is greater than that of the 127th neutron in
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polonfum (POZlO-POle), the alpha energy of Po°10 is lower than that of po 1L,
After the neutron shell of 126 is well past and the neutron-binding energies
change monotonically for both parents and daughters, the regular trend of
increasing alpha energy with decreasing neutron number is resumed (see region
between P0208 and lower isotopes).

The curve for bismuth is seen to parallel the polonium curve with a wide
.energy spacing between the two. This energy spacing is presumably a consequence
of the break in binding energies at the 82-proton shell. The reappearance of
alpha radioactivity in highly neutron-deficient isotopes of bismuth was the clue
needed to establish the generality of this effect of crossing the region of 126

3

neutrons~.

2 g, Karlik, Acta Phys. Austriaca 2, 182 (1948).

3 D. H. Templeton and I. Perlman, Phys. Rev. 73, 1211 (1948).

It will be noted that the alpha energies for the isotopes with 128 neutrons
would be expected to become progressively greater for each higher proton number.
Accordingly, half lives will be very short in this region so that preparation
and identification of such nuclides would be difficult. However, more neutron-
deficient isotopes should be more stable just as PoZlO is more stable than Poglz.
Such a region has been found and includes isotopes of emanation, francium and
even radium, showing that the effect of 126 neutrons extends at least this higﬁ6u
Undoubtedly these points shown on Fig. 5 join with those of higher neutron
number by going through sharp peaks higher than those shown for polonium and

astatine.

L ,
‘E.7K. Hyde, A. Ghiorso, and G. T. Seaborg, Phys. Rev. 77, 765 (1950).

> F. F. Momyer, Jr., and E. K. Hyde, J. Inorg. Nucl. Chem. 1, 274 (1955).

6 W. E. Burcham, Proc. Phys. Soc. A67, 555 (1954).

The question arises as to whether or not there is evidence for other clos-
ed shells or subshells on the basis of alpha-decay data. A situation similar
to that at 126 neutrons, but considerably more subdued, seems to occur at

neutron number 152.7 The evidence came initially from the alpha-energy trend
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of californium isotopes as seen in FEg. 5 showing that the one with 154 neutrons
has a higher energy than that with 152 neutrons. The data on einsteinium and
fermium isotopes are not out of line with this concept and the lines are drawn
in Fig. 5 according to expectations.

It will be noted in Fig. 5 that the energy increments from isotope to.
isotope along many of the curves are not very uniform. Aside from the marked
inversion in trend in the region of lead and the probable small inversion in
conjunction with 152 neutrons, it is seen that in some places the isotopes
seem bunched and in others relatively spread out. It has been suggested that
there are subshells at 92 protons and at 88 protons in explanation of scme of
these irregularities. Other inferences concerning alpha energies as related

to possible subshells have been discussed by Broniewsky .

7
8

Ghiorso, Thompson, Higgins, Harvey, and Seaborg, Phys. Rev. 95, 293 (1954).

A. Broniewski, Can. J. Phys. 29, 193 (1951).

4. Decay energies from energy-balance cycles. The ability to predict

decay energies is of inestimable value in the preparation of new isotopes in
the heavy-element region. Through judicious use of these decay energies it is
possible to predict lifetimes and consequently to design the experiment ac-
cordingly.' The method of prediction of decay energies of wide application
consists of constructing a self-consistent system of energy-balance cycles
from alpha— and beta-energies which are either measured or estimated by
interpolétion or extrapolation of curves suéh as those shown in Fig. 5.

.To illustrate this method of correlating decay energies, a segment of
the decay cycle representation of Ln+l typel nuclei is shown in Fig. 6. A few
examples of the useslof these cycles will be mentioned. It is noted that by
making use of three measured-decay energies, the alpha energy of the 6.8 day
beta-emitter U237 is calculated to be %.25 Mev. This is almost identical with
the decay energy of U238 which has a half life of 4.5 x 107
expect the partial alpha half life-of U237 to be at least that long.

yr and one would

lThe type "dn+l" means that all mass numbers are divisible by 4 with remainder

1. All nuclei connected by a- and B-decay processes are of the same type.
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Consequently, the alpha-branching of U237 would be only of the order of 10712

so that this mode of decay would be most difficiilt to observe. On the con-

>

trary, the alpha-branching of Puznl was similarly estimated to be about 10~
which was within reach for measurement. The alpha energy as subsequently
measured is shown in Fig. 6.

Another use of these cycles has to do with predictions of beta-

L5

stability. If one considers the possibility that sz is .a B -emitter and

that its preparation would therefore also produce BKZMS, the idea should be
245 245 by

is unstable with respect to Cm

245

rejected because it is seen that Bk
about 0.7 Mev. The estimated alpha energy of Cm which went into this
calculation could not possibly be in error by an amount to reverse this con-
clusion and it was subsequently measured and shown to be close to the value
listed.

An extension of these cycles to still higher elements gives a means of
making predictions into a region where measurements have not been made, and
these predictions serve as an important guide in designing the experiments.
Other cycles can be devised to join different nuclear types through measured
neutron-binding energies.. With a single neutron-binding energy measurement
Jjoining two series, other neutron-binding energies can be calculated.

Energy balance cycles .showing alpha <and beta-energies in the trans-
uranium region will be found in the article by Hyde and Seaborg in Volume 39
(Z)- In the same article are also presented neutron-and proton-bindinding
energies and isotopic masses. Cycles .covering the. entire heavy-element re-
gion will be found in Ref. (5).

5. Table of alpha energies. Table I in Sec. 11 .consists of a listing

of the alpha groups found in the heavy-element region. The Q-values for
alpha decay are shown in Column 9 and these are the numerical data appearing
in Fig. 5. The Q-value is, of course, the total disintegration energy and in
most cases is obtained by adding the recoil energy of the nucleus to the
energy for the alpha group leading to the ground state. In some Casés the
highest energy alpha group detected leads to an excitedAstate in which case
the de-excitation energy of this state must also be included. The determin-
ation of the total decay energy is uncertain in some instances and when this

is the case appropriate notation is made.
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6. Alpha emitters just below lead. .The removal of neutrons from any

element increases the potential toward alpha decay and this is the basis for
the main trend in Fig. 5. Alpha-active isotopes of gold and mercury have
been prepared by removing many neutrons from the stable isotopes.l In the

casé of gold, the stable isotope Aul>!

is estimated to have an alpha energy
of only 1 to 2 Mev, while the isotope observed with an alpha energy of 5.1
Mev is believed to lie in the mass number range 183-187. As neutrons are
removed, sucéessive isotopes become more unstable toward orbital electron
capture also, but since alpha-decay lifetimes are extremely sensitive to

energy, this mode of decay should at some point become discernible.

lJ._O..Rasmussen, S. G. Thompson, and A, Ghiorso, Phys. Rev. 89, 33 (1953).

T. Bare earth alpha emitters, Among the rare-earth elements we pass

through a region where stable or slightly neutron-deficient nuclides can
decay by alpha emission to the closed shell of 82 neutrons. Such a nuclide
with 84 neutrons is Sm146 which is beta-stable but missing in nature because
of ‘its relatively short alpha half life (~5 x lO7 yr)l, The alpha energies
are summarized in Fig. 7 and although the curves are fragmentary as compared
with those in the heavy-element region, (Fig. 5) the basic structure as
related to the 82-neutron is unmistakable, The point assigned to Ndluu is
of special interest because Ndlhu is a component of natural néodymium.

The other alpha emitter existing in nature is the well-~known samarium
isotope, Smlu7, which has three neutrons beyond the closed shell and would
correspond to POZl3 in the heavy element region. . The other species shown in
Fig. 7 are all electron-capture unstable and their energies relative to each

3,k

other conform well with their positions relative to the 82-neutron shell.

lD. C. Dunlavey and G. T. Seaborg, Phys. Rev. 92, 206 (1953).
2E. C. Waldron, V. A, Schultz, and T. P. Kohmen, Phys. Rev. 93, 254 (195%).
35. o, Rasmussen, Phuw Thesis, University of.California (1952).  (UCRL 1473 rev.)

AJ;'O.“ResmUSSéng'ST'G?'Thompson,’and A. Ghiorso, Phys. Rev. 89, 33 (1953)
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ITI. COMPLEX ALPHA SPECTRA

8. Types of alpha spectra. Just as for other decay processes, the

appearance of multiple groups in the alpha-emission process .may be considered
to be the result of competition in populating available energy lévelsf It
will be seen that the.transition probability or partial half 1life is influ-
enced by.a number of factors, and among these is the sharp dependence of
lifetime with decay energy. Because of this dependence it is not to be
expected that transitions to high-lying levels (say 1 Mev) would be readily
observed. If all other factors areveqﬁal an alpha transition to the ground
state would be about 106 times faster than one leading to an excited state
at 1 Mev above ground.

The highest energy group is not always the most prominent despite the =
sensitive energy dependence mentioned above. In many cases there are selec-
tion processes operating which are strong enough to delay higher-energy
groups and therefore make the lower-energy groups prominent. One of the
most extreme cases noted is that of the decay of szu3 to Pu239 in which two
r;groups differing in energy by 230 kev show an 80-fold greater sbundance of
the lower-energy groupi. (See Table I). From energy dependence considerations
alone one would expect a ratio of 15 in the opposite order which means that by
some selective mechanism this higher-energy group is "hindered" by a factor

of 1200 relative to the lower-energy group.

1y, Asaro, 5. G. Thompson, and I. Perlman, Phys. Rev. 92, 694 (1953).

The observed alpha spectra do fall into certain patterns,whiéh can be
correlated with nuclear type and systematic trends in available energy levels.
The energy level patterns in the heavy-element region'are discussed in Sec.
12-15 while the transition probabilities to these levels lie in the province
of "kinetics of alpha decay" and are discussed in later sections. Here we
shall examine some typical alpha spectra and tabulate information on alpha
groups obtained from all heavy-element alﬁha emitters. ’

9. OSpectra of even-even emitters. The portion of the alpha spectrum

cbservable by alpha-particle spectroscopyl is fairly simple for even-even

species. The four spectra shown in Fig. 8 illustrate this point. Starting

lIt will be seen that gamma-ray'measurements can indicate the positions of
levels populated by alpha decay with a sensitivity which is often several
orders of magnitude greater than the direct observation of alpha groups.
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with a transuranium isotope, szuz, it is seen that the group of highest
energy is most abundant and that there is a nearby group (~L0 kev difference)
also in good abundance. Somewhat farther away (~140 kev) is another group in
extremely low intensity. As far as is known all even-even alpha emitters
from plutonium to the highest elements exhibit a spectrum which is virtually
identical with this in the energy spacing of these three groups. The symbols
O+, 2+, 4+ indicate the spins and partities of the first three levels.of
Pu238 which are reached by the respective alpha groups. These levels have
been recognized as members of a rotational band (see Sec 13). The existence
of other alpha groups in the decay of szhz can be inferred from gamma-ray
data (see Table I),but more highly refined techniques would be required to
observe them directly because of their low intensities. The alpha-and gamma-
spectra associated with szuz decay are discussed in detail in Sec.SM.
» Turning to the decay of Th228, the spectrum is seen to be quite similar
to that of sznz except that a state of spin 1 and odd parity has appeared
between the U+ and 2+ states. Such odd-parity states appear as low-lying
levels only in a limited region and are discussed in Sec.1l3 and 53. .Another
difference between this spectrum and that of szl#2 is the wider spacing
between the O+, 2+, U+ sequehce. The trend noted is that of increase in
rotational level spacing in progressing toward a closed shell configuration,
in this case the approsch to the region of 126 neutrons .and 82 protons, The
spacing increases to such an extent that in Em218 (decay of Ra222) the 2+
state is seen at 325 kev above the ground state and there are no intervening
states. Consequehtly the spectrum is quite simple at least in terms of alpha
groups which can readily be observed. Finally, we hdve in Fig. 8,xthe‘single-
ine spectrum for P0218. The 2+ state for PbZlh, like that for other;lead
isotopes with even neutron number, probably lies well above the ground: state
and is hence so slightly pdpulated by P0218 alpha decay that only the ground
state transition can be observed.

1
10. Spectra_of odd-nucleon types. All of the low-lying energy levels

in even-even nuclei appear to be due to collective aspects of internal motion
and it is, of coursé, the low-lying states which are most prominent in alpha
spectra. The spectra leading to these states are fairly regular with the
ground states most heavily populated. In nuclei with unpaired nucleons the

low-lying states are, in general, more dense and consequently the alpha
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spectra are more complex. For these nuclei, states due to collective modes
are superimposed upon each of a number of possible particle states and the
selection rules which determine the relative alpha populations of the differ-
ent configurations are not yet explicitly codified. Nevertheless certain

. types of spectra are now recognized and it is these which will be illustrated
here. The meaning of some selected samples is discussed .inidetail in Sec.

55 and 56.

1 By "low-lying'" we refer to energies up to several hundred kilovolts which

is still well below the energy required to unpair nucleons.

In Fig. 9 are shown four. spegtra-of ‘alpha emitters having an odd proton

2h3 and.Amzul it is immediately seen that the

or an odd neutron. For both Cm
alpha group in highest intensity is not the one of highest energy. 1In the
case of Crnzu3 the most intense group populates an energy level of Pﬁ239 which
is 286 kev above the ground state. The transitions to the ground state and
near-lying first excited state (indicated by verticsl arrows in Fig. 9) have
not yet been observed partly because of their low intensities and because
they fall in the same position as the intenée groups of szuz which were

23

present with the Cm The general observation to be made from this spectrum
is that there is a "favored'" alpha group analogous to the favored transition
of an even-even nucleus but in the odd-nucleon case this group does not in
general lead to the ground state. The low-intensity high-energy groups‘are
interpreted as pcopulating another rotational band based upon the gfound—

state configuration. Transitions to this band are highly hindered. The in-
terpretation of these spectra will be found in Sec. 55.and 56.

The spectrum of 1-\mzl+l also shows a favored transition to an excited
state (60 kev above ground) and the rotational band based upon this state.
The transitions to the ground state and its first rotational menmber are
highly hindered as evidenced by the low intensities of the alpha groups}

The spectrum of U233 is shown to illustrate that sometimes the favored
transition does lead to the ground state in which case the spectrum to the .

low-lying levels can look much like that of an even-even nucleus.
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In the region just below thorium the density of low-lying levels
appears to be very great because the alpha spectra become quite,cbmplex‘
The 12 .alpha groups of Th227 are shown in Fig. 9 and thus far they have not
been interpreted. The appearance of several groups in almost equal inten-
sity probably means that there are at least that many particle states in
this region. It is unlikely that the population of differeht members of
the same rotational band can proceed with equal probability.

11. Table of alpha spectra. Table I presents a list of alpha groups

associated with all heavy-element alpha emitters. Included are those groups
.which could not be seen directly but which are inferred from gamma-ray data.
The gamma-ray intensities are used to deduce the relative abundances of the
alpha groups. These data are of value in developing alpha-decay theory
since it is primarily the relative intensities of competing groups which
must be explained. It will also be noted that "long-range alpha groups' are
listed. These are the high-energy groups which arise from the decay of
excited states of alpha emitters and represent favorable competition between
alpha emission and de-excitation of the levels by gamma emission. In all '
known cases, the levels are initially populated by B -decay processes. The
energies for long-range alpha groups are, of course, greater than the Q-
values which represent transitions from ground state to ground state.

There are a considerable number of instances in which it is not
certain that the highest energy group listed represents the ground-state
.trénsition, but the necessary information to determine total decay energy
is lacking. Here, the gQ-value is calculated from the highest enérgy group
(usually the only group seen) and notation is made that there is insufficient
evidence to consider this figure reliable. For the even-even alpha emitters
in this category the assignment of a proper Q-value is a good dedl more
certain because it is known empirically that for these , the main alphsa
group invariably does lead to the ground state.

A statement should be made regarding the completeness of the informa-
tion in Table I. To illustrate differences in available data for different
species we may compare the spectra of CmZh2 and, szno. For sznz, eight
alpha groups are listed; for szuo, only a single group is listed. From
what is known about the regularities of alpha spectra, it is fairly certain

that the alpha spectra of these two substances are similar. In the case of
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szhz, large amounts of the isotopically-pure substance can be made and con-
sequently, the spectrum can be examined with high resolution and with great
sensitivity. Close-lying groups may be resolved in instruments requiring
intense sources and also very rare events may be sought, for example, in the

>

range of one event in 107 to lO7 disintegrations. As seen in Fig. 8 only
three alpha groups have been observed directly; the other five groups.of
Table I are inferred from gamma-ray data yhiéh at present is obtained with
greater sensitivity. In the case of CmiL%,,it is .much more difficult to
prepare sizeable amounts and it is not possible to prepare it free of other
curium isotopes. The only measurements made utilized an instrument of rel-
atively low resolution and not even the expected intense group of energy some
45 xev lower than the ground-state transition has been resolved. As for
gamma-~-ray analysis, the problem becomes guite difficult in view of the
presence of other isotopes, particularly those which decay by orbital elec-

tron capture.

ITI. NUCLEAR STATES AND NUCLEAR MODELS

12. Genersl remarks. Before one can hope to formulate any fundamen-

tal understanding of alpha decay kineties, especially of odd nuclear types,
it will be necessary to have considerable knowledge of the nuclear .states
involved. Thus, it is appropriate here to consider briefly the present state
of this knowledge in the regions where alpha emission is prevalent.

One wishes first tokknow the4energies:ofgas many as possible of the low-
-lying nuclear states. .Alpha-ray spectroscopy. has played a key role in the
establishment of the lowest levels (Sec 8-11). Next, one desires to
classify states according to spin and parity. -Such information is gained
from experimental determination of ground-state spins by various methods
and determination of the multipolarity of gamma transitions. Additional
information on the details of‘nuclear states is given by nuclear magnetic
and electric moments, by actual rates of nuclear transitions, and by energy
level patterns.

For discussion of alpha-decay properties and forcorrelation of level
energies and other nuclear properties with nuclear models, it is most logical
to segregate heavy alpha emitters into three more-or-less distinct classes
according to neutron number: a) a region comprising decays with parent and

daughter having N < 126; b) a region with 126 N &£138; c) a region with
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N > 138. Alpha decays (i.e., bismuth isotopes and l27-neutron isotones) cross-

ing the closed shells of 82 protons or 126 neutrons constitute special cases.

08

For nuclei near the sz doubly=-closed configuration the nuclear models

holding greatest promise are of the spherical well form deriving from the

original Mayer-Jensen shell modelsl’z(é). For nuclei more than one nucleon

removed from.szo8 the modifications treating specific nucleon-nuclenn inter

actions among the nucleons outside the closed shells are of greatest utility,

3

(See the work of Pryce (9), Alburger and Pryce>, and Trueu)s

L M. Goeppert-Mayer, Phys. Rev. 75, 1969 (1949).
2 Haxel, Jensen, and Suess, Phys. Rev. 75, 1766 (1949).
3;D,E° Alburger and M. H, L. Pryce, Phys. Rev. 95, 1482 (1954),

>4»w. W. True, Phys. Rev. 101, 1342 (1956).

For nuclei in the region with N > 138 it seems clear that a stabilized
spheroidal deformation has set in, and the Bohr-Mottelson (10) "strong
coupling” model has given many useful correlations of nuclear properties in
this region,

On the low side of the border N = 138 the Goldhaber-Weneser5 or Wilets-
Jean6 models offer hope, at least for even-even nuclei. The Goldhaber-
Weneser model couples the motion of two or more individual nucleons with
collective vibrational motion about a spherical equilibrium shape. The Wilets-
Jean model treats the collective oscillations with stable total deformation
but with little or no shape stability. For odd-nucleon types in the regions
where the above two models apply the theory is less developed. Calculations
along the lines of the intermediate coupling treatment of Bohr and Mottelson

(10) and of Choudhury7 might be of use in filling the gap.

> G. Goldhaber and J. Weneser, Phys. Rev. 98, 212 (1955)-

L;’Wilets and M. Jean, to be published. Preliminary report in Compt. rend
2kl, 1108 (1955).

" Dp. C. Choudhury, Dan. Mat. Fys. Medd. 28, no. 4 (1954).
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13. Energies and other properties of nuclear states of even-even

‘nuclei. _Thé grdund states of even-even nuclei are presumed all to have zero
spin and. even parity.
The first excited states of the heavy even-even nuclei (except

PbZOB)l.have, wherever determined, spin two and even parity. Their energies

have rather a regular dependence on mass number, being very high near Pb208 ‘
and .descending to a bread flat region. Figs. 10 and 11 show plots of

these energies vs. neutron number.

lﬂszo8 has a first excited state of spin 3, odd parity.

The spectra of higher ekcited states of even-even nuclei become
quite complicated in the regions near the.closed shells. The discussion of
these levels is not too essential in considering alpha decay since the high-
er excited levels of even-even nuclei in this.region usually lie too high in
energy to be detectably populated by alpha decay, although "long-range" alpha

emission. occurs from highly excited levels in Po212 and Po214 populated by

beta decay of 31212 and BiZlh. As the levels dip in energy further from the
closed shell, a new regularity appears. in the .even spin-even parity excited
states. .That is, these energies approach a close agreement with a simple

rotational energy formula.

2 .

— _‘E\___ T (T+) (13:1);
£, = A 1) ’

~where I is the spin and " is the moment of inertia.
Population by alpha decay of rotational band levels as high as the 8+ has

238 following alpha decay of szhz. (See Table I).

.been observed in Pu
For a number of even-even nuclei in the heavy region, odd parity
states of spin one have also been cbserved at moderate energies, lying low-
est around 88 protons and 136 neutrons. The 1- states characteristically
4decay2 by El gamma transitions to the O+ and 2+ states, and>the relative
gamma intensities indicate fhat the component of total angular momentum

along the nuclear symmetry axis (Kfquantum number) is O.

e Stephens, Asaro, and Perlman, Phys. Rev..100,.1543 (1955).
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The 1- states are .usually. considered odd states .of rotation
belonging to the ground rotational band.  In the usual form of
the theory of spheroidally deformed nuclei, the nucleus is pre-
sumed, to be symmetric with respect to rotation of = about a
principal axis perpendicular to the cylindrical symmetry axis.
Then for properly symmetrized strong coupling wave functions
(ef. Ref. (10).Eq. II.15) the states of odd rotational angular
momentum must vanish. If the symmetry of the nucleus with
respect to the rotation of n is not perfect, states of odd
rotational -angular momentum may sappear but displaced to higher
energy with respect to the.even members of their band. Christy3

‘has thusvpropbsed that a pear-shaped deformation must set in for

nuclei in the region of low-lying 1- states.

3,R. F. Christy, unpublished data (195W4).

- It is beyond the scope of the present paper to speculate -on
details .of the theory of the 1- states. We do wish to point out
the significance of the fairly rapid El transitions (see Sec. 53)
since available evidence indicates the lifetimes of the 1- states
to be less than a millimicrosecond. - If one grants the rotational
nature of the 1- states, the occurrence of El transitions implies
a separation between the center of mass'and the center of charge
in these deformed nuélei. It may well be that the two-fold
rotational symmetry is broken down in these nuclei not so much by
pear-shaped deformations as by opposite displacements of proton
and neutron centers of mass along the cylindfical symmetry axis.
The conditions for such displaceménts probably involve the avail-
ability of near-lying levels of opposite parity for both protons
and. neutrons near the top of the "Fermi sea." Such conditions

are fulfilled in the region of Ra226 and,Razzu,HSince.even—odd

Ra285 227

and odd-even Ac exhibit low-energy El gamma transitions

to ground.
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14. Region of spheroidal nuclei. The gppearance of rotational bands

is associated by Bohr and Mottelson ( 10) {11) with onset of a stabilized spheroid-
al nuclear éhape, An important quantity in the alpha decay treatments (l&_)
in the rotational band region is the intrinsic Quadrqpole moment Q@ . The

=0
magnitude of Qo,may,be determined either from the lifetime of the first ex-

.cited state ggifrom the coulomb excitation cross section for this state. The
.latter method has been applied by.Divatia gz_§£,¥and from gamma-ray yield ..
data with assumed total conversion coefficients of 340 for Th232 and 700 for
U238 they calculate first excited state lifetimes .of 7.8 x 1070 ana L.k x
]_O-lO sec, respectively. Their results may also be expressed in terms. of

intrinsic -quadrupole moment values of 7.1 x 10'2h cm2 and 8.5 &% 10-24_cm2’
.respectively. From other.evidence we believe these intrinsic quadrupocle
meoments to be positive. For both Amzhl and Am?'43 (£.= 5/2) Manning g&_g&.z
‘have determined spectroscopic quadrupole moments of +4.9 barns, corresponding

to QO,=.+lh~barns.

* Divatia, Davis, Moffat, and Lind, Phys. Rev.. 100, 1266A (1955); and verbal
report quoted..in National Research Council Nuclear Data Cards 56-1-118 and

56-1-120 (1956) .

5 .
Manning, Fred, and Tomkins, Phys. Rev.. 102, 1108 (1956).

In the region of the heavy deformed nuclei many rotational bands
-have been identified, not only for even-even nuclei, but also for odd-mass
nuclei. .Most of these bands . have been revealed by alpha spectroscopy.(;gij
and some more recently by coulomb excita,tiono3 Heavy nuclel exhibiting such
bands with three or more member levels definitely identified are the following:
229 4835 (2 vanas), mp23T, Wp?3Y, PuZ39, ana Bk2YY, |

3 J. 0. Newton, Nature 175,.1028-(1955).

The occurrence of such bands implies an approximate conservation of
angular momentum along the nuclear symmetry axis. The quantum number measur-
ing this angular momentum component, usually designated as K, has proved to be

of great usefulness in classifying nuclear states and correlating gamma, beta,
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5)6)7

and alpha transition rates. There is a selection rule in the model for
deformed nuclei that the multipolarity L of avradiation must equal or ex-

ceed AK, the changé in K between states. (The intrinsic nucleonic angular
momentum along the symmetry axis is'designated,n and will be equal to K for

the 10W‘states, which do not involve shape vibrational excitationo)

2 Alaga, Alder, Bohr, and Mottelson, Dan. Mat., Fys. Medd. 29, no. 9 (1955).
6 Rasmussen, Stephens, Strominger, and Xstrﬁm, Phys. Rev. 99, 47T (1955).

7 D. M, Chase and L. Wilets, Phys. Rev. 101, 1038 (1956).

In more detailed.applicationsg;lo of the model for deformed nuclei,

attempts are made to understand transition rates and magnetic moments in
terms of intrnsic nucleonic structure within the deformed well. Single par-

ll’lz.(ii) in éspheroidal well are useful for such appli-

ticle wave functions
cations. An energy level diagram from Nilsson's work is given in Fig. 31

of Section 55, To further classify nucleonic states Nilsson (;i) has sugges-
ted for use at large deformations the asymptotic quantum numbers, N (princi-
pal oscillator quantum.number),_nZ (or uz) (g-axis oscillator quantum number),
and A (nucleon orbital angular momentum component along the symmetry axis)
appropriate to a three-dimensional anisotropic harmonic oscillator with no
'spin-orbit interaction., The violation of selection rules in these quantum
numbers for beta and gamma transitions appears generally to have a retarding

9,13

effect on transitions though not so severe as violation of .K-selection rules.

8 B. R. Mottelson and S.G, Nilsson, Zeits. fiir Physik 1L, 217 (1955).
9 D. Strominger, Ph. D. Thesis, University of California (1956) (Radiation
Laboratory Report UCRL 3374).
10 J. M. Hollander, W. G. Smith and J. O. Rasmussen, University of California
Radiation Laboratory Report, UCRL 3239 (1955).
1L K. Gottfried, Ph. D. Thesis, Massachusetts Institute of Technology (1955)

(unpublished).
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12 M. Rich, Bull. Am. Phys..Soc., Series I, 1,No. 5, F10 (1956).

13 6. Alaga, Phys. Rev. 100, 432 (1955).

Concerning possible collective vibrational excitation of deformed nuclei

iess 1s presently known. Probably some recently discovered states populated

218,220,222

weakly in alpha decay of radium isctopes to Em are the second

excited 2+ ‘states predicted by Goldhaber-Weneser or Wilets-Jean models.
Some states near 1 Mev are populated in szuz decay by mildly hindered

- groups; one may speculatively associate these states with beta and gamma

2k2 treatment in Section 5k)

08

15, ‘Region of spherical nuclei, In the region near sz the equili-~

vibrational states of spheroidal nuclei. (See Cm

brium nuclear shape is probably spherical,'and treatments involving the
coupling of nucleons and/orvholes outside the closed configuration seem

most promisingel (9)

Ly, ow. True, Phys. Rev. 101, 1342 (1956).

The simplest cases will be the nuclei immediately adjoining Pb208. Thelir

level systems with present probable shell model assignments are shown in Fig.
12, the assignments being somewhat different firom Pryce's (9) by virtue of
more recent work,

We will have occasion to use some of ‘these shell model level assign=-

7
ments in Section 49-52 where alpha decay across closed shells (POle, BiZlO
Bile, and Bi212) is ‘discussed in detail; these decays across the closed shell

are of an especially highly hindered variety.
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B, KINETICS OF ALPHA DECAY (EVEN-EVEN TYPE)

I. CORRELATIONS OF DECAY RATES OF EVEN-EVEN NUCLEI

16, Ground state transitions, As early as 1911, Geiger and Nutall

found that a plot of the logarithms of decay constants for'alpha emitters
against the logarithms of the ranges resulted in a family of straight lines,
one for each decay series. The aspect of these relations of greatest in-
terest was that the slopes were about the same and demcnstirated a sharp
dependence of ‘decay constent upon disintegration energy. After ‘some two
decades this relationship was interpreted by Gamow (2) and by Condon and
Gurney (3) in terms of the potential barrier penetration problem.

-Tﬁe theory for alpha decay related the decay constant to three other
parameters: the decay energy, the nuclear charge (atomic number), and the
nuclear radius. Only the radius is not subject to direct measurement, but
since no model of the nucleus permits widely varying nuclear radii in a
limited region there was no difficulty in testing the major premise of the
theory. In the main, the wide range of decey comstants could be explained
quantitatively in terms of the decay eunergy and-the_nuclear charge by let=-
ting the radius assume a sim.plemA“l/3 dependence. As the theory is now de-
veloping, iﬁ is betoming éifficult to ascribe fundamental significance to.
the nuclear radius as used in this way. Discussion of this problem will be.
found in Sections 19~27. Nevertheless, the concept is familiar and useful
in explaining some of the observed trends and will be adhered to in this
section.

The theory for the alphe-decay process has in recent years played an in-
direct but important practical role in the preparation of the many new a:l.phaf=

emitting species. According to the regulsrities discussed in Section 3, it
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is possible to predict with fair accuracy the energy of any alpha-emitter.

‘The theory then:.allows the calculation of the half-life in a manner summarized

in Section 27. Such information quite obviously, constitutes a powerful

gulde for the preparation of néw species. However, the calculations are too
laborious to be made repeatedly, and it hés become the practice to display

them graphically. Several such sets of curves have been publishedl’z(é) and

one is reproduced in Fig. 13. It should be stated at the start that there

is excellent agreement between theory and experiment only for the ground state to

)
ground state transitions in the even-even nuclei,

1A, Berthelot, J. phys.:wadium VII 3, 52 (1942).

ZS. Biswas, Ind. J. Phys. 23, 51 (1949).

’

It will be npted in Fig. 13 that nuclear radius does not appear. .The
manner by which it has been eliminated as an independent parameter is as
follows. In essence, for each atomic number, the radius is not independent
of the alpha-energy. This follows from the nearly monotonic change in alpha
energy with mass number (see Section 3), and the radius in turn is taken to
be a simple function of‘é}/3; Therefore, to define a point on the cufve for
element Z, one simply takes the measured or estimated alpha. energy for‘gf as
the abscissa coordinate and calculates the helf-life using A to define the
radius., .Since there will not generally be two values A for the particular
‘decay energy the calculated half-life will be unique. The curves of Fig. 13
are calculated in the manner mentioned, and the points shown ére experimental,

Aside from the utility of such curves for prééicting the decay proper-
ties of unknown species, there has arisen another important function, namely,

to serve as a baseline for discussing transitions which do not conform to
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the simple theory? Transitions tc excited states of even-even nuclei and all
transitions ‘of odd nuclear types fall into this category.

-For some purposes it is more convenient to present the information of
Fig. 13 in another manner as illustrated by Fig. 14. Here the logarithm of
the half-llfe is plotted against the rec1procal square root of the decay
energy and the resulting family of stralght llnes is obtalned 3’4 The lines
as shown were defined by least squares fitting using only those points for
which accurate decay energies and half-lives are available. The relation of
these lines to barrier penetr;tion theory can be found from inspection of

Equation'( 20.7) which predicts a nearly straight line dependence of the

functions plotted.

3A Bohr, P. 0. Fr8man and B 'R, Mottelson, Dan. Mat, Fys.-MEdd 29, No, 10 (1955).
4

C. Jd. Gallagher and J. O, Rasmussen, University of Callfornla Radiation
Laboratory Réport, UCRL"3176 ({1955).

Each line in Fig. 14 representing a single element can be expressed

analytically as follows:

A
Log tl/z(sec) = JﬁéffiMevi + B (16.1)

Here:%eff‘is the effective decay energy which consists of the alpha-particie
energy plus the recoil energy and plus an additive cdrrectibn (~40 kev) for
the -orbital electron screeping effect (see Section 25). Table II lists the
values of A and B for each element.
A few élpha emitters for which reliable data are available were not used
for determination of the lines of Fig. lh. These are the polonium alpha
210 208 |

emitters Po =, Po , and P0206, which in common with all other even-even

alpha emitters with neutron number . equal te.or less than 126. decay:.
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much slower than the simple theory would predict. Reasons for this behavior
. . 212 . 218 N o

are advanced in Section 39. Po and Em have also been excludéd:from

the determination of the lines since they appear to behave somewhat ab-

normally,

17, . Hindrance factor in alpha-decay. It has already been mentioned

that only the ground state transitions of the even-even'alpha-emitters'obey
the simple barriér penetration theory. Other transitions are slower in
varying degree than the demands of the thedry and are consequently said to
be hindered. . It is conveniént to express this effect quantitatively in

terms of a hindrance factor (F) which is defined as the factor by which the

observed .alpha half-life is greater than that calculated. .For some purposes
rather subtle efferts may be of importance, and we shall want to define fhis
factor somewhat differently. The essence of the redefinitinn is that the
hindrance factors for all even-even ground state transitions are taken to
be unity whether or mot the poihts fall precisely on the calculated curves
of Fig. 13 or the best semi-empirical curves of Fig. 1l4. The reason for.
this small change will appear in the'fpllowing discussion of transition to
excited states,

18. -Transitions to excited states. Corresponding to each ground state

transition entered in Figs. 13 and 14, it would be possible to enter points
for transitions leading to excited states., The alpha-particle energies can
be obtained from Table I, and the partial alpha half-life for each transi-
tion may be calculated from its abundance and the total alpha half-life. It
would be noted that such transitions are almost invariably hindered, some to

a marked degree,
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The transitions which have been well studied in the even-even nuclei
are those to members of the rotational band based upon the ground state,
The energy levels populated bear the designations O+, 2+, U4+ cccccescse
where the O+-stafe is the ground state. Fig. 15 shbws the calculated hin=-
drance factors for the various types of transitions. The hindrance factors
for the ground state transitions are taken to be unity. ;The  hindrance . :=
factor to an excited state is then obtained b& normalizing the ground state
transition to the proper curve of Fig. 14 and shifting the measured partial
alpha half-life of the transition to the excited state accordingly. This
normalization has the effect of simply referring hindrance factors of ex-
cited states to the ground state rather than to use the theory as an abso-
lute guide.

Let us recapitulate the function of the hindrance factor. As well as
can be told, the groﬁnd state transition of almost any even-even alpha- |
emitter can be described adequately in terms of simple barrier penetration.
This transition is therefore taken to be "allowed"-'or'ﬁnhindered° The hin=
drance.factor of any other transition then expresses a retardation of decay
rate which must be explained by some extension of the basic theory.

.One of the factors long recognized as affecting the decay rate is the
spin change. This éspect and others of the classical theory are discussed
in Sections 19-27.

.Other factors are now recognized which influence the alpha-emission
lifetime and these are treated in succeeding sections. The curves of Fig. 1k4
will also be used (Séction 40) to define hindrance factors for odd nucleoﬁ

alpha-emitters.,
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II. DECAY RATE THEORY FOR PURELY CENTRAL FIELDS

I3

19. introduction.. In the preceding chapter it was shown that the rates

of ground state alpha transitions of even-even nuclei with few exceptions are
amenable to simple exponential correlations with decay energy and atomic
number, This éensitive expoﬁential energy dependence of alpha decay rates
is markedly different from the energy dependence of gamma and beta transi-
tion rates, Wheré power laws of the energy are generally more applicable? An
early triumph of quantum mechanics was the proposal by GamOW'(_g_) and by
Condon and Gurney (;1_) that alpha decay is essentially a coulombic barrier
‘penetration proceésq With widely varying assumptions about the fundamental
process of formation of alpha particles from nuclear matter the barrier rate
. formulatiomscorrelate the experimental rate data for even=-even nuclei (rates
varying over a factor of 10205 quite well so long as one parameter, usually
the coefficient of‘é}/3 in an "effective nuclear radius" expression, is left
free to be adjustéd for the group of alpha emitters. The only significant
breaks in the smooth correlations occur at 126 neutrons, those nuclei with
126 or less neutrons showing slower decay rates by factors of 5 to 20 than
would be expectgd.from correlations with nuclei of 128 or more neutrons.

In our first detailed .applications of rate theory we will be concerned
with the even=-even nuclei, which possess zero angular momentum in their
ground states.

After outlining some of thé principal mbdern'decay treatments and-giQing
their formulas we will apply the experimental data in three ways, calculating

) 1
(a) the effective nuclear radius for alpha decay as calculated by Kaplan's

lI. Kaplan, Phyéa_ReV. 81, 962 (1951).
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approximation to the Preston-Sexl (1, 15) decay:formula,.(Table VIIi),
(b) the normalized S-wave "surface probsbility" near the nucleus according
to the treatment of G. H. Winslow. (16) (Table VII). (c) the reduced
derivative width é;z according to the precise collision_matrix formula-
‘tion of R. G. Thomas.(17) (Table VII).

20. AA.simple semi-classical treatment. ILet us counsider first a very

simple-approximate treatment of alpha decay along the lines first given by

von Laue.l In common with other one-body treatments the alpha daughter

M. von Laue, Zeits. f. Physik 52, 726 (1928).

nucleus.is simply assumed to éive rise to a potential function for the
alpha particle. As the potentiai is usually idealized, it is taken as
purely coulombic outside the ”effecti&e nuclear radius,”" R and is taken
to be a constant value (less than the alpha decay energy) for distances
iess than R. An alpha particle is initially confined in a virtual state
within the well, where it makes frequent collisions with the wall with
a small probability. of quantum mechanical penetration of the negative
energy or barrier region. .This three-dimensional problem with spherically
symmetric potential can readily be reduced to a one-dimensional radial
prcblem by familiar methods. (Sec. .22). For S-wave alpha emission the
effective potential in the one-dimensional problem ig as shown in Fig. 16.
The decay constant A will be a simple pfoduct of the frequency factor,
T, giving the collisions per second Wiﬁh the wall, and the quantum mechanical

penetration factor P. ,
A = P - (20.1)

The collision rate will be equal classically to the alpha particle
velocity in the well divided by the nuclear diameter, but variations in

the model sometimes modify estimates of f.
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From the ‘WKB apprq;imation we have the penetration factor below:
22e

—%R "Yam (2= _F) g

Px e

(20.2)

where Z is.the charge of the recoil nucleus; M, the reduced mass of the
M M
o r
M + M
o T

The integral is evaluated through the barrier.

system (i.e., M = )s &, the elemental charge in electrostatic units.
The integral of (20.2) can be evaluated analytically and using Bethe's

«( Q@ ) notation we write, _
] =29(2,R) 7 (x)
P ~ e | (20.3)

where x = E/B, B, the barrier height being equal to 2Ze2/R, g(Z,R) is a

function: independent of alpha decay energy‘and equal to

22 _f
9= % MZR (20.4)

.The function Y(x) is given by

Y &) = X-/Zarc cos (xz) - (/">‘>%' (£0-5)

Beﬁhe (_Agi_) has-given a graph of y vs. X. For more accurate calculations

‘we have included af the end of thié section a five-place numerical tabulation

(Table IX) of y with argument y, where y = (1 - x)l/z° ‘Winslow and Simpson

have plotted (_;3;_),vs._§;a function fo(x),which is xl/2 times Bethe's v (x).
Formula (20.1) with (2003)vfairly satisfactorily correlates the variation

of even-even ground state alpha decay rates with energy and atomic number..
One might in a semi-classical fashion include an extra factor in the

penetrability expression to take -into account special reflections due to

the potential discontinuity at R. .That is;

(£-u)% _ —2g7

P (B f‘E)jé

(20.6)
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In optical analogy the new factor gives the transmission across a dis-
continuity in refractive index. The factdr appears in mofe refined quantum
mechanical treatments in the one-body model.

The nature of the function in (20°3) can be iilustrated by a Taylor

‘expansion about x = 0, Thus,

~ YZME R T B® E _3E..
log P =" % -4+ E %om

From the above we see that the main energy dependence of log P is an inverse

‘square root dependence, Sucﬂ is the mathematical plausibility argumenf why
‘plots of log alpha half-life vs. gfl/z should be nearly linear for constant
2. (cf,‘§§3tion and Fig. 1k4). |

There is an extensive literature on alpha decay theory, and a variety
of special treatments in various degrees of approximation have been published.
The better one-body treatments do not bring in any large corrections to the
semiéciassical formula (20.1), with (20.6).

The infimitely steep walls of the idealized potential are not realistié,

and there héve been treatments on sloping wall and rounded potentials by

several authors.>. (17 ), (20 ). ¢ iy

®M. L. Chaudhury, Phys. Rev. 88, 137 (1952).

3

A slight increase of the barrier has recently been suggested by Corben

as arising Trom vacuum polarization effects,

38, C. Corben, Bull. Am. Phys. Soc. Ser-II. 1, 181 (1956).
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21. Concerning applications to experimental data. It has been

traditional in applying alpha decay formulas to experimental data to leave
the channel radius or "effective nuclear radius for alpha decay" as a
parameter to be calculated.  These alpha decay. radius .values from one-
body models are generally of the same order of magnitude but slightly
smaller (see Table VIII) than radii from cross-section experiments -involving
. (see Table 1V)

alpha particles as-projectile@(‘Some-representative results for channel
radii from various alpha decay theories are given in Table III. The
values . are strongly model-dependent, and there is still uncertainty on
Anternal details giving rise to.thevfrequenéy factor f. Until the fundamental
process of élpha particle formation is better understood, such calculated
"alpha decay. radii" must be viewed with reservations;

-With thé present limited understanding of the intra-nuclear. mechanics
-of the alpha decay process, it seems more logical, as Winslowl( 16 } has
.argued, to:summarizé numerical éalculatiohs fromvexperiment by some parameter
ﬁo? dependent on intra-nuclear assumptions. 10ne suqh parametef is the squared
nofmalized alphavwave amplitudefnear the nuclear surface,l-For these
caléulaﬁions Winslow makes use of just that part of alpha decay theory
%hich is:undisputed and .is common to all models, Frém a tabulation of
these experimental wave amplitudes alone one may hope to draw certain
conc¢lusions, but the tabulatibn_may also serve as a point of departure for
any more detailed study éf:thg'internal mechanism of alpha decay. bThe squared
alpha Wave amplitudes when.co;rected for centrifugal barrier and non-
central interaction effects we shall call reduced,transition probabilities

(RTP), and they bear a close analogy to the reduced transition probabilities

for gamma transitions or ft values for beta transitions, where one makes

lWe shall call this quantity the “surface probability."
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use of the general solutions to the problem without‘assumptions.about the
finer details of the intra-nuclear parts of the processes.

22. Coulomb wave functions. Let us now develop further the theory

of alpha decay in central fields and in particular introduce the standard
notation and mathematical relations involving the coulomb functions.

The general time-independent wave equation for an alpha particle in
avrepulsivé nuclear coulomb ﬁotential may.be written in spherical polar

coordinates (center of mass system) as follows:

H ]'V = E 7// . (22.1)
RE 2 2Ze* /.
—om Ve V(L) +5E Y =E Yy o

MMy
Ma + Mr _
recoil nucleus (of mass Mr),_gvis the total energy of the system (usually

where_M;is the reduced mass of the system, Ze is the charge of the
includes a correction to the exﬁerimental alpha plus-recdil energy to
get the decay energy that .a bare nucleus with no . orbital electrons would
2 . Iaplacian
- exhibit), andizr is the/operator. Since the potential is purely central,

i.e., a function of the radial distance alone, the solutions -may be

conventiently expressed as

Yo m= TR Y (0 @

where Yﬁ (6, ?) are the normalized spherical harmonics.
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‘With such a substitution the radial function must satisfy the equation

2 L2 : B |
L
- R ?“Rh + |22 ELLDp f ey

,This equation may be rearranged to a standard fgrm invdlving the dimensionless
Z 7e

v

parametersfua“nd N, where = kr and n. =
2

1/
defined as k = igﬂgl———

with k, the wave number,

(22.4)

R ' ' ‘
j/o2+ l“‘%l . L(;-t-l) U :O

.Two linearly independent solutions of this coulomb,equatioﬁ (the confluent
hyper-geometric equation) are usually defined, a solution FL(n,/D) regular
at the origin:and_avsolutiqn GL(q,/Q ) irrégular at the origin. Many

of the properties and approximations to.these functions have been recently
sumarized by Frﬁberg.l Tables of the functions for émall values of /D
and 7 have been published, the most extensi#evbeing those of the U.S.
Bureau of Standards Grou.p.2 The tables do not extend nearly to the range
of 7 values for the alpha-emitting nuclei (n~»20), but there are good
approximation methods for calculating these functions. For alpha

‘wave functions near the nuclear surface the most completely worked out
appfoximation method appeérs tovbe the Riccati Imethod, as treatéd by

3

Abramowitz. The equations for determination,of<fb and“GO are given

—

by. Fr8berg in his equations. (9.1), (9.2), and (9.3).
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Asymptotically, as /‘>-————e» O

Fl_ —> Sin (/0 - N log 2/0 - Aé.ﬂ‘-*c"r)(zzos)
gl

GL—————> cos(/o—qlos )

3t

where G: = O.Y? F((.Y(-PL"‘I)

lC. E. Frbberg, Revs. Modern Phys. 27, 399 (1955).

2Tables of Coulomb Wave Functions, Vol. I, NBS, Appl. Math. Series.

17 (Washington, D.C., 1952).

3M. Abramowitz, Quart. Appl. Math. 7, 75 (1949).

In any rigorous alpha decay treatment we will usually be interested
in the linear combination”GL + iFL, which represents a pure outgoing wave.

.The Wronskian relation is
G Fl - Fp G =1 (22.6)

where primes denote derivatives with respect to /D.

More widely used approximations for the coulomb funétions as
~applied tb alpha decay theory are the JWKB approximation and the steepest
descents approximation to the contour integral form for the coulomb

/
functions.
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The JWKB approximation yields .the followingﬂ expansi'on. for the

logarithmic derivatives

- _
GL/GL upper sign

' :
'FL/FL‘ lower sign

X 2 " 22
3K _ X (22.7)
8 . .

3

L
n L(Lv) | 1"
+ 1] “

T

where = + [

The second order and higher terms have generally been neglected in alphs
decay treatments. - Thus, to first order, after applying JWKB turning
point ~fomulash at the transition point ()( =0), we wfite in the barrier
region, ,
1‘
l
G, = (F

' (T dg
~7. ) ' (22.8)
FL=gn" e 7 -

where T is the value of f for which M. = O.

b1 Schiff, Quantum Mechanics, McGraw-Hill, New York: 1949.

Equations (28.17) and (28.18).

As discussed earlier in connection with Equation (20.2), the L = O
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integral has a simple analytical expression (20.3).
More generally for all L, after performing the integration,the result
can be expressed, in agreement with Thomas® (17) Equations (28) &nd Wirdslow's (29)
‘Equation (11), (see also Bethe's k 18 ) .Equations (630) .to (632)) as
follows:

-1 _4
G = % (2 2 2 e £ o)

.

- (22.9)
‘ gXP TN - Nar COSV%:%'/DX 9

where )L is defined above (22.7) and the Ianger modification5 substituting

for £ the value L + 1/2 (and substituting (L + 1/é)2 for L(L + 1) in

Equation (22.7) for WM. ). is'recommended.. Winslow and Stmpson (.21).have shown the
accuracy of the above approximation for the values of Yl and /pexmountered

in alpha decay theory to be within 0.1%. We shall not bother to reproduce

the expression for FL, since’it is so much smaller than,GL that we

generally only have need for GL and the logarithmic derivative Gﬂ/GL

in practical alpha decay formulations.

°R. E. Langer, Phys. Rev. 51, 669 .(1937).

The ratio (G,L/Go)i2 is of some interest, since it enters as the
centrifugal barrier reduction of the penetrability. Values calculated
by Winslow and Simpson (21 ) and by Thomas (_17 ) are given in Table V.

The Thomas example corresponds to emission of a 5-Mev alpha particle by
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uranium from a radius R = 9.6 x 10713 cm. Preston ( 14 ') and Thomas ( 17 )
‘ — —_l

derive frequency factors that increase with_&_for the literal one-body
model. With such a model the decay rate is predicted to increase for
small L values. Here in Table V we are concerned only with the barrier
penetrability, a monotonically decreasing function of‘E:

It can be shown to a rough approximation that the logarithm of the
reduction factor is.inversely'?roportional to the square roots of the
-atomic number ana the nuclear radius but is not very dependent on decay

energy. A rough expression is

2
o2 _2(eg)f _ R (Leg)
61:) ~ e f2np = e yMRZe

(22.10)

.The values of Table V should be fairly representative for the heavy element
alpha emitters. The corresponding values given by Devaney (;gg__),and

by Blatt énd_Weisskopf (;Eg__),in their text are in error, Winslow and
Simpson.(_gé__) having pointed out that their factors .are Jjust the squares
of what they should be.

23. Concerning time-dependent alpha decay treatments. While the

majority of alpha decay theoretical treatments do not specifically intro-
duce time-dependent wave functions, there areladditibnal interesting
insights to be gained by such considerations. Rasetti (24 ) has given
an interesting,bne—body alpha decay treatment embodying fime-dependent
wave functions. .Winslow and Simpson (_25 ) have given a more detailed
treatment along the same general lines.as Rasetti. Kemble ( 26 ) has
.also . trieated 1| alpha decay in this general fashion. At time zero an
initial alpha particle wave function is constructed of finite spatial

extension in a quasi-stationary state within the nuclear potential well.
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This initial state is expressed as a wave packet formed by the infiniﬁely
extending regular solutions in the given potential, the energy distribution
being about the virtual level within the potential well. A time-dependent
wave function results, and this solution consists in the region outside

the nucleus of purély,outgoing coulomb waves decaying in time at any given
spatial position according to the exponential decay law. -The reader is
referred to these original works for details.

2k, Treatment in collision matrix formalism. A rigorous but simple

formulation of alpha decay along the lines of the time-independent R-matrix
theory of Wigner and collaboratorsl for nuclear reactions has been made
by.R. G. Thomas (_QJL_). The decay constants of .radicactive states in

this formulation are 2/h times the imaginary parts of the energies of

the poles of the -collision matrix. Thomas first derives quite generally

a formulafgiving the alpha decay constant in terms only of behavior of

the internal alpha wave solution at the nuclear surface, as expressed by

a parameter J>‘ L called the reduced width for the derivative of the
radial alpha wave function (Ath group with L angular momentum), is .simply
related to.the reduced width XGfL (commonly used in nuclear reaction

applications)as follows:

-~

G (24.1)

r

F 'f(;(} a/

/0 F2+GZ f: /D YXL'

9|

lE, P. Wigner and L. Eisenbud, Phys. Rev. 72, 29 (194%7). . T. Teichman

and E. P. Wigner, Phys.. Rev. 87, 123 (1952).
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The following equations express the decay rate in his formalism:

}\__:_2/9 Yn.a ,’:207.2 — 2@;__2 '(zm)
“TRGEHED T ARG T PR (8P GF

[
L :

We .shall consider what -various .alpha decay models yield for the value
of 82.

-The formal definition of 6%;’ as given by Thomas, is
§, = v +|REF " grad, X, 4
A= em SVC gradn X, (24.3)

. . . . . _u(r) m
.The integral is carried over the nuclear surface at radius R; Xk = YL ( q ?)

is the alpha wave function in the channel; %is .8 product wave function
including internal coordinates of the alpha particle, the residvwal nucleus,
and a spherical harmonic if there is angular momentum associated with that
.alpha channel. Th’ the reduced width, will be generally much smaller than

and Thomas neglects it for applications of the formula. Formally,

YA z
 =\Vzmr 53% KndS o

Reducing (24.3) to a more directly applicable form we may write

o\

R#% [du |?
2M |dr =R

2
5 -~ (24.5)

Ve

l?
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The -factor

]é' may be regarded as a formation probability factor and
would be unity in a one-body treatment.

For the usual square well one body model Thomas' expression is

§° = ji 2, p* ( ) :
- e >+L][f(§; L-] + 2

k (24.6)
.. _k*

~ MR?

z?

where 23 is a zero (usually taken as -the first ) of the spherical

-

Bessel function_jL le(Z)' - The first‘zo is simply =, and substitution
of this value in the above equations for L = O leads to results in agree-
ment with other one-body treatments. That is 6§ & 1,2 Mev.

.It may be of some interest to consider the reduced widths obtained
from higher virtual levels than the lowest. (We discuss in Sec. 36.a
recent estimate of 140 Mev for the kinetic energy of the alpha particle
in the nucleus, whereas the lowest g-level is at.about 0.5-Mev.) . From
| Equation (24.6) for L = O we substitute a typical average value of =20

for P G'/G and have

Tia 22 2 |
JZ ~ MRa( | + _23 = 0O.lz I—:‘Z“Mev(zhﬂ)
400) 400

.For L = O the zeroes of the Bessel function are given by z .= nx, with nea
positive 3'.nteger_° -For the lowest solution 62~z 1.2 Mev, increasing for

higher solutions .and approaching the limit 82 —> 48 Mev.
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The formula for the L = O reduced width is easily modified for the

‘Winslow surface well model ( 21 )( 27 ) by substituting AR, the width

of the surface well, for R, the nuclear radius. Evidently higher reduced
widths -than in the ordinary model will be obtained in the one body form
of the surface well model; since AR < R.

62 is quite simply connected with the frequency factor f used in the
early part of this chapter. Indeed, the reduced derivative width is

approximately Planck's constantgltjxes.the semi-classical‘frequency factor.

’

Jazgﬂﬁ-F (24.8)

62 is 2% times Bethe's ( 18.);qx,,thé'"a width in the absence of
barrier" (cf. Bethe's Equation 593).

-25. Influence of the atomic electron cloud. The alpha decay. rate

treatments are all formulated in terms of the decay of isolated nuclei,
stripped of electrons. For many years tﬁevinfluence of the electron
cloud was quite ignored. Credit for focussing attention on fhis question
goes to Ambrosino and Piatier,l who in 1951 proposed that -additive
corrections to.the observed alpha decay energy should be made before
substitution into decay rate formulas derived for bare nuclei. Subsequent
works of others’ (21 p..14) (_17 ) generally concur in’the necessity
for energy correction but support corrections of about half the size

proposed by Ambrosino and Piatier.

\

lG, Ambrosino and-H. Piatier, Compt. Rend., 232;JM00141951);J;

£y

L.
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To understand the nature of these corrections let us imagine we have
an assemblage of bare nuclei undergoing alpha decay with a measurable fate
and alpha par.ticlebenergy° What,‘if.any; change will there be in these’
two observables.as electrons are added to form normal atoms?

.First, the decay rate will hardly change at.all upon addition of
orbital electrons. One might predict theoréetically a negligibly slight
ingrease in decay rate. To the .extent that some eiectronic charge lies

2 cm)

ﬁithin the classical turning radius for alpha decay (4 x 107t
the potential barrier for alpha decay will be slightly lowered. A rough
estimate with relativistic K-electron wave functions indicated the effect
is negligible.

Second, the average observed alpha particle energy will decrease by
an energy of the order of 40 kev in the heavy element region. In the
méin,_this energy simply represents the work done against coulombic
attraction of electrons dufingvremoval of the positively charged alpha
particle from the center of the diffuse electron cloud to infinity. This
is the potential energy of the alpha parficle in the atomic electron

3

field of the parent atom, and from Foldy's work~: is well represented by
the expression 65.3 ZZ/S electron voltslL (for Cm, 39.4 kev). If the alpha
moved out with a velocity large compared to the .average velocity of the
orbital electrons, this potential would represent fhe difference between
observed decay energy (alpha particle plué recoil nucleus kinetic
energy) of the baré nucleﬁs and that of the atom. However, the alpha '
actually moves at a lower velocity than the more tightly bound electrons,

and some adiabatic adjustment .of the electron wave functions is to be

.expected during alpha emission. With complete adiabatic read;ustment,
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5

according to the results of Serber and Snyder”’ is associated an énergy
of 91.4 Zi/sv(form Cm, -567 ev). By Thomas' estimate for a 4.5 .Mev alpha
particle from thorium there should be about 87 percent of the full adiabatic

correction realized on the average. The best.value for the alpha decay

energy difference between bare nucleus and atom would then be

Z 2
AE = 65327°-80Z7 e

(25.1)

2Rasm.ussen, Thompson, and Ghiorso, University of California Radiation
Iaboratory. Report 1473 (1951).

3L.,L. Foldy, Phys..Rev. 83, 397 (1951).

4Since Foldy's formula is based on non-relativistic Hartree calculations
of total -electron binding energy, his formula may give slightly small
answers for heavy elements.

5rR., Serber and H. S. Snyder, Phys. Rev. 87, 152 (1952).

vThe only important .change necessary to use the conventional decay‘
rate formulas is .to addvthe above energy difference to the observed total
alpha decay energy before substituting into the rate formulas.

The 13 percent of the adiabatic energy term (70 ev) not realized
in the alpha decay energy correction represents the average eiectronic
excitation of the recoil atom. Iﬁ principle -this average energy of

excitation plus: the.80: ev. total energy of . ionization of helium should be
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added to -the experimental alpha decay energy for relative atomic mass
calculations (_ii__). The average energy of excitation is usually to
be associated with ionization of outer-shell electrons.

-Occasionally the alpha emission process .will lead to ejection of
a tightly bound electron. The ejection ofGE_and L electrons has received
attention both theore?ically and experimentally, and some of the results
.are summarized in Table VI.

Migdal, (jéi;_) who first treated the problem of ionization,induced
by alpha decay, carried out a.timendependent perturbation treatment which
effectively makes.a semi-classical electric multipole expansion of the
field from the moving alpha particle, similar to the semi-classical treat-

/
ments of the coulomb excitation theory. Migdal used non-relativistic
unscreened hydrogen-like electron wave functions, assumed uniform alpha
particle velocity, and was able to derive analytical expressions for the
ionization probability and the energy distribution of ejected electrons
in the continuum.
‘Migdal considered only electric dipole terms and obtained a result of

‘K ionizations per alphae disintegration of
. 2
K

—

/) Z*%

(25.2)

where v is the velocity of the»alpha,particle,.vk the average velocity

of a-K-electron, and Z the atomic number of the alpha emitter.
Levinger6 in addition treated electric quadrupole terms, which he
found to be of significance for the p electrons of the L-shell. His treat-

ment differs most sharply from Migdal's in his reduction of the dipole
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terms by a factor of about 25, due to special recoil considerations. Schaeffer
has treated the problem for_g:electrons.and estimates the dipole term as

even slightly enhanced over Migdal's value. -Recentlvachwartz8 has given
theoretical arguments -in support of Migdal's formulation of the dipole

interaction over Levinger's.

6<L,.s. Levinger, Phys. Rev. 90, 11 (1953); J. phys. radium _1_§_,'556 (1955).

7G. W. Schaeffer, M. A. Thesis, University of Toronto, (anada, 1953.

unpublished,

8H. M. Schwartz, Phys. Rev. 100, 135 (1955).

Schaeffer's .treatment finds monopole interaction of some -importance
and for the constant alpha velocity treatment gets a total ionization
probability about twicé that of Migdal. He then corrects for the
variation in alpha particle velocity, lowering the result by about a
factor of two, numerically about equalling Migdal's value., -Schaeffer
feels that .a relativistic treatment might further lower the probability
9

in closer accord with the experimental value of Barber and Helm.

W. C. Barber and R. H. Helm, Phys..Rev. 86, 275 (1952).

ALevinger6-has estimated that correction for electron screening effects
should give an increase of about 40 percent in the K ionization. \
We can generally conclude that the theory (except Levinger's) and

experiment are in agreement within a factor of two forlg—shell ionization.
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.The discrepancy (see'Table*VI)_regardinglirshell ionization is still
unresolved. - The theoretical treatmentsvoerigdal and of Levinger are
_.an order of magnitude lower_than the experimental value of Rub;nson,and
Bernstein,lo' Levinger feels that relativistic and screening corrections
will not be very large for the‘Lrelectron problem and cannot explain the

discrepancy.

4. Rubinson and W. Bernstein, Phys. Rev. 82, 334 (1951); Phys.-Rev.

86, 545 (1952).

The colincidence experiments of lagasse 'a,ndvDoyenl:L are -a neat con-

firmation of the Migdal-theoreticél energy distribution of ejected electrons.

1y, Lagasse and J. Doyen, Compt. rend. 239, 670 (195k4).

26. Some numerical comparisons with decay rate data of even-even

‘nuclei, In Table VII are presented data and calculated values of two para-
meters measuring the intrinsic decay rate calculated from experimental
decay energy and rate data for even-even,nucleio An unusuwal procedure
.is.used here. The ground’ state alpha groups are nhot treated separately but
the total helf!lives for alphe decay wefeuuséd*in order to put-

'all alphs emitters on an even basis for comparison. (Some cases probably

K3

have unresolved.fine structure of appreciable intensity, Cf
The alpha particle energy for the ground-state transition, corrected for
electron screening, appears in Col. 3. -The logarithm . to base 10 of the

square of the irregular coulomb function.Gé evaluated at R = 9.3 x 10713 cm
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for heavy elements-and at 8.0 x lO:"13 cm for raré~earths is given in
Col. 4. 1In Col. 5 .is the logafithmic derivative of;gg (gvin_unitsiof
.10‘13),at~R‘= 9,3. ‘Finally, the parameters.measuriné‘intrinsic decay rate
are given. In Col. 6 are Winslow's (_16 ) surface probabilities; in
Col. T are.Thomas' (_;EL_),reduced derivative widths‘Sz,

-In Table VIII are.summariz_ed.Asa.ro"s:L calculations of the effective
nuclear radius using the -alpha decay formulas of Preston (igi__)
(Equations 4.3 and 4.4) or using a slight modification due toK-aplan2

in which Preston's -Equation (4.3) is supplanted by the equation
2 0.52

L= q;(ﬁg;y s
“2 being the ratic of the alpha energy inside the weill tovthat.at,infinity.
-Unlike. the calculations of Table VII. these calculations use the partial
alpha half life for the ground state group alone, and in the cases -of
Cf2u8 and.szno, where ion chamber measurements have not resolved the
expected alpha fine structuré, reasonable branching ratios were assumed.
-In the iast columns -are given_thebfg values.from which the effective
nuclear radius of the alpha decay daughter (mass number‘ég can be calculated

by the formula

R = ro:Al/3 10733 em.

r. Asaro, unpublished calculations (1955).

ZI. Kaplan, Phys. Rev. 81, 962 (1951).

A comparison between Tables VII and VIII reveals, of course, the

same fluctuations in all three parameters, CSurfaqevprobability“é;? and ri,
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27. Summary of useful numerical formulas., -Below are summarized a

few formulas useful for numerical work.on_alﬁha decay rates. .The
nomenclature follows general practice. The numerical constants were cal-
culated using 1955 revised values of Cohen, DuMond, ILayton, and Rollettol
A value of 4.00278 atomic mass units was .used for the mass of the alpha
particle, based on the mass of 4.003873 .t 0.000015 for the helium atom

given by Ajzenberg and Lauritsen;2

lCoh'en,,DuMond_, Layton, and Rollett, Revs. Modern Phys. 27, 363 (1955).

Zp, Ajzenberg and T. Lauritsen, Revs. Modern Phys. 24, 321 (1952).

Qeff’ the total alpha disintegration energy of a bare nucleus equals

‘alpha particle energy (E) in the lab system plus recoil energy

p—_

M E

( g ) plus AE_,, the orbital electron "screening" correction.
r

Qeff will be expressed in Mev in the following formulas.

N\ Eg = 65,3 (Z"'Z) — 80(2*2) EV) (27.1)

where Z is the atomic number of the daughter nucleus.

yz , an argument of the standard coulomb functions

2 Ze* =
=5 =0.63003 — U A (27.2)
vz Ti VvV g 5-]/(:%;; /A f‘? p) !

where v is the velocity of separation of alpha particle .and

recolil nucleus for large separation distance and A is the
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atomic weight of the daughter. More precisely K—%—H’ should

M
r
be replaced by s———v—
Mr * Mﬂ

, /9 ) an argument of the standard coulomb functions

/f?:pkr

k, the wave number for large separation distance r
M v A QO 13 |
K R O'437‘5‘—66 A+4 /O cm. (27.3)
X, .the dimensionless ratio of total energy Q ff to the potential
2
2Ze

energy

yo Qe P _ Qeer ¥
2Ze? 2y?“ 5 Z

where r is in units of 10 - cm.

G (p:)
G‘ ( ,*1) - G( )yz) e the irregular coulomb function.3
iF f G (p.n) |

Log G°= g/o Y — = Lo?(L;;Z‘-) (27.5)",

glo

= 064496 | ZZE y0 - 1)
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(27.6)°

(62)2 2 koo - =2 ](LeLf
L°§(G“a)‘/o/o?:o g Gpm) D

The dimensionless logarithmic derivative is given as follows:

dlogG, _ . P dn
dl_og r'—__v/o,)( 2x dp (27,7?

(27.8)

=
|
—
O
S _
—
+
Vo
|
-

’3It is to be noted that in the Ianger modification of the WKB approximation
employed G is not quite equal to Gob At the nuclear radius for most

~heavy alpha emitters G_ exceeds G by about 1%.

uThe function y and its first differenceare tabulated to five decimal

)1/20

places in Table IX with argument y, where y = (1-x

) 5This,is essentially‘the logarithm of the centrifugal barrier reduction
facﬁor, The (L + l/Z)h.and.(L + 1/2)6 terms of this expansion are
given in Winslow's (_21 ) Equation (18). He has found for a representative
case ( 7 = 20, /P =10) that in the above expansion of the logaritim
the fourth power term is equal to 0.002 for L = 3, and the sixth power

term is 0.001 for L = 6,
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'Suff .Prob." is our abbreviation for Winslow's ( 16 ) normalized squared
alpha wave amplitude, evaluated arbitrarily at a radial distance of
9.3 x 10713 cm for trans-lead alpha emitters and at 8.0 x 1013 em for

. , P-R
rare earth nuclei. In Winslow's notation it is written RI ¢J 1 (R)'
‘ .

surf, prob. = 82 Go(R)

-22. 2
= 0998 /0 A/‘:“‘?‘ R&GJR)
efe Lia()

Si is Thomas'® ( 17 ) reduced derivative width. (It is 2n times Bethe's

( 18 ) G, "alphe width in the absence of a potential barrier.") We have

(27.9)

evaluated it at the same radii as for "surf. prob." above.

¢2 _ i log2 (dLogGL)a

2
L ZKRT'/%_« RG‘-(R)‘

d LOg’r r=

(27.10)

| | .
2 -22 " Go(R) (4 LG
Mev)= 5.2114 -0 Ar4 ke ( £ ")
§ (mev)= 5.2114 - VAQW R s e

r=R
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-ITI. DECAY.RATE THEORY -INCLUDING NON-CENTRAL.FIELDS,

28, Introdﬁction. ‘Whenever an alpha particle leaves the nucleus with

the daughter nucleus in an excited state, we may consider semi-classiéaily
that the daughter nucleus has associated with it an electromagnetic radiation‘
field or fields associated with the matrix elements of gamma transitions . to
other states. In calculation of internal conversion coefficients one
calculates relative probabilities of the radiation fiéld ejecting a bound
electron into the continuum or of its creatihg a photon. In the same general
manner, the radiation field (particularly the electric .components) acts on
the escaping alpha particle while it‘is in the - vicinity of the nucleus,

and there will be an opportunity for nuclear transitions to tgke place by
inducing an energy increase :and angular momentum change in the motion .of

the alpha particle. To be more general, we must consider that the escaping
alpha particle may also lose energy and excite the daughter nucleus to
higher excited states, again through the medium of the non-central electro-
magnetic transition fields. In a strict .sense, then, it is not exact to
consider only a single nuclear state of the daughter nucleus in solving

the Schrddinger equatioﬁ-for alpha decay, as is done in Secs. 19-26.

These refinements to alpha decay theory have not received much attention

bols
o

| (2 .
until quite recently. M. Aa.Preston% gdve a general approximate treatment
of the problem in 1949. Recent attention has been given to .the special
importance of coupling by large Ez matrix elements in even—evén nuclei

of the rotational band region.z’3

lM. A. Preston, Phys. Rev. B2, 515 (1951).
2J. 0. Rasmussen, University of California . Radiation Laboratory Report 2431
(1953) (unpublished).

3r. 7. Christy, Phys. Rev. 98, 1205A (1955).
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29. Formulation relating gamma transition rates and non-central alpha

decay interactions. One can make a general derivation of the alpha decay

problem -including non-central fields of electric multipole naturel_and relate

~the interactions to .reduced gamma transition probabilities.

lMagnétic multipole fields will probably.be of little importance in

alpha decay, since the alpha particle has no .intrinsic spin.

Consider the total Hamiltonian for the alpha decay system where the
‘alpha particle is -at.a distance beyond special short range nuclea; forces, This

may, be written as
H = T+Hhuc+-v’ (29.1)

where T 1s the kinetic energy operator for the alpha-recoil nucleus system
excluding internal motion of the recoil nucleus, Hhu@ is the Hamiltonian
for internal structure of the recoil nucleus, and:z represents -the complete

coulombic potential energy interaction.

e
T“'éﬁ/v\'vg

A '2e?e
2e - €
V=2t 5l

where the summation is carried out .over all nucleons in the recoil nucleus,

(29.2)

and the position vectorslg.and.:b are -taken with the center of mass of the
recoil nucleus as originj_g,gives the position of the-alpha.and.__r_'p of the

proton.”
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'

: 1
Further, by an expansion oflg_-_zpr valid for r >Arp,

& A" B (cos Y) s
V:'” .Ee Z 2 EAp)\'P /f-:\\-H' (29.3)%
P .

where Ph(cos Y) is .a Legendre polynomial and.f is-ﬁhe angle betweaagi
and.ég

The A=0 term of the summation is simply the ordinary central coulombic
term

ZZe2
Vv =
cent r

and it will be shown that the succeeding terms are quite generally related
to electric transition probabilities and in special cases.to such quantities

-as the intrinsic nuclear quadrupole moment.

2We define an e in a slightly different manner from Bohr and Mottelson's ( 10 )

Ap
Equation VII-3. We let e>\p be the effective charge of a nucleon which
includes the recoil correction. eKP = [1 —:f&]e for protons, and
eKP'= - éi% Tfor neutrons ¢xcept for N =.0, where the recoil term
vanishes;

AThe Schrddinger wave equatioanwE»EIWill in general not be separable
when non-central interactions are included. if.will be a partiél differential
equation of 3(A + k&) indeﬁendent variables. (A being the mass number of
the recoil nucleus). To simplify tﬁe_problem and reduce it to a set of

ordinary differential equations.in r, one usually expands the total wave
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function in terms of an orthonormal set .of functions in all variables
except T, with the expansion coefficients functions of r. One can, for
example, construct such a set using eigenstates of the recoil nucleus, thus

3 Different

utilizing the orthogonality properties of these eigenfunctions.
and more specialized expansions have been used where the spheroidal nuclear

-model,is.applicableh ( 12 ) and these will be taken up later in this

paper.

‘ 3M. A. Preston, Phys. Rev..75, 90 (1949).

N

J. O. Rasmussen, University of California Radiation Laboratory Report

2431 (1953) (unpublished).

In the presentdérivation we wish to deal only with total wave functions
which conserverthe angular momentum and parity of the parent alpha-emitting
nucleus. -Such functions can be constructed in familiar fashion by summations
weighted by Clebsch-Gordan coefficients (cf. Blatt .and Welsskopf's (.23 ) Appendix
A). That is, the orthonormal functions for the expansion can be represented

by

IM

y, (6,9, %) Z(QI;M M"‘)f I M) (29.4)
4

LT m .Ym(efa)q’: W)

.where £ is the angular momentum.associated with the alpha particle motion,

I is . its component on .a space-fixed axis, Ii and If are initial and final

— —

nuclear.angular.momenta,in and_Mf,their components in space. ’f represents

~all other quantum nunbers.specifying the nuclear state.



The orthogonality relation of these functions. is. as follows:

m*  IM |
CI y = : T, /
fg‘ /% I}'I"dw " 5’“’ d igl, 51‘7‘ (29.5)

Letting the total wave function be expressed as

y zn‘ % q_,(/f‘) ,QJ o (9 ;ﬂ X.) (29.6)

‘elb TI
. we substitute into the SchrBdlnger equatlon, (7 - E)}&, 0O with Hamiltonian of
m* e
(29.1), multiply by ‘2 T and integrate over all space for all
' f

Im

variabiesAexcept r. Hereafter we write as
L QLT

Tﬁ I{; IM) . There

"result the ordinary differential equations

d U y uc Z
- +(2I!4 (9>+E ""E) 411-“'2 < “u;r

.f‘_.
2M .
Z T IM/ , e,\PP(cos X)
= P
Y1l T

(29 T)

r}L,IN)

_ggu



From Rgcéh's formula( 30 ) (38) we can evaluate the desired matrix elements of the
coulormbic. interaction between the alpha_and the protons. of the recoil nucleus as

follows:
o (TAT IMI% €rp i P (o3 )| TU'T ; TM)

L+ If-T

>\2'e, o (—) X“C “X) W(ﬁI 11T ) . ()

(I 'r“ %e” )’ _(__j:)” I/ 7)

~99-
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where we use Racah's notation throughout.

By Racah's equations (_ 30 ) (50) and (51)

(zQ" C (,\)“)e ) = (- )ﬁ[(ahb(ﬂﬂ)} (4 2 00 I ,0,4,\0) (29, 9)

we may establish the connection between Z (I; T” frP C =P ” )

and the electric 2K—pole -reduced tran51tlon probability connecting the
states.
The electric-Zx-pole transition probability from Bohr and Mottelson's

(_ 10 ) equation (VII.I).is as follows:

2A+]

T~ S F (8) B

where B (h), the reduced transition probabilitx_is given by

2
Be = Z I(I}NF’V}ZG,\P”’ Y ( 'I’ (29. L)
' /1+/ﬁb .

'The transition operator transforms with rotation of coordinates like a

single spherical harmonic of orderi,so0 we may use Racah's equations to

 evaluate matrix elements of it. By Racah's equation (29) the above is

AL TN 6 @28 V).

m 2
VO oy il = (222) (30 F S I

“Z V(TN W

(29.12)
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and by Racah's equation (20a) the summation reduces.to. (2I%. + )

2rey (TeIe S o w:cw// w12
B0 =50 25

-Therefore

(> | 41 (21';"”) Be(3)
(’r I ”Z e,\,a/r C )// )= z 2 A+l (29.13)

Thus, combining (29.8), (29.9), and (29.13) we may write for the

coefficients of the coupling terms in (29.7)

(T4 1, IM)/\,”M,Ze,\P,r;, (e )| TAT S TM)

Y
3¥=T e [(e0r) (22"%1) 417 (2T +1) ;i'_;f,(’\.)] :
>\‘ /{,_)«'H (2)+l)

 (Ud'o0]24'30) WL AL I))

= X (-)

(29.14)

.With this relationship the magnitude of non-central coupling terms
in alpha decay may be calculated from a knowledge of the gamma transition
probability or coulomb excitation cross.s_ection° There is an uncertainty
in sign associated with this procedure, corresponding to the two phase
possibilities for a gamma transition. - In some cases information on relative
prhases of gamma radiation may be gained from gamms angular distribution
experiments with miked multipolarities. In other cases, the sign may

. be determined from a theoretical mddel.

30. Numerical calculation of some El and EZ2 interaction matrix elements.

In order to get an idea of the importance in actual alpha emitters of including
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coupling induced by electric multipole fields, let us consider numerical
examples.

Throughout the strong deformation region of heavy isotopes (A > 224)
many low energy El transitions have been identified. About half of these
decay from metastable states of measurable half life, meaning a large
retardation of ('\-olO3 - 105) from the single proton transition lifetime
formula. Throughout the whole fegion of alpha emitters meny E2 transitions .
have‘been identified, and in the region_é_>‘22h.these transitions are
usually of the collective rotational type, exhibiting transition probabilities
much larger than single proton formulas estimate.

We shall consider briefly first El coupling, where the coupling effects
‘beyond the range of specifically nuclear forces .are expected to be relatively
unimportant. A special section will be devoted to E2 coupling, the inclusion
of which is of essential importance in any fundamental treatment of alpha
decay in the region of the enhanced.g? rotational transitions.

In Fig. 17 afe shéﬁn the decay schemes of alpha emitters to be con-
-sidered in numerical calculation of coupling terms here. The gémma traﬁsitions
.and levels takeninto.account in the examples are shown as solid lines and
others as dashed lines.

In Table X are calculated according to Equation (29.14) values of the
matrix elements coupling the alpha decay Equation (29.7) for actual alpha
emitters. By far the largest coupling terms are found for the enhanced E2
transitions in the rotational region.

_ 2k
31. Approximate treatment of El interaction in alpha decay of Am l,

The El coupling terms for Amzl*l seem very small, but we should like to carry

through an approximate treatment to determine whether the gg_coupling can
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provide a simple explanation:for,the intensity :of . the highly hindered
alpha group to the ground state. Prestonl has suggested that some rare
alpha groups might be explained by assuming the wave of the rare group to
have zero amplitude at the nuclear surface. The wave would attain finite
amplitude at larger distances by virtue of_coupling terms .to more abundant
.alpha groups. Preston's.m.ethodl for solving the coupled equations for
small energy difference should be suited to AmZhl, since the energy differ-
ence of the coupled alpha groups is quite small. Another method due to.
Dancoff2 we believe to.be incorrect, in that the total rate of electric
transitions from one alpha group to another is interpeted as the rate of

emergence of the latter alpha group from the barrier. This method gives

answers vastly over-estimating the importance of coupling.

lM. A. Preston, Phys. Rev. 82, 515 (1951).

2S. M. Dancoff, U.S. Atomic Energy Commission Unclassified Document 2853

(1950) - (unpublished).

Let us consider the S-wave to the 60-kev state as having unit amplitude
&t the nuclear surface and any waves.to the ground state as having zero
amplitude. Considering just these two states.and only S- and P-waves,

the wave equation of (29.7) reduces to two equations:

d*u, 2m(2Z + 21 € =

I 5e 5 SrESE)u “=°
. 2M e ,, _(30.1)

32:2' 2{2(2,21-6 +'E,‘E)*72r‘a b= Femh=o

with Eg = 60 kev and E, = 0.
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2
The diagonal energy difference (H -H..) is —§L~+ E, --E , which
11 700 Mrz 1 0
shows. a different radial dependencé from that of the off-diagonal energies.
2
A ‘has the value of about.0.1ll Mev.near the nuclear surface.(r = 1 .x lO”12 cm) .

2
Mr
Thus, the diagonal energy difference will be positive out to about

vl.th'lO-lz cm and.negative thereafter. .Rather than attempting -an exact
solution .of Equation-(303l);we.shall_solve_two simpler approximate.prdblems
for order of magnitude-estimates of the coupling effects.

<-In the first we let the diagonai energy,differénce,be zero for all
.r. Then by addition-of‘Eéuations,(30.l),we obtain an uncoupled equation

in uy + 4, and by subtraction, an equation in u, - u,. These equations

“differ only in the sign of an E[g?'diagonal,energy'term.  The effect of
such .a term on the penetration factor for alpha decay has been derived
in connection with centrifugal bairier effects. That is, the addition
of an é/rz term to the potential barrier causes an~extra attenuation of

an outgoing wave approximately given by the factor elp['he -Z-MR-

By this.method if we take the boundary conditions &t thegnuclear surface
] R -

— -_:O then we find U. _2.5X 10 5

olraR ¢l —p 0
representing a builld-up many orders of magnitude less than the. experlmental

= 3.5)(/0_3.
-]

'In the second -approximate method we set'El,- EO equal to zero and
2 ‘ = —
retain ﬁ%— -as the diagonal energy difference. .In-a similar manner we

find the linear combinations which decouple the equations. With the
| 2 -7 -
‘-l:lL-.z 1.0410 ', a factor of four
or> 00
larger than by the first treatment, but still far less  than the experi-

relative intensity ratio

same boundary conditions as before we get

mental intensity ratio.
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We conclude that alpha coupling by the El radiation field is quite
negligible in the'Am241 case. It is possible that the;e could be lafgér
El coupling effects in the diffuse surface region or nuclear interior due
_to”short range nuclear forces. However, this phase of the problem cannot
be as precisely formulated as the coulomb interaction problem.

It might be argued that external coupling would be lafger:in-cases
,where.gl_transitions are not so retarded as in the Amzhl cases, These
retarded Ei_trénsitions are probably fairly typical, at least of odd-mass
nuclei, in the heavy region. It seems likely that all the known low-energy
fgi_ﬁransitionsvof odd A -nuclei in the heavy region are much slower than
given by the single-particle lifetime formula, by virtue principally

3

.of selection rules~ . in the asymptotic quantum numbers appropriate to
large spheroidal deformation (See Sec. 56). -We have no measured E1
lifetimes in the even-even nuclei, as only limits have been set at present.

If El transition matrix elements of single-proton magnitude were taken

in the Amzul-problem,above, the coupling could build up the relative wave

'9. \2 -
amplitude |—==| from zero at the nuclear surface to.order 10 E at large
distance. '
3

-°G. Alaga, Phys. Rev.. 100, 432 (1955).
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32. .Alpha decay of spheroidal nuclei; the E2 interaction. An important

speclal case where the non-central coupling is especially largerccurs

.for nuclei with largersﬁheroidal deformation. These nuclei, odd masé as

well as even-even types, generally exhibit rotational band structure in

their level schemes. Many of these rofational band levelé are interconnected
by especially large E2 matrix elements (cf. Table X for EZ2 interactions for

cn?*2 ang an2*t )

. -The formulation of the.alpha decay equations may be
made in the same general manner as in the preceding section° The necessary
equations giving the reduced transition probabilities withiﬁ a given
rotational band are given by Bohr and Mottelson (_10 ) Equations (VII.18)
and (VII.19). o

These expressions together with Equation (29.1%) allow the calculation
of the magnitude of rotational quadrupole coupling terms in odd or even
nuclear types. AA general expressionl giving the sigh of the term as well
may. be derlved by using Bohr-Mottelson strong coupling wave functlons ( 10 )

(E4quation II.15) to evaluate the invariant (IFT'“ZG” C “ I ’l’)

One makes use of the transformation (_10 ) (Equation VII,13)vof the electric

multipole operator from the space-fixed to the body-fixed coordinate system.

lJ. O. Rasmussen and B. Segall, University of California Chemistry

.Division Quarterly Report (UCRL 2531 ) (April, 1954%) (unpublished).

The geheral result for the quadrupole matrix element connecting
states of a given rotational band (i.e., K and“flunchanged) is
2e Qoe FlwsV)
(KMI;,Im) ta )k IF)IM)

= (=) LeeIf-k-1 _ [(2]: RT, +a)(2.0+:(2£+1)]
Qas =

‘()QQOO',QQ 20> CQI.;I I;;IQ)

1)

(32
(If Iy kKL 26
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For decay of even-even nuclei (I = O) to the ground rotational band

(K = fL = 0) the above expression_reducesz'simply to

[(ZA:)S(M’H)] % (,u'oo],UIZ O')a',

£ (L+1)
(2 2+3)(20-1)

and which vanishes whenever 4 and £' differ by

and for £' = £ + 2 1is

which for £ = £' is equal to

el 50 3(#)(L+2)
2(20+3)Vzzrnzag)

other than O or + 2.

2J. 0. Rasmussen, University of California Radiation Laboratory Report

2431 (1953). (unpublished).

For treating alpha emission qf odd mass nuclei in the region of
validity of the Bohr-Mottelson spheroidal deforﬁation model it is for soﬁe
purposes better to use a different representation for the functions in terms
of which ekpansion_<29.6),is.made. ‘Rasmussen and Segall (__12 ) have
used an expansion in which not only the nucleon coordinates (of recoil
nucleué) are referred to a rotating body-fixed coordinate system (as in
_Bohr-Mottelson strong deformation modél wave functions), but also the
coordinates of the alpha pérticlerare»referred tovthis'body-fixed system.
The cylindrical symmetry axis of the nuclear spheroid is taken as:the

polar axis -of the body-fixed éystem. We write the new functions

2L+l , !
Mmr =| T Kedm IM)= X“P)erri Kif%:) Yh.‘(e,m(sm)
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where @; are -the three Eulerian angles specifying the position of the
body-fixed nuclear coordinate system in space, the primed coordinates are

with feference.to the ‘body-fixed system (the xé Ebeing“,coor&ina’tes of the

BN
nucleons in the recoil nucleus, and theé‘v being the -alpha angular
'\/ 21 + ) T
coordinates). —ee—— @
: s1re °O/:\ Kermt & )

is -the normalized symmetric top rotational wave function, for angular
momentum of I, component on the space-fixed z-axis of M, and component

on the body-fixed z'=axis of»Kf + m. -The l representation contrasts

with the f% | representation used in (29.6) mainly in that m

supplants ‘I £

In general, a state in the T representation is a linear combinastion

for the specification of the state of alpha particle motion.

of several different states in the ']é, -representation. The trans-

formation (Equation 11) of Reference ( iz ) .is

Im m#l}-—l _ LK Im
’Il;rlm;fr— %_(") (.T.,Q Kpﬂn. MIII £ f) yI;KJﬁﬁ&)

‘When the expansion

W-— E alw, Lh |
- 2'm! Ke 2'm': 7 (32.4)
ﬁ‘m' P

is substituted into the Schr8dinger equation with Hamiltonian (29.1),

M * - ‘ '
multiplied by and integrated over all coordinates except Z,
Kedm, 7

one gets.a set of coupled ordinary differential equations similar to (29.7).
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[gf + 28 (E~E, )- Mw) 4MZe]w

drr? 2
_ 2an (,Qm' H 'ﬂ'm‘ Q2e3 -5)
* X L't mt ' Z M/_eo 0(1 MIV- Ze l )
.ﬁ'M' ’ 4@ ml -
’H-ro t'is the rotational energy Hamiltonian for the recoil nucleus, and

it gives rise to .the characteristic rotational band structure of energy

levels. .From the eigenvalue equation v
M LM
I |
Hfrot %J; Kj,e)'r 2_ ) (I’d > %T;K;ﬁ T (32.6)

and the expansion (32.3) .the required matrix elements of H ot may be
evaluated.
) = Z
(*Q "‘} Hnt,‘a m Z = 5 () I (LC*')
(32.7)

(T4 km | T 2Tk, ) (14 o w41, k)

The last. term in (32.5) involves matrix elements of the quadrupole
interaction, and in this. representatgn has aé fssj?mpler form than in (32.1)
2e 0 € 0 !, )
(T KeAm; TM|28 ——3——) T Ky L'm’; IM

= & [ Gy Ren (00 do O

.The integral is easily evaluated and contains no off-diagonal elements
in m. .The integral is equal to . the cz(z'm', fm) tabulated by Condon and
Shor’tley3 but can be simply given in terms of Clebsch-Gorden coefficients

as .shown by.Racah( 30 ). CZ (ﬁ'm' é m)

' Y .
—_— SMMI [(21+l)(2£ 'H)] z(ﬁ‘e,oolﬁﬁ'2°>(gﬁl_m M',Q4e,_20>.(32o9)

S



3-E‘,»U.‘Condon_‘aund.G.,H‘., Shortley,(Theory of Atomic Spectra, Cambridge

University Press, London, l935);p. 175.

]

An illustration of the usefulness of this representation is provided
in the consideration of the favored alpha decay caseslL (_g&__) in odd
mass number deformed nuclei. Favored alpha decay transitions are those
in which the intrinsic wave function of the 0dd nucleon remains essentially
A0 =0 .

When the alpha particle is in the-surface region of the nucleus we would

il

unchanged. In such cases A K

expect nearly. to conserve the component of totdlangular momentum of the system
along the symmetry axlss hence,that near the nucleus all alpha components
except those with m = O will be negligibly small. The matrix elements of
the eiectric potential have no off-diagonal elements in m. Hence, the

only build-up of alpha components with m % 0 will result from the matrix

elements of H the nuclear rotational energy. In the limiting case of

..\;o‘&’
Hrot'= O (infinite nuclear moment of inertia) the m #‘O components in
—

favored alpha decay would be identically zero. We couldgset down exactly the

branching of a given /. value between various nuclear rotational states If.

The expansion (31.3) gives the desired branching. That is, a given f—

: | 2
group branches as the squares of Clebsch-Gordan .coefficients,(lﬁ K’O,Le L; Kg) ,
The intensity relationship is quite similar to relationships for branching
of gamma .and beta transitions to .various members of a rotational band.
It .is not obvious how good the relationship in alpha decay will be, since

the matrix elements in.Hro -are not zero. .Bohr, Frgman, and Mottelson

—t

into account approximately by reducing the alpha

1 ; : .
( 3 ) take H_ .
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intensity to higher rotational members by the reduction in barrier penetrability
appropriate -to the energy differences of the final states.  They have used
their approximation to calculate expected intensities . to various final states

of odd nuclei based on the empirical relative alppa.intensities for neighbor-
ing even-even nuclei. -The comparison of their approximation with experimental

intensities is given in Table XVI.

%J.AO..Rasmussen, Arkiv f. Fysik 7, 185 (1953).

33. -Numerical results .for alpha decay of spheroidal nuclei. Some

numerical work on_thévalpha decay of deformed nuclei has been carried out.
.R. F. Christ;y":L has developed a useful analytical approximation with a

new form of the WKB method. .This approximation, which is most applicable

in the limit of very large nuclear moments of inertia, treats the wave

function from each point on the nuclear surface as penetrating outward

radially while diffusing transversely in angle. A total solution correspond-

ing to an arbitrary wave function at the nuclear surface can be constiructed

by superposition of the solutions from points on the surface.

R..F. Christy, Phys. Rev. 98, 1205A (1955).

2
L. -Dresner .also has .made use of the WKB method to derive a formula
for the -alpha penetration problem. -He, like Christy, considers the limiting

case of infinitely large nuclear moment of inertia.

2 '
L. Dresner, Ph.D. Thesis, Princeton University (1955) (unpublished).
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Since Christy's equations have not been published, we are unable to
make a detailed comparison between his and Dresner's WKB treatments. One
significant difference seems to be-that Dresner has dropped from his
FEquation (III.2) the term that would give rise to.the centrifugal barrier
reduction (or diffusion~in angle), while Christy has retained this feature.
Rasmussen and Segall (42 ) have derived the alpha decay equations in
prolate spheroidal coordinates .and have done both outward numerical
integrations for szhz with simple assumptions on nuclear surface boundary

conditions.and inward integrations for szlL2

andvTh228 with experimental
alpha intensities setting the boundary conditions.

The work of Christﬁ; and of Rasmussen and Segall (_12 ) has shown
that the boundary conditions making the alpha wave function constant over
the spheroidal nuclear surface does not give for szu2 the correct £.= 4
alpha group intensity, the experimental value being smaller than that

3

calculgted; ‘Work of Nosov. indicates that the assumption of constant wave
function over the surface may be more consistent with_exper:tmenta..l.szl}2
alpha intensities .if the nucleus .is not prolate but oblate spheroidal.
Other evidence weighs strongly for prolate deformation in the heavy region,
so we are inclined to discount this iﬁterpretation, - Furthermore -the work
.of Rasmussen and Segall and of Dresner shows that the one-body model, with
the alpha in its lowest virtual level within the well, does not give_a low

enough £ = U4 group intensity, although the values -are somewhat lower than

for the uniform boundary condition.

’3V, G. Nosov, Doklady Akad.'Nauk;(SSSRQuh) igi,'65 (1955). English

translation, University of California-Radiation Laboratory Translation 258.
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Christy has found that by decreasing the alpha wave on the nuclear
surface near the poles or by introducing some fourth order deformation in
the nuclear surface the relative alpha group intensities observed in.szu2

can be theoretically obtained.

42 8

Rasmussen and Segall have for sz and Th22 with L;: 0, 2, and 4
groups taken the experimental alpha intensities to set the boundary
conditions outside the barrier and have carried soclutions of the wave
equation into the spheroidal. nuclear surface. (Recourse is made to a WKB
approximation method.) .There is an ambiguity in the choice of relative
phases, the experimental intensities giving only a measure of wave amplitudes.
For the treatment.including three groups there are in general four choices
of phase leading to different physically.acégptable solutions. ‘Most choices
lead to a narrow wave distribution at the .equator on the nuclear surface,
and we.are inclined to believe one of the choices .of phase other than these
to be the true one. The most direct evidence in support of our choice
of relative § = O, b = 2 phase comes .from the interpretation of the a-v
angular correlation in Amzul, in which the phase difference determineslthe
sign of the interference term in the correlation function. (See Section
56.) :Fig. 18 shows.the alpha prdbabil;ty (1‘#‘2) as a function of position
on the nuclear surface from these inward integrations for the most likely
choice of relative phases.

These results are of special interest in that they demonstrate most
clearly the inadequacy of.é,one-body model, and they are suggestive of a
model in which the alpha wave function at the surface is a measure of the

angular overlap of the wave function of the most lightly bound nucleons.

.The distribution seems more dependent on proton than on neutron number.
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The results .of Fig. 18 are .subject to some modification, since the
deformations and intrinsic quadrupole moments assumed for the study
appear to be abouf SO_ﬁércent foo lérge compa%eé‘fo féceﬁf qﬁédrupole
vmoﬁent determinétionsv(Th23a,,U238;'Am2hl, Amzus).(Sée Sec. lh); -

.The coupledﬂequations éf alphé decay.in»sphérical coordinatés lend
thémselves to solution by highFSPeedvaigital computers, énd,computafions

in.progresss.may,shed more light on the whole interesting problem of

deducing alpha angular distributions near the nuclear surface.

8

J. 0. Rasmussen and E. Hansen (unpublished) .

On the.basié.of numerical ﬁork éo_date it is fElt that the obsefved
regular varisations of;ﬂ = 2 andAﬁ =L éroup hindrance (cf; Fig.'l5).
represent a regular shift of thé aréa of highest alpha.fofmation pro-
‘bability. in the nuclear surféce from neér the poles (thorium élpha
eﬁittérs) to zones_midwayvbetween poles and, eQuatdr (curium), énd,
perhaps, somewhat further toward the equator fof higher elements. The

.development and shift of higher order deformations in the nuclear surface

would provide an alternative interpretation, though.
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-IV. ALPHA DECAY AS A MULTIBODY PROCESS - (THE EVEN-EVEN NUCLET)

3L, :Introduction. .There have been. numerous .approaches . suggested fof
treating the internal mechanics of the alpha decay process in a more realistic
manner than in the one-body model. There is . a general feeling that for a
given radius of cut-off of the coulombic potentisl barrier a realistic model
would give smaller decay rates for alpha decay than the one-body model.
_Bethe (__18 ) early advanced arguments that the alpha particle should pro-
bably ﬁot.be~thought of as .existing within the nucleus .a large fraction of
time. |

- The -attempts .at many. body modifications of alpha theory may be classified
into three categories: (1) statistical model ("level spacing") approaches
‘analogous to the statistical theory of nuclear reactions, (2). "shell model"
(overlap integral),approaches.baséd on the individual pérticle (nucleon)
nuclear models, and (3). the "resonanting group" approaches.treating con-
figuration mixing involving alpha particles explicitly in some configurations.

35. Statistical model. Bethe (18 ) suggested that the formation

and emission of .an alpha particle ( ~ 6 Mev) in the absence of barrief should
occur about as .rapidly as the emission of a neutron from a nucleus with
slightly more excitation energy ( ~ 6 Mev),thanfneeded to emit.a neutron.
- Namely, he suggested a-'"decay constant for alpha emission in the .absence

of a barrier" of ~ lOlSvsec—l, (i.e. of 6 ev), whereés Preston's lowest
virtual level one-body treatment yields ~ 2 x 1020 sec-l (52,z 1.2 Mev).
«Theialpha decay channel radii calculated on this theory seem a little

too large to accord with our present ideas of nuclear sizes.

Cohenl suggested that:Bethe's approach should be modified, increasing

>

Bethe's fundamental "reduced decay constant’ of 1077 sec™t by the ratio
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of the "average level spacing'" near ground to the average level spacing

19 s‘ec—'l

at an excitation of ~ 6 Mev, thus giving a reduced decay constant .~ 10
(62f‘z 50 kev) which leads .to more reasonable channel radii. The proportion-
ality of neutrbn level widths to average level spacings had been noted
experimentally and derived theoretically in the statistical theory of

nuclear reactions of Feshbach,.Peaslee, and.Weisskopf,2 ‘The concept of

an average level spacing at the ground state'is/a,vague onecb Cohen suggested
~taking ~ 100 kev for this average from the energies of first excited states
in even-even nuclei. On this point Rasm.ussen'3 (__ég_) agsgserted that the
spacings to first excited ‘states were not relevant, since they are generally
of a different spin from ground. He suggested that the spacing to the next
.O+ level would be more appropriate - -and propbséd in the absence of experimental

information that this energy might be of the order of the lowest .order surface

vibrational quantum energy, ~ 1 Mev,

'B. L. Cohen,-Phys. Rev. 80, 105.(1950).

'2Feshbach, Peaslee, and Weisskopf, Phys..Rev. T1, 150 (1947).

3

J. 0. Rasmussen, Ph.D. Thesis, University of -California (1952) . University
of California Radiation Laboratory Report UCRL-1473 rev. ’

- Devaney (‘22 ) suggested teking first excited state energies for
the average level spacing in absence of befter information.

Various authors- (_22 ) (_23 ) bave given theoretical derivations

‘basing alpha decay. rate on an.average level spacing. In terms of the
one-body model the level spacing treatment reduces the decay rateaby the
ratio of the real nuclear level spacing to .that in the one-body model

(~ 1 Mev). One assumes the reciprocal of the logarithmic derivative of
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the alpha wave function at the nuclear surface Si(w) to be a function of -

the form 1/si(w)‘ = tan z (W) with virtual levels at . z(W) = nx, where
z(W) is .some monotonic function of the total energy of the system. It

can be shown ( 17 ) .that 62, the reduced derivative width, is related

to;Ei.and its derivative with respect to energy as follows:

5(4) 1

e Si -
§ = T T9s T |3 E (34.1)
E |

-The assumption is ma.de)+ that dz/dE = x/D¥, where D¥* is.an average

-level spacing. Then at .a .resonance

2 *

D
‘S — ? (3k.2)

‘Thomas ( 17 ) has briefly discussed a modification of the level spacing

approach also. -He gives as.a formula
—~ S
» /ave “\W - (34.3)

with D the actual level spacing, Ta the kinetié energy. of ‘the alpha particle

within the nucleus, w the characteristic single-particle level spacing
within the nucleus (W = nhz K/MR where K ~ lO13 cm"l, characteristic of
a nucleon of mass M within the nucléus)b Eg Qil is .a probability factor

for the existence of the alpha ‘particle on theinuclear: surfacg.c Thomas mentions
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nuclear reaction work as supporting values near unity for qa.

4This,assumption is not correct in the square well one-body case, where

z(W) varies as.wl/z.

36. Surface well model. Another modification of the level spacing

approach was made by Winslow (21,27) who proposed a'surface well model." The
attractive nuclear potential for the alpha particle is presumed to exceed
the coulombic repulsive potential when the alpha particlevis very near the
nuclear surface but not yet "within" the nuclear matter. The boundary
conditions from the level spacing estimate are applied at the inner surface,
and the alpha will move in & surface region where its kinetic .energy is
positive before it enters the coulombic barrier. Winslow derives the

decay rate theory for the one-body model of a single alpha particle trapped
in the surface well and obtains a higher decay probability for given barrier
radius than the traditional model yields. This result is to be expected,
since the confinement of the alpha particle within the small volume of the
surface means a greater kinetic energy for the lowest state and classically
a higher collision rate with the barrier. Winslow then introduces the
many-body concept of an equilibrium between the nuclear configuration with
the alpha particle in the surface well and the configuration with none in
the well but with constituent nucleons moving individually within the
nucleus. The ratio of the probability of the former configuration to the
total of cqnfigurations is designated asvthé preformation factor,PL, which

should reduce the one-body decay rate.

. |
§ = P T, (35.1)
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v 7 The level spacing model of Devaney. ( 22 ) is used by Winslow to estimate

PL as -1

- ~ P v D ~ D4R
R~z | zox + oo ~ TEVv

where AR 1is -the width of the
surface well. .Taking fromABlatt‘and Weisskopf's Table 3.2 (__gi_),a D
for POZl2 decay of 0.7 Mev, Winélow finds that an inner (nuclear matter)
radius of 1.31 x 10713 Al/3,cm and AR = 1.2 x 10713 cm give agreement
with the experimental rate.  He points out that the slower decay.rate of

POZlO could be accounted for by a decrease of‘éﬁ to 0.6 x 10-13

cn, leaving
the inner radius unchanged.

.The surface well picture may prove valuable in the future development
of a detailed model of the alpha formation process. -The square surface
well model, as Winslow points out;}represents an extreme idealization.

The necessity of adjustment of theipotential in the surface well to give
the experimentally observed alpha decay energy to the lowest virtual state
seems artifical, though, and the procedure of making the inside potential
infinite needs more theoretical study.:

Winslow's surface well model shows a . regular decrease in decay rate
with increasing angular momentum instead of the increase to a maximum at

L = 2 as found in the traditional model ( 14 ).

37. Concerning the intra-nuclear alphs potential energy. .The recent

paper of Tolhoek and Brussard.(_;éi_) offers fresh and promising lines of
attack on the question of the relation between the nuclear density distri-
bution and the attractive potential for alpha particles,andfalso on the

fundamental mechanism of formation of the alpha particle from constituent

nucleons.
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.By a four-step energy cycle argument, assembling and breaking up an
alpha particle inside and outside the nucleus, they estimate an intra-nuclear
potential energy of ~ =134 Mev for alpha particles. .This  large attractive
potential "tails off" beyond the nuclear matter .radius to counteract the
coulombic potential for some distance and gives .a large effective channel
radius for alpha decay. .They assume an attractive potential between alpha
and an element. of nuclear matter of the form -V exp (-rZ/BZ) with
B.= 1.6 x lO-13 cm, thus yielding a potential from nuclear forces of

| (é;é)a

—

Viz) = kv;r&eﬁsfdi/o@ e o (36.1)

where V .= 167 Mev,)/)(g) is the density function for nuclear matter (for which
they substitute a specif;; form), and x is the'position vector of the alpha
particle. The results of tge high‘energy electron scattering work are

used to estimate the densit& fuﬁction, and a function with the surface
fall-off.thickﬁeés parameter §‘= 1.26 x,lO-'13 cm (as calculated by

. Ravenhall and.Yenniel for gold) was used.

1. @. Ravenhall and D. R. Yennie, Phys. Rev. 96, 239 (1954).

‘It has been .conventional to argue (_ 18 ) that the alpha particle in
the nuclear potential well, being a Bose-Einstein particle, must be in its
lowest.level. For a.well of nuclear volume this lowest level involves about
0.5 Mev of kinetic energy, in strong contrast to the ~ 140 Mev of the above-

discussed estimate, ‘Devaney ( 22 ) has also discussed the question of
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the intra-nuclear alpha particle kinetic energy. He points out that the
alpha particle, as.a conglomerate of four Fermi-Dirac particles, can only
be considered to obey Bose-Einstein statistics when the perturbations on

its constituent particles -are small compared to the binding of the particles
in the conglomerate. This condition is not fulfilled in nuclear matter, and
the four-particle must obey.the exclusion principle to some extent because
of its-Fermi-Dirac constituents. -Devaney estimates a kinetic energy of

5 Mev if the Fermi-Dirac statistics were obeyed by the constituents, and

he then proposes an average figure of 3 Mev.to be most nearly correct.

We cannot resolve -the vast discrepancy_between these estimates and
feel the matter is still open to question. .The Tolhoek-Brussard well depth
of =134 Mev represents a large departure from the customary one-body model
estimates. The qﬁestion of the potential (and consequently the average
alpha particle kinetic energy),seems a difficult one, and there are
unanswered questions attached to the energy cycle estimate, -First, the .
energy cycle argument (;gi__) has .as its weakest link the energy associated
with the assembly of nucleons into an alpha particle within nuclear matters;
in view of the saturation nature of nuclear forces .and the extra kinetic
energy of alpha particle.internal motion the formation of the alpha cluster
in nuclear matter is in all probability avrather-endothermic process. The
problem is relatéd to .the problem ofvtreating,residual nucleon-nucleon
interactions in the individual particle model. .These interactions, are
responsible for configuration mixing in_fhé shell model, and pe;haps
eventually the studies of specific nucleon-nucleon,interactions‘within
the nuclear well can shed light on questions concerning alpha particle

clusters in nuclear matter.
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38. ‘Nucleon overlap model. Tolhoek and Brussard ( 3-3 ) propose

a -"shell model"™ picture for the probability of formation of alpha particles.
The probability of finding an alpha particle in a particular position is
.equated approximately. to the probability of finding the four constituent
nuc}eons within the distance of the alpha particle radius (taken as

By ™ 1.6 x 10743 cm). Then the alpha-clustering probability:fg of four
particular nucleons is Jjust proportional to . the square of their overlap

integral. Making the rough assumption of nucleon wave functions constant

throughout the nuclear volume they obtain
| , o \9 |
P = C4[E
o A\ R (37.1)

The frequency factor for an alpha hitting the potential barrier is taken

f= 2R P“,n* (37.2)

where na is the number of ways the energetic alphs particle can be formed

from nucleons in outer orbits, 'na ig .taken by them to be about 3. Applying

the above frequency factor with a potential falling off as determined by
Equation (36.1) to alpha decay of 13021)+ they calculate a nuclear matter

radius of 6.8 x_lO-l3,cm, which corresponds to.a constant of ry in the

R = roAl/3‘formula of~loi3 X 10_13 cm; consistent .with the charge
radii from eléctron scattering work. For this POZ]')+ solution the pre-

formation factor,Pa is equal to 1.4 x 10-4; This preformation factor of

1.h x lO-4 will reduce the conventional one-body reduced width
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(62 ® 1 Mev), but .the 300-fold increase in kinetic energy acts in the
opposite direction with a factor of about 40 (see . Sec. 2L’ on one-body

52 estimates). The decreased reduced width is consistent with experimental
data for the larger effective channel width derived by Tolhoek .and Brussard
from. the exponential tailing off of the strong nuclear attractive force.

.Tolhoek and Brussard also present .a so-called dynamical estimate.of
the alpha formation probability, based on collision cross-section and mean
free path arguments. .The estimate yielded similar numerical .resulis.to
the overlap integral estimate and was cited as adding confidence to the
overlap integral results. ,

-The nucleon overlap approach to the problem of alpha particle formation,
while needing much further study, seems realistic and offers hope for
future theoretical work. .The great successes.of the indiviudal nucleon
models, contrasted with the limited utility of the &alpha particle nuclear -
model, suppprts.the idea that within the body of nuclear matter the state
of motion is more easily described by.representations involving independent
nucleon wave functions than by representations involving clustered groups of
nucleons. .The tendency toward some clustering is expressible in the
individual nucleon representation by configuration mixing. As we move
from the center of .a heavy nucleus into the surface region and beyond,
we must expect . an increasing tendency toward association or clustering
in the alpha particle grouping. That is, the total probability of fiqding

the energetic nucleons at .a given distance falls off with distance, but the

relatiwprobability of their being associated in an alpha particle must

increase with distance. This .conclusion follows from the fact that for

alpha emitters.there is some small probability of finding alpha particles

.at .any distance, though unassociated nucleons cannot be found at large
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distances. -It would seem logical to set the channel radius near the
transition between the inner region of independent nucleons and the outer
region of associated nucleons. .The matching of boundary conditions on the
alpha wave function could be made at this radius. The channel radius is
obviously arbitrary, but if set too .far out,the.in@iyidual-nucleon_represent-
ation will encounter difficulty in adequately. representing the alpha

cluster probability at the channel radiusa_ On the other hand,‘if.the

_éhannel radius is set too small, the treatmentiof the alpha particle as
experiencing simply a real potential may fail closerto the channél radius.
.The optimum channel radius Rc probably lies near the outside of tpe nucleaf
density distribution. If Rc-lies,in a.region of positive kinetic engrgy

of the alpha, then a form of Winslow's surface,well picture may be applicable.
If Rc lies in the negative kinetic energy or barrier region, more conventional
treatments with‘coulombrfunctions determining the boundary conditions would
be applicable;

The theoretical analysis of relative intensities to .rotational band
members for alpha decay of spheroidal nuclei promises to.add much to our
understanding .of the process .of alpha formatiOn. ‘These studies appear . to
indicate that the mean,fqee path of alpha particles in nuclear matter is’
guite small. . The explanétion in termS»Qf the individual nucleon wave
function overlap seéms promising. -For a more detailed discuSS;onArefer
to Sec, 32. and 33..

,Wheelerl has set up a formalism incorporating mixing of configurations
specifically composed of groups or clusters, such as the alpha particle.
Although the use of a one-body mo:gl frequency factor reduced by a "pre-

formation" factor lies essentially in the resonating group category, no

.rigorous attempt has been made to formulate such an approach for alpha
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emitters with due attention to redundancy of coordinates .and the supplementary
conditions on them, and the partial observance of the exclusion principle

(discussed by:Devaney. ( .22 }).

3. A. Wheeler, Phys.-Rev: 52, 1083, 1107 (1937).

32. The abnormal decay rates of alphaﬂemitters.withvneutron number

126 or less. -It is easy to recognize from the individual‘nucleon,approach
‘that the alpha formation probability would be lower for the even-even
polonium isotopes with 126 or less neutrons. The 6h proton radial function
is concentrated at the outermost part of the nucleus .and oVerlapslweil
with the 7Ti or 6§.neutron_functioﬁs beyond 126 neutrons, but the 63 protons
would overlap poorly with .the Lp neutrons (most lightly bound) fFor! neutron
numbers of 126 -and just below. '

It also .would seem reasonable that the cut-off radius for the barrier
might be somewhat less for daughter nuclei with no nucleons outside the
closed shells than for those poséessing a few. The extra slowness of
polonium alpha‘emitters.has.been discuSSed in terms .of .a shrinkage of
the nuclear radius .at the closed shell.(6).

It may be possible to decide whether formation probability (overlap)
or radius shrinkage is the more important effect by examining.in detail
the reduced.transition probabilities (RTP) of some polonium and emanation
alpha emitters.

Of even-even alpha emitters with daughters‘from.two'to_six nucleons

beyond the closed shells ,three (Em218,,Em220, Ra222) can be taken as .a

21

basis of the normal alpha decay. Their mean RTPT is 0.086. Po i’ decays
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toAPb208,and should reflect any shrinkage of the effective channel radius

.at the closed shell but should not suffer any reduction in alpha formation
probébility from the overlap integral argumgpts° Its RTP is 0.025, a
factor of 3.4 smaller than the base comparison. (The heavier poloniums
have a mean RTP a factor of 2.3 smaller than the base comparison). The
six even-even alpha emitters of pélonium and emanation with 126, 124, and
122 -neutrons exhibit.a mean RTP of 0.0027, a factor of 32 smaller than
the ‘base comparison. .Semi-quantitatively we may divide -the retardation
factor for these alpha emitters of N < 126 into a factor of three due to

effective radius decrease and a factor of 10 due to lowered formation

probability.
1_ 218 .
Em seems somewhat anomalously to decay. too fast compared to its
neighbors. - Exclusion of Em218,from the comparison base would give an
average RTP (between EmZZO and.Razzz) of 0.073.
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C. KINETICS OF ALPHA DECAY OF ODD NUCLEON TYPES
I. CORRELATIONS OF DECAY RATES OF ODD NUCLEI

N

40. Hindrance factors for 0dd nuclei. In contrast to the regular be-

havior of decay rates of even-even alpha emitters the odd'nucleop types show
great variation in their rates, ©Sometimes transition probabilities of alpha'
groups are comparable to -those of neighboring eveﬁ-even nuclei; in other cases
the rates are much slower. |

It is most useful in the region of regular decay rate behavior of even-
even nuclel to try to compare the reduced decay rates of alpha groups of an
odd nucleus to the ground state rates of its nearest even-even neighbors.
The factor by which the alpha group in question decays slower than this
"normal" rate is usually called the hindrance factor (which we.designate by
F) (See Section 17.and 42.) |

Oﬁe might calculate effective nuclear radii for the even-even neighbors
using some form of one-body rate theory and apply an average radius value
to calculation of the "normal" decay rate for the odd emitter. A simpler
and nearly equivalent method is to construct a family of normal half-life
vs. energy curves (Fig. 1k, Sec. 16) that closely represent the behévior of
the even-even ground decay groups and then to read normal alpha half-lives
for odd groups from these curves. For the odd=Z isotobes it is necessary .
to define lines between the neighboring even-Z lines, and these lines are
usually chosen to give a mean decay rate between even-even neighbors of the
same decay energy.

As discusséd in Section 16, in the region above the closed shells the
partial alpha half-lives of even-even alpha emitters of a given element may

be well represented by expression (16.1).
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oo Ty s = A Qo) + B

(16.1)
The Jjustification of this particular form by decay rate theory was discussed
in Section 20, The constants;étand¢§-obtained from a least squaresﬂanélysis
were tabulated in Table II. g

In Téble XI we supplement Table II with thé interpolated constants for
the odd~Z lines used as a basis for hindrance factor calculations.

Fig. 19 shows a plot of the "normal" decay rate lines with points for
all the known ground state groups of even-odd nuclei, .The distance of a

point above its line is proportional to the logarithm of its hindrance factor,

F. That is,

| ,
- -a_ N V .
1/20; ( A Qeﬁ: + B) (40.1)

Tables XII, XIIT, and XIV list Log I for all alpha groups of even-odd,

IogF = Log t

odd-even, and odd-odd nuclel with 128 or more neutrons. (This excludes the
region around 126 neutrons where decay rate properties of even-even nuclei
change sharply and the hindrance factor concept»is nétAwell defined.)

The distributions of logarithms of hindraﬁce faétﬁrs for all the es-
tablished alpha grbups of 0dd nuclei beyoﬁd the-ciosed shells (Z>84, N>128)
are given as histograms in Fig. 20 (odd-evens), Fig. 21 (even-odds), and
Fig. 22 (odd-odds). The bold line in each case diﬁides the alpha emitters
with N<138 (above) from those with N>138 (bélow), roughly the dividing line be-
tween the region of spherical nuclear shape and that of stable spheroidal
shape. |

In the N§;38 region one notes iﬂ Figs., 20, 21, and 22 generally many
alpha groups with low hindrance factors for all odd types including odd-odd.

225 227

.Exceptional are the alpha emitters Razz3, Ac , and Th , which exhibit

great complexity with many highly hindered groups.
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In the N>138 spheroidal nuclear region the odd mass nuclei fall roughly
into two broad groupings, the majority of cases in a broad group of most
probable hindrance factor about five and a few casesiin a group around hin-
drance factor 500,

0dd-0dd nuclei of the N>138 region are probably generally veryihighly
hindered. Ez52 and,EzS)+ constitute two of the three known cases in ﬁhe whole
region, It may be significant that these alpha emittefs lie beyond 152

neutrons, where a small discontinuity ("subshell effect") in neutron bind-

253

essentially unhindered ("favored") decay to the ground state of Bk2u9, a

-ing energies is observed. Also, it is probably significant that E exhibits
unique case for odd-even nuclei of the N>138 region. One might be justified
in treating the region of N>152 as distinct from the other regions, although
we have not done so,

It is evident that the hindrance factor as defined and calculated above
is not necessarily a very fundamental measure of the alpha group probability
at the nuclear surface., The centrifugal barrier effects associated with
angular momentum of alpha decay are not taken into account, and neither are
the effects of the large non-central electric quadrupole interactions in
the spheroidal region. | |

Centrifugal barrier effects on the wave function in the external region
are well worked out and should be incprporatedvin more detailed comparison
of alpha decay rateé, where spin changes are known, The large electrié
quadrupole'interactions in the region of deformed‘nuclei should be taken
into account, but this is a problem of greater difficulty.

-For the odd nuclei not included in the hindrance factor tables XII,

XIII, and XIV) we have calculated by the prescription of Winslow (16)
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(our Equation 27.9) the alpha surface probabilities, assuming L = O and,

where the true angular momentum values may be inferred (see Section 49-52), the
reduced transition probabilities (RTP) which are surface probabilities
correctly including the centrifugal barrier factor, (Equation 27.6)

(See the list of definitions in Section 42). These results are presented .

in Table XV.

41, .Decays across the major closed shells The order of magnitude of

reduced hindrance factor (cf. Section 42) for .decay across closed shells com-

pared to the even=even alpha emitters above the closed shells (Em218, Emzzo,

a222> (

R mean RTP = ,086) may be summarized as follows:

(a)‘Decays crossing one closed configuration,

The odd and even mass bismuth isotopes with N>126 have reduced hindrance

211

factors of order 200. The Po (9/2+) groups to p configurations experience

a similar reduced hindrance of about 100 and to f about 1000, We tenta-

5/2
tively associate this retardation mainly with the reduced overlap integral
where one constituent nucleon forming the alpha particle is concentrated well
within the nuclear volume and its radial wave function overlaps poorly with-
the three high angular momentum nucleons beyond the shell., The smaller RTP.

to £ than to the p configurations in Po211 decay is the reverse of the

5/2
simple expectation, though. The high spin Po211 isomer has reduced hindrance
factors (assuming 19/2-) of 5.7 x 10° to pl/,,, 1.5 x 10° to p3/2, and
2 :
3 4o 1 .
2.5 x 10° to 113/2.
() Decays crossing both closed configuratidnsliBiZIO.

The low spin isomer (RaE) has a reduced hindrance of 5.4 xleLL for

= 0, while the high spin isomer has reduced hindrance of 2.0 x 106 with

=
|

£
i

4 assumed.
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(v) Decays for 7284 and Ngi26.

As discussed in Section 39 most even-even' nuclei of the region below 126
neutrons have a reduced hindrance factor of about 30.  Several of the odd
.alphavemitters exhibit more than one group. They range in hindrance from
about that of their immediate even-even neighbors to as much as an additional
factor of 50.

42,  Summary of proposed terminology.

-Hindrance factor (F): ‘Ratio of the experimental partial alpha half life

to a "normal" value based on ground-state transitions of even-even neighbors
For excited state transitions in an even-even nucleus the basis of comparison
is to be taken as its own ground-state transition rate. For all odd nuclei
we have defined the "normal"” rate from fhe semi-empirical correlation of

even-even decay rates in Section 16. ‘Formally, Log ¥ = Log tl/2 a

-(a Q4-1/2

2Serr +'BZ), Centrifugal barrier and non-central interaction effects

are ignored in calculating hindrance factors,

“Reduced hindrance factor: .The same as hindrance factor except that centri-

fugal barrier effects (and non-central interaction effects where important)
have been taken into account. The correction of ¥ for centrifugal barrier
effects consists simply in multiplying F by (GL/GO)=2. .See Tgble V and
Equation 27.6. .

-Burface probability: A quantum mechanical probability expression for a

given alpha decay group, proposed by Winslow (16) and denoted as R I% I(R)I%
The outgoing coulomb wave 93 I(r)is normalized such that the total out--J

going flux_is proper for thé{given partial alpha half-life if there is a

unit probability of finding the alpha in the nuclear region. The pro-,

bability function , % I(R)la is made dimensionless by multiplying by R.
3
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For the‘calculations of the present paper the fumction is evaluated at
R =90.3x lO=l3 cm. for heavy elements and at R = 8.0 x lO=l3-cm. for
rare earths. For the present paper the "surface probability" will be cal-
culated without considering centrifugal barrier or non-central interaction

effects, Jjust as is the hindrante factor. -

Reduced transition probability (RTP): This is the real "surface probability",

correctly taking into account centrifugal barrier and non-central interaction
effects.

- Reduced derivative width (Si): A fundamentzl measure of the hypothetical

"decay rate in the absence of a barrier."” The decay rate constant without barrier,

xoﬁis éﬁu@i-to Si divided by Planck's constant,h. (See Equation 27.1).

IT. .ALPHA DECAY AS A MULTIBODY PROCESS

(THE ODD NUCLET)

43, :General observations. . It was noted early that odd nuclei tend to

decay at a generally slower rate than neighboring even-even nuclei, From
the known data on alpha groups of o©dd nuclel we see by referring to the
histogram distributions (Figs. 20, 21, and 22 of Section 40) of hindrance
factors that the most probable value of fhe hindranée factor is not much
greater than unity, with the probability gradually falling off toward the
higher hindrance factors. The only possibly significant separate groups in
the distributions lie near hindrance factor 500,

The attempts to explain hindrance factors solely on the basis of the
centrifugal barrier for higher angular momentum waves cannot possibly
account for the hindrance factors near 1000, An angular momentum of 5, the
maximum allowable for the ground state alpha group of Am241 (Initial, 5/2=;

‘Final, 5/2+) has.  an extra centrifugal barrier reduction factor of only
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12, compared to the actual hindrance factor of 520. Following such arguments
as this, Perlman et al. (é_) suggested that the large hindrance factors are
to be associated mainly with abnormally small preformation factors for the
asgembly of an alpha particle from unpaired nucleons.

44, Favored alpha decay intensities. The development of the Bohr-

Mottelson model for deformed nuclei and the accumulation of more precise data
on alpha fine structure and nuclear excited states has made possible some
really quantitative correlations of decay rates of a few selected alpha

groups in odd nuclei, It was suggestedl that the main three alpha groups

5. 0. Rasmussen, Arkiv. f. Fysik T, 185 (1953).

41

of Am2 ' populate excited levels of a single rotational baad, with the spacings

suggesting the assignment of I = 5/2 to the base state of the band. The spin
of the Amzul ground state was known to be 5/2, and the main alpha decay group
to the 60-kev state exhibited no hindrance from normal even-even alpha decay
rate behavior (hindrance factér aboﬁt unity). Thus,.it seemed logical to

41

theorize that the odd proton wave functions in Am2 and the 60-kev state of
Np237 were essentially the same. Perlman and Asaro (:&;} were soon to point
out cases in other odd-mass nuclei where essentially unhindered alpha decay
groups populated three members of a rotational band (Am2u3, U233, Cm2u3).

Bohr, Frfman, and Mottelson (31 ) (referred to hereafter as BFM) directed
further attention to these special decay groups and proposed the term "favored"
for those alpha transitions in which the intrinsic wave function of the odd
nucleon remains essentially unchanged. They, furthermore, derived a simple

approximate relationship between the intensities of favored alpha decay to

various rotational band members and the intensities of alpha decay groups in
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neighboring even-even nuclei. (See Section 32). Their‘formula is - exact
only in the limit of infinite nuclear moment of inertia. For favored alpha
decay from a nucleus with spin IO = KO to a band in the daughter of like K,
the L = O alpha group can only go to the base level by conservation of
‘angular momentum, rThe;E;= 2 group can generally divide between more than.
one band member., The relative intensities of the L = 2 branches by the BFM
theory are proportional to P (Z,E)-.(IOZJKOO|I021IfKO)2, where the P's are
barrier penetratiOn factors and the other factor is the square of a Clebsch-
Gordan coefficient. The L = 4 wave generally populates more levels, and the
relative branching is determined in a similar way. The relative intensities
of L=0,L=2, and L = 4 waves are estimated from the relative alpha in-
tensities to rotational band members in neighboring even-even nuclei. .For
much of the heavy region the L = 4 group is almost negligible. The relative
transition pfobabilities are given by

| 2
Ao R(zE) S C (LLKO[TiL I K)
L |

(4h.1)

where C. is the reciprocal of the hindranée factor for the alpha grdup of

L
angular momentum L in neighboring even-even nuclei.
As a demonstration of the kind of agreement between this theory and
experiment we reproduce in Table XVI the Table IV of BFM, brought up to date
| :

with the most recent data and using revised estimates for the CL'sg

There is good semi-quantitative agreement, and most discrepancies may
possibly be explainable when‘numericél work is performed without the assump-
tion of infinite nuclear moment of inertia.

Two cases were calculated for E253. The level spacings support the K.= 11/2

assignment, but in view of possible level perturbations the K = 7/2 possibility
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has also been caléulated. (These two spins are the only high spins that
appear reasonable for Z = 99 by Nilssons (13 ) spheroidal well calculations.)
The intensity comparison rather supports the lower XK.

The theory of intensities of favored alpha decay really avoids the
basic problem of ‘alpha formation, since it mekes use of experimental inten-
sity data from even-even nuclei. This theory neatly exploits the similarity
between favored alpha decay and decay of eveneeven nuclei.

45, «Hindered.decay;,selection.rdbs; and approaches to the problem,

.Going beyond the favored decay groups to the hindered groups of odd nuclei
we find a territory still uncharted by theory. Here we only hope to define -
the problem and indicate some of the possible paths that may bear future ex-
ploration. The empirical hindrance factor distributions -of Section 40 offer
few clues, as they show only slight tendency toward any grouping. There is
a group of hindrance factors in the neighborhood of 500, separated slightly
from the main body of lower hindrance factors,

At ﬁhe outset we may set down the strict selection rules for alpha decay,

based on conservation of total angular momentum and parity. -

IT-I 1< L < ILirk .1)

Only even values .of.L are’. allowed if the parity of initial and final

nuclear -states is the same énd only odd values of!é_allowed if there is a
parity change. If either Ii or If'is zero, it is possible to have cases
where alpha decay is strictly forbidden. For example, decay of an even-

even nucleus (0+) cannot populate odd spin states of even parity or even

spin states of odld parity.
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.Alpha decay rate behavior stands in marked contrast to that of beta and
gamma decay in that angular momentum change per se plays a relatively minor
role. Alpha decay involving an angular‘momentum of eight units (Cm?uz) has
been detected in competition.with L = 0 emission. .In contrast, the associated
angular momentum is the dominant factor separating beta and gamma emission

rates into groups. The relative insensitivity of alpha transition rates to
angular mOmentumvmeans that mixtures of L values may frequently be en-
countered in alpha decay of odd nuclei, a matter of special importance to
angular correiation studies involving alpha radiation.,

For theoretical interpretation of the alpha emission process for groups
other than "favored" we can recognize three areas that need consideration
and exploration: First, Ehe influence of non-central interactions, both
electromagnetic and short-range nuclear; second, configuration: mixing in
parent or daughter that may allow alpha emission from a paired nucleon struc=
ture; and third, the direct formation of alphas from.c;nstituent nucleons in
unpaired configurations.

46.  Influence of non-central interactions. .The first area, non-central

interactions, has been dealt ﬁith in Secs. 28-33,and we only take time briefly
to recapitulate here.

The coupled radial wave equations in the region beyond the nucleus have
been precisely formulated to include the effects of electric multipole radias-
tion fields. Numerical application of the equations has been quite limited
to date, but it seems clear that the fast rotational electric gquadrupole fields
play an important role in the relative alpha group intensities to states
connected by these EZ matrix elements. AS yet, only the E2 coupling within

a given rotational band has been treated numerically:, but relatively large

1
i
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EZ matrix elements may also connect states of different bands where there has
been configuration mixing,

-El matrix elements of the order of magnitude of the single proton esti-
matel,or larger could play a significant role. -However, many of the low-
energy El transitions in the alpha emitter region are of measured half-life
and retarded by more than ,lO}+ from the single particle lifetime. The numeri-
cal example of"AmZLLl in Section 30 showed that the intensity of the hindered
‘ground state group could not be accounted for by assuming the group to be of
‘zero amplitude at the nuclear surface and considering the build-up due to Q&
coupling to the favored group to the 60-kev state. There is theoretical
reason to believe that the odd mass nuclel with g& lifetimes too short to be
measured may still be considerably retarded from Qhe single protonformulal
expectation. Hence,_electric dipole coupling probably has negligible in=-
fluence on alpha group intensities of odd-mass nuclei,  (The lifetimes of E1

transitions from 1~ states of even-even nuclei are more uncertain, only

upper limits being known.)

lS.,A.;Moszkowski, Chap. XIITI in Beta and Gamma»Réy”Spectroscopx;'Kai

Siegbahn, Editor; North-Holland Publishing Co., Amsterdam, 1955. p. .391.

The possibility exists that short-range nuclear forces or surface pola-
rizations may exert important coupling on the alpha particle in the nuclear
surface region. .The formulas of Secs. 28?33could be adapted to study this

coupling if some form and strength of the interaction were to be assumed.

47, Influence of configuration mixing. In the second area, we must

consider configuration mixing in parent or daughter that may allow alpha

emission from the even-even paired structure of the nucleus.
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In the region of a strongly deformed nuclei the ordinary Bohr-Mottelson
wave function (Equation II.15 of Ref. __ig_) for an odd-mass nucleus will
consider all nucleons pa;red except therdd one; and the odd nucleon will
move within the deformed well,suCh that the projection (Q) of its angular
momentum about the cylindrical symmetry axis is conservedf Certain pertur-
bations, as the rotation-particle=-coupling (RPC)l and residual nucleon-
nucleon interactions will mix the zero order wave functions somewhat. .Kermam's
analysisl of the levels of Wl83 shows the effect of the rotation particle
coupling in mixing of bands of the same parity but differing in Q (and X)

by one.. .Other interactions may connect still other pairs of intrinsic states.

4. K. Kerman, Dan. Mat. Fys. Medd 30, No. 15 (1956).

Obviously, we can again, as for favored alpha decay, exploit empirical
knowledge of the alpha decay rates of neighboring even-even nuclei to inter-
pret decay of odd-mass alpha emitters where&er configuration mixing of states
gives in parent and daughter some configurations with identical odd nucleon
wave functions. Expression of these concepts might be treated in the for-
malism of the fractional parentage coefficients,

Knowing the general'importance of fhe fotation=particle~coupling, we
may predict that high hindrance factors in deformed nuclei should not usually
occur where initial and final states in the alpha transition differ by one
unit in @ (and X) and S~ or D-wave alpha emission is allowed by spin and
parity selection rules. No systematic test of this hypothesis will be attempted
here, but we know of no violations in the highly hindered (~500) groups, most

243y

of which involve & parity change and some of which (i.e. Cm Ainvolve : an

Q change of two units with no parity change.
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Alpha decay groups involving a parity change may also be partly or
wholly accountable by configuration mixing, especially in the region (near
A= 224) where the I = 1-, K = O states in even-even nuclei lie lowest and
where the hindrance factors for decay to them are relatively low. That is,
one would consider the mixing in of configurations in which the odd nucleon
is promoted to an orbital of opposite parity (from the principal configura-
tion) and is coupled with an even-even core in an odd parity state of

collective motion,

48, :Direct formation from unpaired nucleons: the overlap model. . The
third area to consider for'non-favéfed alpha decay groups includes the pfo—
cess of direct formation of ‘alpha particles from constituent nucleons, at
least two of which are not paired to each other in the individual nucleon
configuration., The elucidation of the participation of this third mechanism
would be of great fundamental interest.

The direct formation mechanism may be amenable to theoretical treatment
by a Tolhoek-Brussard-type individual nucleon approach, (§§_) in which the
alpha formation probability inside the nuéleus is proportional to the overla§
of the four constituentvnucleon wave functions. It seems obvious that the
overlap will be a good deal less for orbitals not in a pair than for paired
orbitals, since the configuration interaction whereby paired nucleons may in-
crease thelr overlap would generally be absent for the nucleons not paired
together, For alpha emitters decaying across a closed shell (the Bi isotopes
and l27-neutron isotones) the radial overlap integral should be extremely

poor, since it involves nucleons in different shells with greatly differing

angular momentum. (See Section 41),
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.. D, ILLUSTRATIVE INDIVIDUAL DECAY SCHEMES
I, ALPHA DECAY ACROSS A CLOSED SHELL:.

49, -Bismuth-211 and Bismuth-213. B3ttt (AcC) decays across the 82-proton

stell according to the decay scheme of Fig. 23. With the spherical well shell-
model assignments of Pryce (_9 ) (refer to Section 15, Fig. 12) the ground-
state alpha group must be pure L = 5 and fhe lower-energy group may have

L =3 or 5. When Winslow's (:Bi) (see our Table XV) calculated surface pro-
babilities at 9.3 x lObl3 cm are corrected for angular momenta 5 and 3,
respectively, the reduced-transition probabilities are 6.1 x 10«4 for the
ground-state transition and 5.8 x:lOEA for the other transition. . It is in-
teresting to note how nearly -equal these wvalues are though both are highly hindered
in1c0mpariSOanithynearbyxéMGnheVengnudleﬂ&{Em%%?,gm%?p;Ra?aénRIPyx:@;]}. The
extraérdinary slowpess may be associated qualitatively with a lowered forma-
tion probability (poor overlap of constituent protoné in parent nucleus).

.The 353=kev gamma transition in T1207'has been shownl to have a X-
conversion coefficient ak = 0.18 = 0,03 and a‘ELE conversion ratio of 5.5.
With the screened relativistic theoretical conversion coefficients of Rose2
the transition appeared to be aniMl-E2: mixture, but with the recent refined

theoretical coefficients of-Sliv3 the best interpretation would be pure Ml.

(Theoreticalak (ML) = 0.20,)

Yralk-yairant, Teillac, and Victor, J. phys. radium 13, 313 (1953).
2 | |

M, E. Rose, Privately circulated tables and Appendix IV of Beta and Gamma

‘Ray Spectroscopy; Kai Siegbahn, editor,(North-Holland Publishing Co.,

Amsterdam, [1955).

3. A. 8liv, Unpublished tables (1956).
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Gorodetzky gg'gi.u.have performed alpha-gamma angular correlation measure-
ments with the 353-kev gamma transition and find an essentially isotropic dis-
tribution. The lifetime of the state was measuredl as less than, or equal to,
1.2 xAlOf9_sec.; with such a short lifetime attenuation effects due to extra-
nuclear fields would not be expected to be too seridué. Ffom the iack of |

‘angular correlation it was suggestedl‘L that the intermediate state be assigned

207 3

5 and the ground state of T1 5 the reverse of Pryce's (_9 ) propo-

1/2
sals and of our Fig. 23. We still prefer the s

3/2’

1/2 ground -state assignment,
mainly on grounds of the beta decay of leo7 being "favored" first forbidden
(log ft = 5.2) by the analysis of King and Peaslee.5 With the Fig. 23 spin

assignments isotropy in the alpha-gamma correlation should occur with 87%

L

3 and 13% L = 5 alpha radiation, a reasonable admixture (or with 13%

L=3and 8% L =5).

4Gorodetzky, Gallmann, Knipper, and Armbruster, Compt. rend. 237, 245 (1953).

®R. W. King and D. C. Peaslee, Phys. Rev. Ok, 1285 (195).

Bizj'3 exhibits a single alpha group to the ground state’in T1209. We

I

assume angular momentum 5 for the alpha-decay group and calculate a reduced

transition probability of 9.0 x lO_u,.quite comparable to those in BiZl;.

Sbg The Polonium-211 isomers, .POle (AcC') decays with a 0.,52=-sec,

half-life arcross the 126-neutron shell to the well-studied Pb207,,,A 25=-sec,
alpha-emitting isomer was discovered by Spiess.l Further work of Jentschke
23_2;.2 led to the decay scheme of Fig. 24. The spin of the ground state,

AcC', is expected to be 9/2, involving mainly a configuration with the two
2. . '
J=0

have been given for the spin of the isomer being at least 19/2. Thé most

protons beyond Pb208 as (h9/2) and the odd-neutron as g9/2° ArgUment52



-109-

% ] the two h9/2
J=2 19/2 -
protons coupled to a J = 2 state, with the odd neutron in 315/20

reasonable configuration might involve [(315/2) (h9/2)

1. N. Spiess, Phys. Rev. 94, 1292 (1954).

%y, Jentschke, A. C. Juveland, and G. H. Kinsey, Phys. Rev. 96, 231 (195k).
| ‘ _

The possible alpha angular momenta for AcC' are as shown in Fig. 24. We
ealculate, taking the lowest values of L in all cases, reduced transition
probabilities of 7.2 x.loﬂu to__;_)l/2 ground state, 5.9 x.J_O_5 to_fs/z, and
9.5 x lO_lL to p3/2° The similarity in ﬁhe values to the p states is inter-
esting, as‘is-;;eir similarity to the Bile values. .The greater retardation

of the transition to f is the reverse of expectation in terms of the naive

5/2

radial wave-function overlap considerations., (See Sec. 48).
If we take,’speculatively, the assignment 19/2- for the 1.30-Mev isomey
the allowed angular momenta are 10 to the pl/25 8 or 10 to the p3/2; and 3,

5, T, 9, 11, 13, or 15 to the il3/2°

babilities (lowest L) are as followst

The calculated reduced transition pro-

to pl/z, 1.5 x.lOg7,
60 Byjps 5.9 X 1077,

to 2.9 x 1072,

13/2’
The extra amount by which these transitions are slower than from the AcC'

isomer might be attributed to the unpaired proton configuration.

i212 (

51, Bismuth-212, B ThC) decays 33.7 percent by -alpha emission and

the remainder by beta minus decay. Six alpha. groups are known, the two main
groups populating ground state and a 39.85-kev excited state which decays to
ground state by an‘M; transition. The weaker alpha groups populate a group

of four upper excitéd states.
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The spin assignments 5+ and 4+ for ground--state and.first excited state
were proposed theoretically by Pryce (_2_) and are supported by angular=
correlation studies and analysis by J. W. Horton.l The spins of the upper
four levels are somewhat uncertain and are omitted from our Fig. 25. Pryce
has suggested that they constitute a quartet Jof levels with a (d3/2)§l-

(g9/2?N configuration and spins of 3, 4, 5, and 6. All the gamma transitions
drawn on Fig. 25 are of ML multipolarity;-the -assignmerit for -the energetic. gamma
rays being due to work by O. B.vNielsen.2 Nielsen's results appear to con-
tradict all of Pryce's spin'assignments for the upper quartet of levels,

(Nielsen's Fig..2 is supposed to present Pryce's spin assignments, but these

were apparently incorrectly copied from Pryce's ( 9 ) Table 3.)

17, W. Horton, Phys. Rev. 101, 717 (1956).

20. B. Nielsen, Dan.. Mat. Fys. Medd. 30, No. 11 (1955).

The alpha group to the ground state exhibits a reduced tranéition pro-
bability of 3.2 % lO-h, and that fo the upper state, 2.7 x lOiu. It is in-
teresting that the values are quite comparable to one another and to those
in Bizll andrBiZl3. . Alpha-gamma angular correlation offers a test for the
alpha-+gngular momenta of the group to the 4O-kev state. Several workers
have performed alpha=-gamma angular correlation experiments, and we quote the
value obtained by'Hortonl, for the anisotropy W(x)/W(x/2) -1 = =0.229.
Hortonl has discussed many possible spin assignments, Here we consider
" -only those of Fig. 25. Figure 26 plots the theoretical anisotropy as a
function of the mixing percentage between L= 3and 5. The calculation
assumes pure Ml gamma radiation. The experimental anisotropy agrees with

pure L = 3 or nearly pure L = 5. L = 3 seems the better choice on decay-

rate grounds. Actually it seems rather surprising to find such pure radiation
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in this case, since the centrifugal barrier factor for L = 5 is only L6 timeé
the factor for L = 3. Angular correlation involving alpha radiation is es-
pecially susceptible to atténuation; therefore, it is conceivable that the
unperﬁurbed anisotropy slightly exceeds that measured, though!. the lifetime§

is extremely short (tl/2 <7«lO-ll sec,)

3Rq L. Graham and R. E. Bell, Can. J. Phys. 31, 377 (1953).

-

52. The bismuth-210 isomers. The long-lived isomer of BiZlO decays by

alpha emission across both closed shells to T1206 with an alpha-particle

energy of 4.93 Mev and .a half-life of 2.6 - lO6 yr.l Its decay scheme is -

shown in Fig, 27. From Levy and Perlman's2 determination of'B_ branching

(log £t ~18,7) and lack of isomeric transition the most likely assignment is

6

206 . -1 -1 4 . .
(=), T1 is (1-) (Sl/Z)P f(pl/z)N . An L-value of 4 is permitted, and we

8

calculate a reduced-transition probability of 4.2 » 10 ~. This result must

be taken as somewhat uncertain, with the possibility that the spin may be

in error or that the decay may not proceed to the ground state of‘T1206.

‘The five-day beta-emitter Bic 0" (RaE) is probably (1-) with mainly a

mixture of configurations (113/2)P(315/2)N and (fY/Z)P(g9/2)N’ and it has

been observed to undergo alpha branching to the extent of 5 - 10_5%(3), or

1.7 = 10-4%(4). L values of 0 and 2 should be allowed. Assuming L = O and

taking the latter branching ratio value we calculate the RTP as 1.6 ° 10-6.

lD. J. Hughes and H. Palevsky, Phys. Rev. 92, 1206 (1953).
%4, B. Levy and I. Perlman, Phys. Rev. 9k, 152 (1954).
3E. Broda and N. Feather, Proc. Roy. Soc. (London) A190, 20 (1947).

4Fink, Warren, Robinson, and Edwards, Bull, Am. Phys. Soc, 1, Ser. II, 171,
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II. ALPHA DECAY IN THE REGION OF SPHEROIDAL NUCLEI .

53. - Thorium-230 and the levels of radium-226, The spéctrum of levels

exhibited by Ra226 (Fig. 28) is an interesting one, for in addition to the

normal even-parity rotational sequence AQ, A2, Ak, and perhaps A6 at 416
kev, there appear at least one (Bl) and probably two other (B3, B5) odd-

Th23° nas

parity states at surprisingiy low energy for even-even nuclei,
been the subject of many careful g=y and y=y angular correlation measure-
ments, and this work constitutes an outstanding example of the wealth of
information obtainable by the angular correlation method.

.Alpha spectroscopy; has directly established the two lowest le#els.
The next three levels are firmly established by a-y and y-y coiﬁcidenee
studies,2 The evidence for the 416~ and 4L4S-kev levels is not entirely con-

clusive, consisting of the observations of two weak gamma rays of 206 * 5 kev

and 237 * 5 kev in coincidence with the l2k-kev gamma (AL-A2),

;Rosenblum, Valadares, Blandin-Vial, Bernas, Compt. rend. 238, 1496 (1954).
Hummel, Asaro and Perlman, Unpublished data (1955).

ZBooth, Madansky, and Rasetti, Phys. Rev. 102, 800 (1956).

G. Valladas and R. Bernas, Compt. rend. 91, 2230 (1953),

Perlman, Asaro, Stephens, Hummel, and Pilger, University of California
Badiation Laboratory Unclassified Report 2932 (Chemistry Division Quarterly
Report, Dec.,1954 to Feb.,1955) p. 59.

3Stephens, Asaro and Perlman, (to be published) (1956).
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The spin and parity assignments of the levels A2, AL, and Bl rest
firmly on alpha-gamma angular correlation work (cf, especially Valladas,
et gl.h, Falk-=Vairant and Petits, and Stephens6 with additional references
therein), internal conversion coefficient determinations, and gamma-gamma

angular correlations.

4Valladas, Teillac, Falk-Vairant, and Benoist, J. phys. radium.ié, 123 (1955).
5P. Falk-Vairant and G. Y. Petit,’Compt° rend. 240, 296 (1955)°
éF. S. Stephens, Ph. D, Thesis, University of California Radiation Laboratory

Unclassified Report 2970 (1955), unpublished.

Since a good rotational level sequence is exhibited by‘Ra226, we may
reason that there is a stable spheroidal nuclear shape and that the K-quantum
number ‘may be fairly good. Band A necessarily has K = O, the spin of its
lowest menmber., The K~quantum number applying to state Bl can be deduced from
the relative reduced gamma transition probabilities for the two El gamma rays
depopulating it., Study of the electron-capture decay of Ac226, which mainly
populates Bl, has given a good relative intensity figure.

‘Experimentally, the relative reduced transition probabilities are

B 3
L2 A0y g (1807 s,
Bl —> A2
Theoretically,
2 2,00 for K, = 1
B, _s o _ (11 Ki —Kil 11 00) - i
B) 5, (11K K [11z20)e 0.50 for K, = 0

The assignment Ki'= 0 is clearly demanded, and the similar comparison

218 _ 222 _.22k4 226 226 228 238

for 1- levels in Em > Ra , Ra » Ra s Th , Th , and Pu also favors

X = 0. (cf. Section 13). If the 1l- level were an ordinary nucleonic excited
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state involving two unpaired nucleons, the Bohr-Mottelson theory would re-
quire K = 1, -Hence, the stéte Bl must be regarded as a state. of collective
excitationy more specifically, Bl is to be regarded as a member of the ground
rotational band. . (See Section 13 for discussion.)

The state at 320 kev is thought to be 3- and K = 0, on the basis of its
decay properties. .It is probably to be considered as another odd member of
the ground rotational band. Curiously, the effective energy conStant/ﬁ2ﬁ§;§
as calculated from the spacing betﬁeen.Bl and B3 is only 60 percent of that
from the spacing between AO and AZ,

The very tentative spin and parity assignments of Fig. 28:for the 416-
and 445-kev states are based principally on expectations from the rotational
energy formula, but their observed decay only to Ak is consistent with the
assignments,

It is interesting to compare the levels with a rotational energy for-
mula., In order to secure agreement with the even parity energy levels it

is necessary to employ a three-parameter equation

E; = AI(T + 1) - BIZ(I + 18 o131 +1)3 (53.1)

in which case, with the enefgies 67.62, 210, and 416 kev for A2, Aﬁ, and A6
one obtains
A =11.69 kev, B = 0,075 kev, and C = 0,0008 kev.
For' the -odd-parity levels

E; = 240 + 6.75 I (T + 1) (53.2)

gives a satisfactory fit within experimental uncertainty. The perturbation
from the simple formula appears to be of the oppsite sense from that of the
even-parity leyels (see discussion in work of A..K._Kerman7), but the level

energies are not known precisely enough to establish the point.
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s, . Kerman, Dan. Mat. Fys. Medd. 30, No. 15 (1956).

The alpha-gamma angular correlation involving the 68-kev A2-A0 gamma

has been the cbject of careful study.8’9 Theoretically, for the sequence

o) %§ 27£> O one should obtain an angular correlation function of form
(sin 2 9)2. That is, the coiricidence rate should be zero at @ =7 or n/Z,-

The experimental function has maxima and minima at the proper angles, but
they are less pronounced, and the function does not get very near‘zero at
the minima. Such attenuation of the correlation function is attributed to
the interaction of extérnal magnetic fields on-the nuclear magnetic moment
of the intermediate state or of electric field gradients on the nuclear

electric quadrupole moment. One conventionally defines attenuation factors

8G..M..Temmer and J. M. Wyckoff, Phys. Rev. 92, 913 (1953).

9Valladas, Teillac, Falk=-Vairant, and Benoist, J. phys. radium ;é, 123 (1955).

G2 and.fB for the separete terms in the expansion of the correlation function

in Legendre functions. That is, for the above alpha-gamma sequence we have

for no attenuation

W (8) =1 +0.714 Pz(cos 9) - 1,71k Py, (cos ) - (53.3)

while in the actual case with attenuation

W () =1+ 0.7k G, P, (cos ©) - 1.7k G P, (cos 8) (53.4)

Valladas et 95.9 find.G2 = 0.473
As discussed in the papers of Temmer and Wyckoff8 and Valladas éﬁ 3;69,

and;gg = 0.565,

the attenuation here is to be attributed predominantly to electric rather

than magnetic interactions, since magnetic interaction should give G2 > G4
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in disagreement with experiment, .By theories of Alderlo and Abragam and
Poundll the attenuation coefficients are given as functions of wfT, where 7
is the mean life of the intermediate state.and 2nw is the smallest non-

vanishing Larmor precession frequency for the gquadrupole interaction. The

above attenuations are (CU‘T)‘ ~ |,

0, Alder, Helv. Phys. Acta. 25, 234 (1952).

llAbragam and Pound, Phys. Rev. 92, 943 (1953) .

The attenuation coefficients for the O %9 h'%>-2 sequence have been de-

terminedl3 as G2 = 0.74 and Gu,= 0.61, consistent with electric interaction

with (wr), ~0.13.

. Using Abragam andﬂPOund's relationship between w and the quadrupole
moment and Bohr and Motﬁelson's (_;Q_) relationships between lifetime,
quadrupole moment, and intrinsic quadrupole moment, Valladas gzqgi.lz calcu-

late an expected theoretical ratio
()
T__7§ = 0,11 * 0,0k
iy

in agreement with their experimental ratio of 0.13.

13

-Alpha-gamma angular correlation has been done - with state Bl as in-

termediate, confirming the spin assignment of unity. .The attenuation is
small: 0.8 <G2 <l. That is, assuming electric quadrupole interactions,
wl <,

lZValladas, Teillac, Falk-Vairant, and Benoist, J. phys. Fadium ;é, 123 (1955).

13p, Falk-Vairant and G. Y. Petit, Compt. rend. 240, 296 (1955).
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54, Curium-242 and the levels of plutonium-238. The energy levels of
L2

u238 have been investigated thoroughly both from the alpha dec‘ay:-L of sz

38 238

P

and the B~ decay2 of sz . . oome work on electronvcapture3 of Am has
also been done, The level pattern and alpha spectrum (Fig. 29):are expected
to be representative for even-even nuclei in the region of pronounced spher-

didal distortion.

}Asaro, Perlmen, and Thompson, Phys. Rev. 92, 694 (1953),

F. Asaro, unpublished results (1956).

aFreedman, Jaffey, and Wagner;APhyS‘.ReV, 19, 410 (1950),

Rasmussen, S1H8tis, and Passell, Phys. Rev. 99, 42 (19555,

Rasmussen, Stephens, Strominger, and Xstr&m, Phys. Rev. 99, 47 (1955),
S. A. Baranov and K. N. Shlyagin, Atomia Energia 1, 52 (1956).

3r. J. Carr, Ph. D. Thesis, University of California (1956) (Radiation

Laboratory Report UCRL 3395),

The energy levels AO, 2, 4, 6, and 8 are believed to comprise a rota-

tional band based upon the ground state. A part of this sequence of states

is well established. The alpha groups to states A0, A2, and AL have been ob-
served directly, and the energy level spacing agrees with the I(I+1) dependence
expected of a rotational band. Conversion coefficients for the transitions

A2 —> A0 and Ak —> A2 have shown them to be E2 and no crossover (AL —> A0).
could be found., From this information the state A4 is assigned uniquely L4+
only on the basis of the I(I+l) level spacing although the other data support
this assignment. However, the samé sequence has been investigated in other
even-¢yen nuclei and alpha-gamma and gamma-gamma angular correlations show

quite definitely that the third member is a_h+ state,  (See Section 53) .
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The bli-kev E2 transition (A2 —> AO) has an L-shell conversion coefficient
of several hundred, and since this state is by far the most heavily populated
Oof the excited states, the most prominent electromagnetic radiation consists
of L x-rays. The 102-kev transition (A4 —> A2) is found to be in coincidence
with L x-rays as expected. .The remainder of the cascading sequence /.~
A8 —> A6 —> A} was characterized by showing that each gamma ray was in co-
incidence with the one below, The spins of these states (A8 and A6) were
assigned on the basis of the cascading transitioné.and'because the energy
level spacings agree with the expectations for higher members of the rota-
tional band., = The low intensity of population of these states makes it diffi~
cult to obtain more detailed information, such as conversion coefficients,
for these transitions. It will be noted later that the 6+ and 8+ states are
not seen in the g~ decaj of Np238, and this fact conforms with a consistent

38 and the higher energy levels of Pu238°

set of level assignments for sz
The energy level Bl, assigned 1~, was deduced from a pair of gamma-rays

of 605 kev and about 560 kev., The higher-energy component was not in coin-

cidence with any photons, and the lower-energy cafponent was in coincidence

with L x-rays proving that it Ieads to level AZ. Such pairs of gamma rays

have been seen in other heavy even-even nuclei4 and have been proved to be

El transitions arising from 1- states, .In all cases examined in which' the

1- assignment was established, the reduced transition prababilities of the

competing El transitions were found in a ratio characteristic for the K-

quainm number equal to zero for the 1- state-as well as for the rotational band

based upon the ground state. This same relationship of the reduced transi=

tion probabilities was found in the present case, .Beyond this reasoning by

analogy there is no other ‘supporting evidence for the (0,1-) assignment of

state Bl and it must, therefore, be considered provisional,
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uStephens, Asaro, and Perlmen, Phys. Rev. 96, 1568 (195k4).

.F. S. Stephens, Jr. and I. Perlman, to be published.

The best information on thelhigher levels comes from the study of Np238

beta decay. The best high-energy conversion electron data are those. of
Baranov and.Shlyagin,S_and they show five gamma transitions near 1 Mev:

1032, 1030, 988, 942 and 927 kev.6 The K-lines of the two highest-energy

°S. A. Baranov and K. No,Shlyagin,vAtomnia Energia i, 52 (1956)°

6Baran0v and Shiyagin (Ref. 5) repérted the abéence of the 927=kev‘transi—
tion seen by Rasmussen, S1H4tis, and Passell (Ref.vz), but in private commu-
nication fo Jeo M, Hollander; Baranov reported later ébserving it. The
K-line ié certainiy much weaker fhanrepofted by Rasmussen, Slﬂfis, and

Passell,

transitions are barely identifiable as two separate lineéi but coincidence
measurements showed.earlier7 that there are indeed two gamma rays of -about
1030 kev, the more intense component being not in coincidence with L x-rays.
Hence this~gamma leads to the ground state,.definitely establishing a levelat
1030 kev designated D2 in Fig. 29. The 988-kev gamma-ray.is found in about
equal intenéity to the 1030-kev gammz-rays, and its énergy agrees with the
D2-AZ difference, but also with the C2-A0 difference,‘énd Baranov and.Shlyagin5
divide the line intensity between these transitions. The Oi2-kev gamma-ray

is probably in coincidence with L x-rays, and hence does not go .tb the ground
state. Whether this gamma goes to level AL or to A2 was regarded as an un-

>

settled dquestion by Rasmussen gg_§1.7 Baranov and Shlyagin's” work favors

the latter alternative of directing Y942 to level A2, thus defining a level

\

at 986 kev,
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7Rasmussen, Stepens, Strominger, and Bster, Phys. Rev, 99, 47 (1955).

Iével A} is populated in about 3 percent of the beta transitions. Gamma-
gamma coincidence work7 suggested podpulation of A4 by a hard gamma-ray of
‘energy consistent with either the 942 or 927 kev gamma rays. Electron-
electron colncidence work5 suggested population of A4 directly by a hard
beta group (1133 kev), roughly to the extent of 2.8 percent of total disin-
tegrations. There is evidently population of AL by both beta- and gamma -
rays, although the relative amounts must surely be regarded as somewhat
uncertain.

Most of the gamma transitions must be of electric quadrupole mnature, and
the data are consistent with all being EZ2. Both of the recent studiesS’7 pro-
posed sets of relative intensities for all transitions, but with the un-
resolved beta and gamma transitions these relative intensities must be based
on balancing transition intensities to and from the lower levels, The pro-
posed sets of.intensifies are presently to be taken with some reservation,

The- levels D2 and D3 have been designated7’8 as (2,2+) and (2,3+) states
‘and could possibly have the predominant character of a so-called gamma
vibration (shape vibration) band predictéd theoretically by Bohr-and
Mottelson (_}9_). The spacing between D2 and D3 is roughly 46 kev, and this
corresponds to the same or slightly lower rotational moment of ‘inertia as the
ground state, If the levels are of vibrational nature, there must, however,
also be a sizeable admixture of an excited nucleonic structure, since the
beta decay would necessarily be much slower if the levels were purely

vibrational.
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8The usual convention of A, Bohr and co-workers of listing quantum numbers

in the order (K, I, M) is used here.

The assigmments of level D2 to be a (2,2+) state receives its strongest
support from the relative gammaeray intensities. For large spheréidal dis-
tortion, where_g_may be a fairly éood quantum number, one‘can calculate
relative transition rates to.différeht mémbers of a rotatioﬁal bands -(The
reasoﬁ why all &ransitions from.stgté D2 are exéected to be.puré,gg will be
dealt with presenﬁly.) The redﬁced tfansifioﬁ probébilities shouid go simply
as the squares of appropriate Clebsch-Gordan coefficients involving I- and
jﬁ-quantum numbers., .Inyparticular,.this anaiysis often permits an ﬁnambi-
guous assigrment of‘the_g—quantum number, .When applied to the present case,
it turns oufvthat only if K = 2 fof state D2'would dne‘expect fo find tran-
sitions D2 —= A0 and D2 —> A2 in the relative intensities oﬁserved and |
have the D2 —> A4 transition of unobservably low intehsity.‘

One of the demands>of these assignments is that the transition D2 —> AZ,
be E2. The reason why it does notvexhibit measﬁrable_M; admiitﬁre is because
of the selection rule that the multipolarity must exceed or be équal te K.

238

The most reasonable éﬁin assignment’fbf Np with the decay scheme of
Fig. 29, would seem to be 3 with even or odd parity admissible, |
-The alpha group shown to populate the stéfe D2'is assigned from rather
fragmentary evidence, A definite, buﬁ very weak, gamma-ray of ~1010 kev
was observed in the Cmﬁzu2 spectrum, and this could be a mixture of the 988~
and 1030=kev tranéitioné from level DZ seen in the beta decay of‘Np238o
The level designated CO is bésed on a weak ~890-kev gamma transition’

observed in alpha decay of Cm?uz, It was found to be in coincidence with L
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x-rays. Our tertative interpretation of this level, placed at 935 kev, is
as a O+ level, perhaps to be associated with a Bohr-Mottelson (_10 ) beta
vibrational excitation.

. It is very interesting to note that the 986-kev level from beta decay
of Np238 is spaced above the level CO by about 50 kev which is bf the right
magnitude to be a rotational excitation. In Fig. 29 we have associated
these levels with é single rotational band, calling the 986-kev level C2.
It should be emphasized that the interpretation of the states CO and C2 is
highly speculative and is advanced here mainly as a guide to further
measurements.,

Attention will be called here to the obvious need of relating the ob-
served intensities of alphé population of the several levels with alpha-
decay theory. The hindrance factor which expresses the ratio of the partial
alpha half-life of each transition to that of the ground state transition
after removing the energy dependence is given in fhe caption to Fig. 29.
Also given 1s the factor taken from the treatment of Winslow (_22;) which
expresses the retardation due to the centrifugal barrier resulting from
alpha-particle angular momentum.

The assignment of the ground-state rotational band follows partly from
the identification of cascéding,@é transitions and partly from the level

spacing. The Bohr-Mottelson rotational formula is of the form

E=AI(I +1) - BIZ(I‘ + 1)2 : (54.1)

where B << A in the region of applicability of the model. The agreement

between experiment and theory may be judged from Table XVII.
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55. Curium-243 and the levels of plutonium-239., Our knowledge of this
239

alpha emitter -and the levels of its daugher nucleus Pu is considerable as - -~

239, w239 an?39

a result of study of the three isotopes decaying to Pu™~"; i.e., N m -,

243 239

and Cm~ 2, as well as coulombic. excitation of Pu . .The essential results

of these studiesl_l‘L are embodied in the decay scheme of Fig. 30.

Lp239) 7. M. Hollander, W. G. Smith and J. W. Mihelich, Phys. Rev. 102, 74O (1956),

S. A. Baranov and K. N. Shlyagin, Atomnia Energia 1, 52 (1956), |

D. Engelkemeir and L. B. Magnusson, Phys. Rev, 22, 135 (1955)

H. W. Lefevre, E. M. Kinderman and H. H..Van Tuyl, Phys. Rev. 1oo 137& (1955),

Other references in . "Table of Isotopes" by Hollander, Perlman and Seaborg
Revs, Mod. Phys. 25, 469 (1953)° R

2 Am239)'w.-G.,Smith, W. M. Gibson, and J,. M, Hoilander, University of

California Radiation Laboratory Report 3356 (1956) (to be published).v

3(cm?*3) F. Asaro, S. G. Thompson, and I. Perlman, Phys. Rev. 92, 69k (1953).

4(coul, exc.) J, O, Newton, Nature 175, 1028 (1955) and private comnuniqqtion

(Octs 1955).

The levelsmay be grouped into rotational bands, levels A-l/z, A-3/2,
>

A-5/2, and A-7/2 comprising one band, and the measured” ground-state spin
of 1/2 identifies this band, with its irregular spacings, as an "anomalous"

. K = 1/2 band with energy level spac1ngs given by

2 | B
Er= F5[ra) s & 2] o

with a,the decoupling'parameter,dependlng on details of the intrinsic

nucleonic structure, -Levels B- 5/2 and B=- 7/2 ev1dently belong to a common
rotational band, and the occurrence of three Ml gamma transitions to levels

of spins 3/2 5/2, and 7/2 fixes the spin and relative parity of level B- 5/2
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-Level C-5/2 is the opposite parity from the lower levels and 1s presumed. 8f
spin 5/2 on the basis of the transitions depopulating it. All the abbve
levels presumably receive some alpha population, although experimental
difficulties (interference from szhz) has hitherto prevented the actual

observance of any alpha decay to the lowest two levels.

SM. Van den Berg and P, F. A. Klinkenberg, Physica 20, 37, 461 (1954).

Coulomb excitation givés rise to observation of gamma transitions A-S/Z -
A—3/2 and A-5/2 = A-1/2, Level D-7/2 is popuiated'by decay of Np239 or Am239,
but its excitation has not been observed in alpha decay, perhaps on account
of ‘its high energy. Spins of 5/2 or 7/2 ére consistent with experiment, but
7/2 seems more likely from inspection of the Nilsson diagram (13 ), Fig. 31.

The rotational spacing.factor EZ/E:;T is 6/25 kev for band A and 6.39
kev for band B, This is to be compared with L.T4 kev and 6.20 kev for bands
A and B, respectively, in nearby Np237 and to 7.35 kev for Pu238.

- Level B-5/2 has a measured lifetime6 of 1.1 x lO—9 sec. representing a
slow=down from the single-particle formula of about a factor of lOlL for the
main M1 transition B-5/2 —> A-3/2 depopulating it. This slowness is attri-
buted to the violation of the K selection rule, since AK = 2 exceeds the

gamma multipolarity.

6R. L. Graham and R. E. Bell, Phys. Rev. 83, 222A (1951).

Level C-S/Z has a measured_lifetime7‘of 1,9 lO—7 sec, representing a
retardation of ~2 x 106 on the single-proton lifetime estimate for El tran-
sition C-5/2 —% B-5/2. The slowness is rather commonly observed for El

transitions in the heavy region and may be associated8’9’with a violation
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of selection rules in the asymptotic quantum numbers«nZ; or A (defined in
Sectionl}). With the assignments in Fig. 30 there is Aﬁi = 3, exceeding

the multipolarity.

™. Engelkemeir and L. B. Magnusson, Phys. Rev. 99, 135 (1955).
8Jf O. Rasmusseﬁ and D, Strominger, Bull. Am. PHys. Soc. 1, -Ser. II, No. 4
Paper ‘Rh (1956);

9'D..Str.ominger, Ph. D. Thesis, Univérsity of Californig (1956) (Radiation

Tiaboratory Re.f)‘ort “YCRL 337k ). )

The .relative reduced-trénéition probabilities of the k2 transition
A-5/2—> A-1/2 and the E2 component of mixéd M1-E2 tremsition A-5/2 —> A-3/2
have been shownloto be proportional to the squares of the appropriate-Ciebsch—
Gordan coefficients (Ii 2KO0 | I, 21, K)z, as tﬁey should be for K a fairly
good gquantum number,

The ground state magnetic. moment (fu] = 0.4) and decoupling parameter
(a = 1.418) for the band have been compared with theoretical calculations’
;using Nilsson's spheroidal well nucleonic wave functions (13 ), and the
assignment to the particular Nilsson state giving agreement was made.

Likewise, a consistent interpretation ofvthe beta~ and electron-capture
Tt vaiues in terms of Alaga's selection rules:Ll in N, n_, and M can be ob-
tained with the assignments of Fig. 30. It is necessary to assume assign-
ment of 5/2+ to Np239, the same as Np237, but in dontradiction to the spec~
troscopicaliy measured spiﬁua of 1/2° The violatibn of selection rules in

n, and A for the allowed beta transitions:from Np239 to bands B and D slows

them o a comparable rate (log £t ~7) with the unhindered first-forbidden

transition to C (logigt ~6.5). The most dramatic effect of the asymptotic
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quantum number selection rules results from the violation AN = 2 for the
allowed transition from Am239 to C-S/Z; the transition is too weak to be

observed and must have a log ft > 8.

lOHollander, Smith and Mihelich, Phys. Rev. 102, 740 (1956)..

MG, Alaga, Phys. Rev. 100, 432 (1955).

2. a. Conway and R. D. McLaughlin, Phys. Rev. 96, 541 (1954).

The main alpha group to level B—S/Z has a hindrance ‘factor of only l.ﬁ
and is presumed to be of the "favored" type in which the odd-neutron in
state B—5/2 is in nearly the same state as in Cm2h3. See Table XVI for com-
parison of favored alpha groups with the Bohr-Fr¥man-Mottelson (_31 ) theory.

The alpha transitions to the ground band fall in the category of highly-
hindered transitions. It is significant that the E2 radiations between the
ground band and the favored band are weak, indicating that the elecﬁric coup-=
ling of the hindered group with the favored is not large. Beyond this we
are unable to say why the ground transitions are so hindered. The alpha
transition to state C-5/2 is hindered by a factor of 16. The parity change
restricts the transition to L = 1, 3, or 5.

56. Americium-241 and the levels of neptunium-237. Here again (Fig. 32)

. 1.
the three radicactivities decaying to Np237 have been carefully studied, 3

s L .
and coulomb excitation experiments have been carried out.

l(Amzm') Jaffe, Passell, Browne, and Perlman, Phys. Rev. 97, 142 (1955).

F. Asaro and I. Perlman, Phys. Rev. 93, 1423 (1954).
P. P. Day, Phys. Rev. 97, 689 (1955).
Milsted, Rosenblum, and Valadares, Compt. rend. 239, 259, 700. (1954).

Je. L. Wolfson, private communication (1954).
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J. M, Hollander, W. G. Smith, and J. O. Rasmussen, Phys. Rev. 102, 1372
(1956) . - - . B L
Gol'din, Tret'yakov, and Novitsova, Conf. Acad. Sci. USSR on Peaceful Use

of Atomic Energy, Phys. Math, Sci. p. 226. (July 1955).
J. .F. Turner, Phil, Mag. 46, 687 (1955).

8. A, Baranov and K. N, Shlyagin, Conf. Acad. Sci. USSR on Peaceful Use of
Atomic Energy, Phys. Math. Sci. p. 251 (July 1955).
2(U237) Wagner, Freedman, Engelkemeir, and Huizenga, Phys. Rev. 89, 502 (1953).
L.»Melander‘and'H° S18tis, Phys. Rev. T4, 709 (1948); Arkiv Mat. Astron. Fysik
364, No. 15 (1949).

8. A, Baranov and K. N, Shlyagin, Conf,.. Acad. Sci. USSR on Peaceful Use of
Atomic Energy, Phys. Math. Sci. p. 251 (July 1955).

Zhur, Exp. Theor. Fys. 30, 225 (1956).

Hollander, Canavan, and Rasmussen, to be published (1956).
3(Pu'237) R. W. Hoff, Ph..D. Thesis, University of California (195§) (Radiation
Laboratory Report UCRL 2325); R. W. Hoff and J. L. Olsen, private

communication (1956).

L

J. 0, Newton, Nature 175, 1028 (1955) and private communication (Oct. 1955).

Levels A-5/2, A-T/2, and A-9/2 form a regular rotational band as shown
by coulomb excitation. Levels B=5/2, B=7/23 and. Ba9/2 form a second rota-
tional band of opposite parity to the first, .The base spins of these bands
and their K-values are 5/2, These levels constitute the main levels receiv-
ing alpha decay, although alpha'decay to level A=9/2 has not been seen and is
probably almost unobservable.

The rotational spacing faétor 1712/23"> for bhand A is bk keva the smallest

known for any nucleusywhile-ﬁz/ﬁf for band B is 6.20 kev.
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Level B-5/2 is a metastable state5 of half-life.6.3 x 10_8 sec, decay-
ing by El transitions B-1/2 —> A-5/2 and B-5/2 = A-7/2. Like other El

transitions of this region these violate a selection rule in n, (an. = 2).

—Z

The gyromagnetic ratio for state B=5/2 has been measured6 as +0.8 £ 0.2
by the attenuation of the alpha-gamma angular correlation in an applied

magnetic field.

5Beling, Newton, and Rose, Phys. Rev. 87, 670 (1952).

6Krohn, Novey, and Raboy, Phys. Rev. 98, 1187 (1955).

The alpha decay to band A is of the highly-hindered type. Alpha decay
to band B appears to be of the favored type. Here, it would seem, is an
interesting opportunity to test the favored alpha-decay hypothesis that the
odd-nucleon wave function remains essentially unchanged. The measuréd-mag-

41

netic m.oment7 of Am2 is +1.4 nuclear magnetons while that of state B-5/2
of Np237 by the attenuation measurement6 is +2.0 * 0.5 nuclear magnetons.
.The moments are not the same but the check is probably close enough to be
consistent with the favored decay hypothesis, particularly when it is re-

membered that magnetic moments are often extremely sensitive to details of

the wave function,

r, E. Manning, M, Fred, and F. S. Tomkins, Phys. Rev. 102, 1108 (1956).

The M1-E2 mixing ratios for cascade radiation in band B have been measured

by conversion electron intensity work8 and, coupled with the experimental mag-
netic moment for level B-5/2, provide a test in satisfactory agreement with
the model of a single free proton in a spheroidal well. This agreement is in
contrast to similar tests in the gfound band which do not agree with the ex-

9

treme single-particle picture. The unusually large magnetic moment” of
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237

+6.,0 t 2,5 nuclear magnetons for Np is not calculable on the extreme
single~-particle picture, though the even-parity assignmenﬁ of Fig. 32 gives

a larger (+3 nm) moment than other possible states.

8Hollander;“Smith, and Rasmussen, Phys.: Rev. 102,.1372(1956). .

. BT N feo ) ‘l { o o ;
Ién vy R S A e a0 oy e . , . 3 o

Bleaney, Llewellyn, Pryce, and Hall, Phil. Mag. 45, 992 (1954).

The U37 main beta transition to state C-3/2 has log £t ~6.1 and is
classified with the state assignments of the figure as first forbidden
(Al = 1, yes), unhindered. .Beta decay to A-5/2 should be second forbidden,
and is not dbserved. Beta decay to B-5/2 would by spin and parity change-
be unique first forbidden (Al = 2, yes), but it is hindered by the A A
selection rule, This beta group has not been observed, and exﬁerimentallyr
a limit has been set of log £i >9.

.State D—7/2 cannot bé significantly populated directly by beta decay as
it has (AT = 3) and would be second forbidden. The spin 5/2 is also consis-
tent with experiment, but 7/2 seemé more likely by inspection of the Nilsson
diagram., (Fig. 31). Experimentally somewhat less certain is the level de-
signated tentatively'E—3/2. For most of the gamma-rays depopuiating this
level only one conversion line has been observed, The beta branch to this
level is quite weak. There are also a few weak conversion lines not accounted
for by the present decay scheme,

Pu237"decays predominantly to the ground state (or possibly some to other
members of .the ground band). .An upper limit on decay giving the 60-kev gamma
(B-5/2 —> A-5/2) has been set .as less than 2 percent of total K-capture.

The L/K-capture ratio is 0.88, about normal for allowed or AL = 0, 1, yes,

first forbidden for the decay energy ~180 kev, estimatedlo from closed decay
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energy cycles,

10 o . L s . . L ‘
R, . A. .Glass,rprivateicommunication (1956). . .. % ‘. N

The alpha decay hindrance factors are given in Table.XIIL,. ... . 'a@%f; 

The decay to band B is of favored type, and one is referred to Table XVI
for comparison of intensities with the Bohr-Fr8man-Mottelson (_31 ) theory.

The BFM formulation can be used to predict that thé main alphé group td
level B-5/2 is about 80% & = O and 20% L = 2. The alpha-gamma angulér corre-
lation with gamma B-5/2 —» A-5/2 will be sensitive to this admixture., Fig.
33 plots the anisotropy for various mixtures of EL: 0 and 2, with the gamma
radiation assumed pure dipole.

The experiméntal anisotropy, Hﬁ%l -1 = -0.41, obtained by Noveyll with

W

solution sources, is slightly lower tgan the theoretical,

llT.VB.-Novey, private communication (1956).

The angular correlation is especially important on another score, as it
determines the L = O and L_= 2 waves to be nearly in phase instead of 180°
out of'phase. -This allows us to select the more likély cases for the inward
integration of coupled alpha-decay equations for nearby even-even isotopes.
(See Sectiodn 32).

For Fig. 33, we have used for the two possible phase. differences a for-.
mula given by’Frauenfelder-.l2 The formula i1s subject to modification  where
strong non-central electric interactions exist, as they do here, The
greater the inequality in the mixing ratio, the greater the modification.

Evaluation of the phase shift modification must await numerical studies of

the appropriate alpha decay differential equations, but any modification would
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be expected to bring both branches of the loop of Fig., 33 closer. to a straight

line connecting the points for pure L = O or L = 2,

le.:Frauenfelder, Chap. XIX(I), Beta and Gamma Ray Spectroscopy; Kai

 "Siegbahn, Editor, North Holland Publishing Co., Amsterdam, 1955. Eq.(48).
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Table T

ALPHA SPECTRA OF HEAVY- ELEMENTS

.Explanation of Columns

GOLUMNS 1 AND 2
~Column 1 indicates the alpha emitters with measured spectra.
.Those emitters in which alpha decay was deduced only by the chemical
separa£ion of the daughter are not included.

Column 2.shows the partial alpha half-life. If the partial alpha
half-life is unknown or is measurably different from the overall half
life, the latter is shown in column 1.

COLUMN 3

.Column 3 . indicates the degree of certainty that the half life
and the most prominent alpha group belong to fhe emitter listed in
column 1. The meaning of the symbols is as follows:

A Element certain, mass number certain;

B Element certain, mass number probsble;

C ~Element probable, mass numberiprobable;

D Element certain, mass number uncertain or not well established ;

E Element probable and mass number not well-established or known;

¥F Insufficient evidence.

COLUMN 4

Column 4 shows the measured alpha particle energies. Where there
is.some uncertainty about the existence of an alpha group, a question
mark appears after the energy. -Where there is-considersgble uncertainty

about the existence of alpha groups, they are omitted from this table.
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. (B

Explanation of Columns (cont'd) COLUMN 5

Column 5 indicates the method of measurement which best defines,
the energy and existence of the various alpha groups.

spect magnetic or electrostatic spectrograph.

ion ch ionization chamber coupled with some

form of pulse-height analyzer

range air (or mica) range determination in air (or mica).

range emuls range of alpha tracks in.a photographic
emulsion.

Yy -aQ pulse-height analyzed alpha spectrum

observed in coincidence with gamma rays
or electrons. The listed energy is the
measured alpha energy or that deduced
from the energy of the gamma ray (or

electron), whichever is known better.

Y -7 The alpha group was deduced from
gamma ray-gamma ray coincidences and

a knowledge of the decay scheme.

Cénv emuls Conversion electrons were. observed in
coincidence with alpha particles in a
. photographic emulsion. The listed energy
is equal to the energy of the ground
state alpha group minus the corrected

gamma energy corresponding to the
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Explanation of Columns (cont'd)

Yy orec

Table I

Page 19
conversion electrons. A small correcticn
in the gamma energy is necessary to
compensate for the difference in recoil
of the alpha groups populating the states

spanned by the gamma ray.

A gamma ray was .cbserved in coincidence

.with alpha particles and the energy of

the alpha group was deduced from a know

ledge of the decay scheme.

A gamma ray or conversion line was
observed and the energy of the alpha
group was deduced from a knowledge of

the decay scheme.

COLUMN 6_

Column 6 gives the reference for the energy determinations shown

in columns 4 and 5. -Where no references are given they may be found in

the Teble of Isotopes, Revs. of Modern Phys. 25, k69 (1953) by Hollander,

_ Perlman, and Seaborg.

CoLuMN 7

Column 7 indicates the energies of the excited states corresponding

to the various alpha groups.

Where the excited state energy was deduced

from measurements other than the type shown in column I, the following

symbols are used following the energy value in column T:

Y

deduced from a gamma ray measurement

deduced from a conversion line

‘measurement.
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Explanétion of Columns (cont'd)
¥' (or c') deduced. from a gammray (or conversion
line) measurement of a nuclide other
than the alpha emitter which decays
to the same residual nuclide as the
alpha emitter.
The absence of a symbol in.column 7 does npt mean necessarily
that the value was taken from the measurement referred to in column 5
and 6 but only that the measurement was the same type.
COLUMN 8
Column 8 shows the relative abundances of the various alpha
groups. .These values were determined from the same type of measurement
as shown in columns 5 and 6 but are not necessarily the same measurement.

One exception is a low energy group of POZlO where the abundance was

deduced from a gamma azbundance. The designation " ~ 100" signifies
low-energy alpha groups have been looked for without success with a
high resolution instrument, and very low limits may be set on their
abundances. |
COLUMN 9

In a large fraction of cases the "highest-energy group" of
column 4 is either known to be the ground state transition or is assumed
to be so in the absence of.informationJregarding the complexity of the
alpha spectrum. The Q-values, unless otherwise stated under "comments,"
were calculated by adding the recoil energy of the residual nucleus to
the alpha particle energy listed in column 4. The recoil energy is

4 E/(A-4), where E is the alpha particle energy and A is the mass

number of the emitter.
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COLUMN 10

The comments in this column for the most part reinforce the decision

on the decay. energy.

ins .evid

Yicsc’, @ - Y

Insufficient evidence to know whether
or not the alpha energy measured is that

of . the ground state.

No direct evidence, but since the nucleus

is of the even-even type, it can be
assumed that the measured energy is

that of the ground state transition.

These .designations indicate, respectively,

that gamma rays, conversion electrons

from alpha emitters, conversion electrons
from beta emitters, or coincjdences
between alpha particles and gamma rays
have been observed which show some doubt
that the highest-energy alpha group

ig the ground-state transition or the most

accurate measurement of it. Where the

.evidence is not sufficiently definite

to deduce an alpha decay energy based
on anything other than the highest-

energy alpha group, this 1s reflected

by the value in columns %4 and 9

differing only by the recoll energy.

- Where the evidence is sufficiently
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Explanation of Columns definite to deduce the decay energy,

it will be found that columns 4 and 9
differ by more than the recoil energy.

223,and POlem decay. a more

In Ra
accurate disintegration energy was
obtained. by adding to the particle
energy of the most prominent alpha
group its nuclear recoll energy and
the energy of the gamma ray thought

to span the corresponding energy

level and the groundAstate.
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UCRL~2455, p. 22 (Jan. 195k).
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‘G. Valladas, Compt. rend. 237, 1673 (1953); .see also Ref. 42.
F. Asaro and I. Perlmen, Phys. Rev. 99, 37 (1955).
.F. Asaro and I. Perlman, Phys. Rev.. in press (1956); see also Ref. 48.
‘W..G. Smith, F. Asaro, and J. M. Hollander, Phys. Rev. in press (1956).
F. S. Stephens, Jr., F. Asaro, and I. Perlman, Phys. Rev. 96, 1568 (1954).
J. P. Hummel, F. Asaro, and I. Perlman, unpublished data (1955); see also
Ref. 50 and 29.
J. P. Hummel; F. Asaro, and I. Perlman, Phys. Rev. 98, 261A (1955).
S. W. Peat and M.A.S.Ross, Proc. Phys. Soc. (London) A68, 923 (1955).
G. Valladas and R. Bernas, Compt. rend. 91, 2230 (1953).
F. 8. Stephens, Jr., F. Asaro, and I. Perlmean, unpublished data (1955).
F. Asaro, F. S. Stephens, Jr., and I. Perlman, Phys. Rev. 92, 1495 (1953)°
Pilger, Hummel, Asaro; and Perlman, unpublished data (1955). See Univer-
sity of California Radiation Laboratory Unclassified Report UCRL-3240,
p:72 (Dec.1955). | |
Stephens, Hummel, Asaro, and Perlman, unpublished data (1956); see also
Ref. 7.
F. S. Stephens, Jr., F. Asaro, and I. Perlman, unpublished data (1956).
F. F. Momyer, Jr., F. Asaro, and E. K. Hyde, J. Inorg. Nucl. Chem. 1,
267 (1955) .
L. Madansky and F. Rasetti, Phys. Rev. 102, 464 (1956).
F. F. Momyer, Jr. and E. K. Hyde, Phys. Rev. 101, 136 (1956).
F. Asaro and I. Perlman, unpublished data (1953) listed in Ref. 32.

.G. H. Briggs (Ref.63) recalculated the energy of the main Em%l9 alpha
group from the original data (Ref°,6h) using later values for the

reference .energies.

G. H. Briggs, Revs. Modera Phys. gé, 1 (1954), This is a compilation of
the best values for the energies of natural alpha particles. e
M. Curie and S. Rosenblum, Compt. rend. 196, 1598 (1933).
Thé-alpha.particle;energy of Emzo7 was increased 20 kev asbove the value
‘given in Ref. 66 in order to correspond to the best available value for
208 ' ‘ _

F. F. Momyer, Jr. and E. K. Hyde, J. Inorg. Nucl. Chem..l, 274 (1955).

R. W. Hoff, J. P. Hummel, and F. Asaro, unpublished data (1954%); see also
University of California Radiation Laboratory Unclassified Report UCRL-
13157 p. 67 (Sept.1955).
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68. Stoner, Asaro, Stephens, and Hyde, University of California Radiation
Laboratory Unclassified Report UCRL 2455, p. 14 (Jan. 1954).

69. Perlman, Stephens, Hummel, Pilger, and Asaro, University of Cal}fornia
Radiation Laboratory Unclassified Report UCRL 3068, p. 37 (July 1955).

70. W. Jentschke, A. C. Juveland, and G. H. Kinsey, Phys. Rev. 96, 231 (1954).

71. F..Asaro and I. Perlman, Revs. Modern Phys. 26, 237 (1954). This is a
compilation of alpha disintegration enefgies.

T2. S. Rosenblum and H. Tyren, Compt, rend. 239, 1205 (1954).

73. H. B. Levy and I. Perlman, Phys. Rev. 94, 152 (1954).
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Table II. Semi-empirical Constantsl from Correlation of
Ground State Decay Rates of Even-Even Nuclei

Element A B Remarks
100 Fm 156.38 =53.3742 Extrapolated

98 cf 152.86 252.9506

96 Cm 1524k =53.6825

94 Pu 146.23 -52.0899

92 U 147.49 =53.6565

90 'Th 14k .19 =53,264.4

88 Ra 139.17 =52.1476

86 Em 137.46 -52.4597

129.35 -49.9229

84 Po

lConstants to use with Equation (16.1) or (40.1), where

%1 /20

is in seconds and Q

in Mev.
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Table ITI. Effective Nuclear -Radii from Alpha
Decay Rate Theories

Apparent
Model radius at A=232 Ref.
(20713 cnm)
One body model (Preston) 20 ;l
(lowest virtual level, £~3:10°" sec ) 9.4 1(1k)
One body model_ (Biswas-Patro) :
(f=v/R ~2-10°1 gec™1) | 9.1 2, 3
Extreme many body model (Bethe)
(£~1015 sec-i) 12.6 (18)

e
e

1 I. Kaplan, Phys. Rev. 81, 962 (1951).
2 8. Biswas and J. Patro, Indian J. Phys. 22, 540 (19L48).
3 I. Perlman and T. J. Ypsilantis, Phys. Rev. 79, 30(199'0)o

Table IV. Effective Nuclear Radii from Alpha Particle
: Cross Section Studies

—— _ »
Type of Radius 13 Corresponding
determination expression (in 107 “em) radius at A=232 . Ref.
' (10-13 cm)

Alpha scattering : 1/3

(20-40 Mev) ~{1.h to'1.5)A7"°42.5 11.1 to 11.7 1
Total inelastic alpha 1/31

cross sections (240 Mev) 1.84 A + 0.35 11.7 2
Alpha-fission cross

sections (15-40 Mev) - 10.3 3

1 D. L. Hi1i, Vol. =--, Sec. 33, in Handbuch der Physik, S. Fluegge, editoy

(Springef-Verlag, Berlin, 1956).
2 Millburn, Birnbaum, Crandall, and Schechter, Phys. Rev. 95, 1268 (1954).
3 J. Jungermann, Phys. Rev. 79, 640 (1950).
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. Table V, Values of centrifugal reduction faCtor‘<GL/Go)=2

ezt

) o . L =,O 1 2 3 iy 5— A6 | Ref.,

20,0  10.0 1,000 0.8k 0,601  0.363 0,185% 0.0806 0.0299 (_21)

25.4 | 9442 1,000 0,854k 0.588 0.354 0,181 0.082 —oen (1)

Table VI, ©Some Theoretical and Experimental K- and L-shell
Tonization Probabilities for Alpha Decay of Po

N Theoretical Experimental
Barber andjRublnson snd | Roy and
: X a . b c P ¢! e

Shell Migdal Levinger Helm Bernstein Goes

X 2.6:10° | 1,0°1077 1,uelof6 e --
-l - -

Total L 0.24+10 * 0.50°10 b == 8.8°10 b “e
‘Total 2

all shells - - : = = 2,710 ~
& A, Migdal, J. Phys. (U.S.S.R.) L, 449 (1941},

J.. 8. Levinger, Phys. Rev, 90, 11 (1953); J. phys. radium 16, 556 (1955).
W. C. Barber and R, He.Hélm, Phys. Rev. 86, 275 (1952) .

W Rubiﬁson and W. Bernstein, Phys. Rev. 82, 334 (1951});

Phys. Rev. 86, 545 (1952).

© R.Ryyand M, L. Goes, Compt rend. 237, 1515 (1953),
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“Table VII. Alpha Surface Probabilities and Reduced Derivative Widths
for Even-Even Nuclei

(evaluated at R=9.3 for heavy region and R=8.0
for rare earths R in units of 10~13 cm,)

M Tstym nt s C@Oest) s g
P 4,061 7.242  2h4.49 1.778 .088 1.96
ot 7.821 6.154  28.32 1.797 .120 2.7k
220 8.472 6.066  28.76 1.801 072 1.65
cp2H8 7.298 6.302  27.60 1.791 072 1.6k
e 5.109 6.795  25.34 1.771 .059 1.31
o2t 8.782 5.839 29,00 1.785 .062 1.39
P2 7.147 6.151  27.39 1.772 06k 1.k2
Cm2 O 6.365 6.291  26.70 1.767 .080 1.76
py2t2 13.198 4,932  33.k2 1.798 .069 1.57
py2to 11.317 5.202  31.66 1.787 ,088 1.98
p,230 9.451 5.535  29.66 1.773 .063 1.39
py230 7.930 5.790 28,26 1.762 .080 1.82
pul 3t 5.908 6.230  26.05 1.7kl 051 1.08
@38 17.151 4.219  37.67 1.802 146 3.35
236 14.877 4,538 35,11 1.789 .073 1.65
N a 12,894 4.802  33.18 1.778 .081 1.81
y?3e 9.366 5.357  29.65 1,756 076 1.65
y?30 6.255 5.928  26.56 1.733 .076 1.60
y228 2.842 6.709  23.0L 1.697 .055 1.12
TR’ 3% 17.642 4,031 38.1k 1.786 J143 3.20
™3P 12,402 579 32.66 1.757 .075 1,64
228 T.778 5.458 28,06 1.725 0Tk 1.55
Th226 3.268 6.373 23.55 1.687 .070 1.40
RaCZ0 16.709 4.813  30.88 1.728 061 1.29
RaZ2H 5.498 5.717  25.67 1.689 .057 1.14
Ra‘E? 1.580 6.500  21.9%4 1.652 .082 1,58
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Table VII. .(cont.)
a 2
Alpha Tog t 1 2 -—(Log G7) Surface 2
Emitter (sec)i/?® By Log G (R) R ° probability (Mev)
EmZ28 5.520 5.521  25.69 1.671 .057 1.12
Em220 1.736 6.317  21.99 1.635 .065 1.22
S o7 7.162  18.80 1.597 .120 2.06
En?0 -~ 8.045 16,07 ©1.555 -- -
21
Em - - - - -- --
EmPT? 3.140 6.297  22.05 1.636 .0030 0.056
I 3.987 6.071  23.02 1.646 .0039 0.075
£, 200 3.799 6.173  22.56 1.641 .0019 0.0366
po2td 2.262 6.032  22.29 1.621 LOkO 0.7kl
po2lo -0.801 6.808  19.21 1.586 .036 0.640
pol -3.786 7.7l 16.27 1.543 .038 0.63
Po212 6,517 8,810 13.40 1.489 .025 0.395
po2t0 7.078 5.332  25.6L 1.652 ,001k 0.0273
po2®8 7.966 5.142  26.67 1.660 .0020 0.0388
po200 6.891 5.252  26.05 1.655 .0056 0.109
polOt 6.136 5.40F  25.23 1.648 L0049 0.0939
 poP0? 5.193 5.62h  24.12 1.638 .0032 0.0614
po200 - 5.87h  22.93 1.627 -- -
GdlhB 9.65 3.18 30.13 1.636 .153 2.78
0 15.2 2.57 34.88 1.633 027 0,49
Ndlhu 22.7 1.92 Lh2.49 1.631 04O 0.72

lEa 1is particle energy plus screening correction used for these calculations. (MffV)
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Table VIII, Calculated Alpha Decay "Nuclear Radii" from One-Body Theory

Alpha Effective Radius formula
Partial  Abundance - particle decay coefficient (ro)
Alpha alpha gd. state Partial o energy energy
emitter half-life group(ao) half-life- (Gd, state) (prf) Preston Kaplan
POt 3.3h 0.83 4.0 h 7.22 7.378 148, --
cr2o? 2.2y 0.845 2.6y 6,112 6.252 1.512 --
cr220 10.0 y 0.83 12.1y 6.024 6.163 1.495 -
o2h8 2250 4 0.80" 313 4 6.26 6,40k -- 1.497
o240 35.7 h 0.78 45,8 h 6.753 - 6.906 1.492 1.495
cn 19y 0.767 25y 5,798 5.935 L1498 --
Pt 162.5 4 0.737 220.5 d 6.110 6.253 1.502  1.50k4
0 268 a 0.70" 38.3 @ 6.27 6.416 1,503  --
Puz%z 3.76x107y 0.7h 5.08x10”y 4.898 5.019 1.516 e
py 20 6580 y 0.755 8.71x10%y 5,162 5.289 1.520  1.522
Pu238 89.6 ¥ 0.72 1624x102y» 5.495 5.628 1,509 -
Pu236 2.7y 0.689 3.9y 5.763 5.901 - 151,
238 1 49x10%y 0.77 5.84x107y 4.182 I,290 e 1.548
236 2.39x10 Ty 0.73 3.28x10 Ty 4,499 1,613 -- 1.523
23 2.48x10%y 0.7k 3.35%107y 4,763 4,883 - 1.532
y?32 73.6 ¥y 0.68 108 y 5.318 5.448 1.527 -
30 20.8 d 0.679 30.6 d 5.884 6.026 1,532 —
3% 1.30x10% 076 1.83x10™%  3.99% 4,110 -- 1.551
m23X  g.ox10%y 0.763 1.05x107y 4,682 4,801 1.534 --
228 1.90 y 0.71 2.68 y 5.421 5.554 1.53%  1.536
Th226 30.9 m 0.79 "39.1m 6.330 6.480 1.542 -
Ra‘20 1622y 0.943 1720,y LTTT .898 e Lsks
RaZ2* 364 a 0.948 3.84 4 5.681 5.819 - 1.546

RaZ%% 38 8 0.95 10 & 6.551 6,706 1.545 .
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Table VIII (cont.)

Alpha Effective Radius formula

Partial Abundance - particile decay coefficient(r )

Alpha alpha gd. state Partial oy energy energy =
‘emitter half-life ' group (ao) half-life (Gd. svtate) (Qef'f) Preston Kaplan
En“%% 3,825 d -- 3.825 d 5,486 5.621 -- 1.552
Em&20 54k.5 s 0.997 5.7 s . 6.282 6.432 - 1.560
En?®  0.019s - 0.998 0.019 s . 7.127 7,294 -- 1,585
o 23 nm — 23 m 6,262 6.417 -- 1.445
En®° 2.8 h - 2.8 h 6.037 6.188 - 1061
po?®  3.05m -- 3.05 m 5.998 6,143 -- 1.543
P0216 0.158 s¢ . - 0.158 s 6.7 6.935 -- 1.541
pott*  1.637x107Hs - 1.637x10°%  7.680 7.859 1.537  1.545
PP 3.04x107Tg - 3.0ux10" 1 5 8.776 8.978 - 1.527
po?®  138.h 4 - 138.4 d 5.299 5.435 -- 1.h22
po?%8 293y 0.997 2.9k y 5.108 5,241 -- 1.hhz2
.Poz.o6 180 4 - 180 4 5,218 5.354 - 1.460

e ——— e - - —

*
Value assumed.
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Table IX. TABLE OF v(y)
y =-v1," x
where x = E/B
YT = x"l/z are cos xl/2 - (l--x)l/2
y Y() 4, ¥y " y(y) 4
0.750 0.53215 . 0.00350 0,790 0,69556 0.00480
1 . 0.53565 333 1 0.70036 485
2 0.53917 355 2 -0,70521 488
3 0.54272 - 357 3 0.71009 493
4 0.54629 361 4 0.71502 497
5 0.54990 363 5 0,71999 501
- 6 0.55353 366 6 0.72500 506
7 0.55719 368 7 0.73006 510
8 0,56087 37 8 0.73516 514
9 0.56459 37 9 10.74030 519
0.760 0.56833 377 0.800 0. 74549 - 524
1 0.57210 380 1 0.75073 528
2 0.57590 383 2 0.75601 ’ 533
3 0.57973 386 3 0.76134 537
4 0.58359° 389 4 0,76671 543
5 0.58748 302 5 0.77214 547
6 0.59140 396 6 0,77761 552
7 0.59536 398 7 0.78313 557
R 0.59934 401 8 0.78870 563
9 0,60335 405 9 0.79433 567
0,770 0.60740 " 408 0.810 0.80000 572
. 1 0.,61148 411 1 n.80572 578
2 0.61559 414 2 0.81150 584
3 0.61973 418 3 n.81734 588
4 - 0.62391 421 4 0.82322 594
5 0,62812 ey 5 0,82916. - 600
6 0.63236 428 6 © 0.83516 €05
7 0,63664 431 7 0.84121 €11
8 0,64095 i35 8 0.84732 617
' 9 . 0,64530 438 : 9 0.85349 623
0.780 0.64968 442 - 0,820 0.85972 629
1 0.65410 4l 1 . 0.866Mn1 635
2 0.65856 149 2 0.87236 640
© 3 0.66305 453 3 0.87876 647
4 0,66758 457 4 0.88523 - C 654
5 0,67215 260 5 0,89177 660
6 0.67675 465 6 0.89837 666
7 0,68140 : 463 7 0.90503 673
8 0.68608 472 8 0,91176 . 679
9 0,69080 46 9 0.91855 687
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yoo -~ y(y) Jl -
v y Y(y) d1
0.830 0.92542 ' )
1 0.93235 0.00693 0.870 1.27014 -
2 0.93935 700 1 1.28098 0.01084
3 0,94642 707 2 1,29196 098
4 0.95357 715 -3 1.30308. 112
5 0.96079 722 b 1.31435 127
6  0.96808 729 5 1.32575 140
7 0.97545 737 6 1.33731 156
8 0.98289 44, 7 © 1.349n2 171
9 0.99042 . 753 8 ©1.36089 187
0,840 - 0.99802 760 9 1,37291 202
1 1,00570 768 0.880 1.38510 219
2 1.01346 776 1 1.39745 235
3 1.02131 785 2 1.40997 252
4 1,02924 793 3 1.42266 269
5 1,03725 801 4 1.43553 287
6 1.04535 810 5 1858 305
7 1.05354 819 6 1.46181 323
8 1.06182 828 7 1.47523 342
9 1,07020 838 8 1,48885 362
0.850 1.,07866 846 9 1.50266 381
1 1.08722 856 0.890 1.51667 401
2 1.09587 - 865 1 1.53088 421
3 1.10463 876 2 1.54531 443
4 1.11348 885 3 1.55995 464
5 1.12243 895 4 1.57482 487
6 1,13148 905 5 1.58990 508
7 1.14064 916 6 1,60522 532
8 1,14991 927 7 1.62078 556
9 1,15929 938 3 1,63653 . 580
0,860 1.16877 948 9 1.65262 6N
1 1,17837 959 0.900 1.66893 . 631
2 1.18808 971 1 1,68549 656
3 1.19791 983 2 1.70232 €83
4 1.20785 994 3 1.71943 - 711
5 1.21792 0.01007 4 - 1.73682 739
6 1,22811 019 5 1.75449 767
7 1.23842 031 6 1,77247 798
8 1.24887 045 7 1,79075 828
9 1,259, 057 8 1,80934 859
0.870 1.27014 070 9 1.82826 892
0.910 1.84750 024
| 959

0.01084
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Table IX. (cont'd)
¥ () ‘ 51
0.910 - 1,84750 0.01959
1 .1,86709 994,
2 ' 1.88703 ) 0002029
3 1.90732 o6
4 1.92799 104
5 1.94903 145
6 1097048 185
7 1099233 226
8 2.01459 269
-9 2,03728 314,
0,920 2,06042 359
1l 2.08401 07
2 2.10808 455
3 2,13263 505
4 2,15768 25
5 2,18326 o
6 2,200937 667
7 2.23604 72,
8 2,26328 784
9 2.,29112 846
0.930 2.31958 911
l 2.34867 976
2 2.37843 0.03044
4 2044003 190
5 2.47193 266
6 2,50459 347
7 2,53806 730
8 2.57236 gt
? 2,20353 606
20 4 5 701
0940 2.,68060 799
2 2,71859 901
3 2,75760 0.04008
4 2.,79768 120
5 2,83888 237
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Table X. Representative Non-Central Coupling Term Magnitudes in Alpha Emission

Multi- Alpha E E' B 3 Coupling Energy
polarity Emitter I I, b (kev) I b (kev) I;=>1I. at r=1-10"12 cm Determined from
—~ — —_— - (Mev)
gL At 5/2 5/2 1 0 5/2 0 60 1E7-1o’§8 £1.2-1071)  Delay coincidence
ev:cm N R lifetime of 60-kev
5/2 5/2 1 5/2 2 €0 ' +0.98 10_4 state (6.3X10'8 sec).
5/2 5/2 3 5/2 2 60 . +0.90-10
5/2 7/2 1 33 5/2 0 60 1.4-10‘38 £1.1-107
' -4
i\ + - -
5/2 7/2 1 33 5/2 2 60 +0.28-10 Qo value of 9x10 2k 2
242 =55 estimated from coulon]
B2 Cm 0 O. 0 O 2 2 bk 2é3.i25 +0.58 excitation work -on ThB32
and U239, (see Sec. 14)
an2HL 5/2 5/2 60 5/2 2 60 - +0.54 | -2h 2
) Qo X +14x10 cm  from
5/2 5/2 60 7/2 2 103 -0.62 Am2*l spectroscopic
1 oolo'54 determination? used
5/2 5/2 60 7/2 2 103 : -0.40 ’
s -1z
At o o o o 2 2609 l.l'qu56 +0.13 Lifetime (6°10 sec)

estimation from long
range alpha particle
data (see Table XXVII
of Ref. (10)).

lBeling, Newton and Rose, Phys. Rev. 87, 670 (1952).

2Manning, Fred and Tomkins, Phys. Rev. 102, 1108 (1956).

%Q is the reduced gamma transition probability in the notation of
Bohr -and Mottelson (10).



Table XI

Page I
Table XI. Interpolated .Semi-Empirical Constantsl for
Hindrance Factor Calculations
Element A B Remarks
99 E 155.04 -53.3141 Extrapolated
97 Bk 152.65 -53.3166
95 Am 149.33 - =52.8862
93 Np 146.86 -52.8732
91 Pa 145.84 ~53.4604 {
89 Ac 141.68 -52.7060
87 Fr 138.31 -52.3037
85 At 13340 -51.1913

lConstants for the even-%_elements are listed in Table II.
The constants are for use in Equation (40.1), where tl:ax

is in seconds and Qeff is in Mev,.
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Table XII. Hindrance Factors for Even-04d Nuclei
Alpha Alpha Particle  Hindrance Alpha Alpha Particle Hindrance
Emitter Energy (Mev) Factor F Emitter Energy (Mev) Factor F -
Fmo2? 7.08 2.6 y?3t 5.45 1.1
T7.04 1.8 229
251 U 642 2.3
Fm 6.9 5.2 229
20 Th 5.02 110.
cpet? 6.19 }} yr.L L, 9k 18,
6.0k4 et .85 1.3
5'9g } N.R.T e 6.030 120.
5“20 . 6.001 500.
2)4- 5@ 09 X 50970 58.
cp2d 7.11 1.4 5.952 380.
245 5.907 700,
Cm 5,45 ha, 5.859 1k0,
5.36 2.5 . 5.800 200,
5.31 5.5 , 5.7792 1850.
o3 6.003 1700, 2‘?32 i‘%
5,985 280. 50699 12:
5. 777 1.4 5.661 19.
5732 4.8 225 ¢ _
5.679 16. Th 6.57 2.5
e+t 5.9 12 223
, +92 y Ra 5.860 large
py2L 4.893 3.2 g°$gi 52:8
4,848 5.1 5:592 b2
pu232 5.150 2.9 5.525 4.9
5.137 10. : 5.487 14,
2.039 9.3 » 5.418 3.9
.9 900, 221
478 o, Ra 6,71 3.k
4,73 62. Ema2l 6.0 7.7
Py?3? 5.85 1.7 5219 6.807 L
' . .8
ge35 2,28 250. 2 ii? 2 2
Gl 50. ‘ ° *
k.40 1.6 . 6.197 0.76
I.20 2.3 Em~t T Th k.5
233 ,
Ut 4,816 1.2 po2ld .38 1.2
4,773 3.3 213 :
Y717 12. Po 8.35 2.0
4 489 1y,

1
Alpha groups not resolved.
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Hindrance Factors for Odd-Even Nucleil

Alpha

Alpha Particle  Hindrance

Alpha  Alpha Particle Hindrance

Emitter Energy (Mev) Factor F Emitter Energy (Mev) Factor F
5223 6.633 1.2 Np23 T 4,872 230.
6.592 8.8 . 4,816 140,
6.545 2k, L7187 3.5
6.493 80. L.767 4.8
6.25 17. u.gl3 . 3k,
4,674 .2
g2t 6.48 3.0 n 6l o
249 6.76 5.8 4,589 15,
.52 120,
249
Bk 5.40 AN 235
5..06 19. Np233 5.06 l°79
Bk 24T 5.67 70. Np 5.53 0.32
5:51 5 °9 Pale 5.01‘-6 2300
o 5.30 3.9 5,017 68.
B2+ 6.37 150, 5,001 51.
6.16 34, L.oT71 330.
590 2.5 3.938 21.
.921 130,
B3 6.72 670. u,ggg %30
2‘28 6E° . 722 1.5
o 9 4,696 7.6
Am2H3 5.339 1500, 229 k666 3.2
5,308 1000. Pa” 5.69 5.7
5.266 1.1 227
5 20h b5 Pa 6,46 1.5
5.169 18, 227 .
ou1 Ac 4,942 3.3
Am 54535 520. Ac8? 5.818 7.1
5.503 600, 5,781 4.6
5.476 1.2 5.719 10.5
5.433 h.2 5.627 11,
5.379 20. 223
5¢314 750. AT 6.6k 3.1
5.27 1500, pp22l 6.332 5.3
AmP3? 5,75 2.3 6.116 1.9
Am?37 6.01 4.6 frret? 7.30 1.2
a2t gLt 1.9
a2t 7.05 .60
ALELD . 8.00 3.7
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Table XIV, Hindrance Factors for
0dd-0dd Nuclei

—

Alpha Alpha Particle Hindrance
Emitter Energy (Mev) Factor (E)
g2 : 6.42 1.7
fote 6.64 16,
BkZML 6.67 1900,
pa?28 6.09 63.
5.85 13.
‘,ACZZh 6.17 22.
Freto 6.69 7.8
2218 6.63 2.0

RS 7.9 2.6
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Table XV. Surface Probabilities and Reduced Transition Probabilities
for 0dd Nuclei with 2 < 84 or N < 128.

Measured Neg. logarithm - " Lowest Reduced
alpha particle « 7’of surface .. . . alpha transition
Alpha energy Log tl/Zoa probability angularl probability
emitter (Mev) (sec) (base 10) momentum’ (RTP)
it 6.411 3.85 3.43 -- -
6.387 3.83 3.31 - --
6.342 i O}y 3.33 - -
En 5.847 5.82 ' 3.38 (2) (7.1 olo'”)
5.779 \ 5e5h 2.77 -- -
5.613 7.05 3,45 - -
Em=09 6.037 4,03 2.39 == ="
En=07 6.1k k.21 3.08 - --
a2t 5,862 4,819 2.92 (0) (1.2 +1073)
At210 5.519 7.73 k.17 -- -
5.437 T.T5 3.77 - -
5.355 T7.67 3.26 - -
At209 5,42 5.6k 2.73 (o) (1.9 +1073)
At208 5.65 6.10 3,20 - -
5.52 T.56 4.00 - -
207 5.75 4.86 2.45 (0) (3.5 °1073)
po“tt Tk -0.28 k.20 5 7.2 '10:;
6.88 1.99 4.63 3 5.9 *10_;
6.56 2.02 3.49 3 9.5 <10
poltim 8.70 2.55 10,55 (10) (1.5 +1070)
' 7.85 3.00 8.73 (8) (5.9 ~1o=5)
Toll 1.83 5.36 (3) (2.9 <10 )
po20? k.877 9.50 2.88 2 2.3 +1073
L.62 - 11.90 3,64 - .-
po2OT 5,10 8.28 2.98 - -
Po20? 5.2 6.86 2,13 -- -
BiZlLL 5.505 6.82 b1k -- -
5 ol 6.73 3.75 -- -
Bi 213 5.86 5.14 4,15 (5) (9.0 22074y
p1212 6.086 460 160 5 3.2 °1o:i
6.0k7 4,19 4,02 3 2.7 °10
5.765 5.80 4,38 - -
5,622 6.86 b, 76 -- -
5.603 5.99 3.80 - .-

5.481 2 7.83 5.0k - -
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Table XV (cont,)
Measured Neg. logarithm Lowest Reduced
alpha particle of surface alpha transition
Alpha energy Log tl/2a probability angular prdbability“
emitter (Mev) gsec) (base 10) momentum (RTP)
piZHt 6.620 2.198 k.31 5 6.1 +107
6.273 2.875 3.65 3 5.8 <10
.210 -8
Bi Lok 13.92 8.1k 4 4,2 <10
312§2§) (4.96) 2 11,41 © 5.80 (0) (1.6 +107%)
Bi<03 4.85 11.80 5.57 -- --
. 201 :
Bi 5.15 8.10 3.61 _— —
pit? 5.47 7.20 b 4O - -
51190

5.83 5.96 4,88 - -

—

l. Parentheses indicate uncertainty in assignment of angular momenta.

2. Reduced transition probability is calculated for the lowest permitted alpha
angular momentum, but this does not imply that mixed angular momenta will
not be encountered in reality.
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Table XVI, Alpha Group Intengities in Favored Alpha Decay

Calculated Relative

Obgerved Relative Agsumed
Parent Intensities Intensities (BFM)(31) Constants
Nucleus Ii I:Kf Kf+l Kf+2' Kf+3 I=Kf Kf+l Kf+2, Kf+3 Co bh
£°73 (11/2) .. . " . 100 5.3 0.5 0 .27 O%
or 100 8.5 - 2.0 0.3
(7/2) 100 7.0 1.2 0.1 .27 .013
213 N N .
Cm (5/2) 100 17 <2 -- 100 12 1.9 - 56 ==
AmEt3 5/2 100 13 1.5 == 100 12 1,9 == .56 ,002
241
Am 5/2 100 16 1.2 0.02 100 13 2.2 0,02 .59 .005
p?l 52 100 33 em == 100 13 am e= 59 --
239 A e
Pu 1/2 100 23 15 == 100 20 9.5 -- .63
y?33 5/2 100 18 2.k == 100 16 2.9 == 87 067
pa?3t 3/2 100 19 ee == 100 15 R

*Assumed zero because necessary Clebsch<Gordan coefficients not readily
calculable,

Table XVII, . Energies of Ground Rotational Band Members in PuﬁjB
Member of band (;,TD o+ a2+ g 6+ 8+
Measured energy 0 Gl 11 146.0 303.7 51hx
Calculated energies based
upon E=A I(I+1); A from _

Ly, 1lekev 2+ state (4h,11) 147,0 308.8 529.3
Calculated energies includ-

ing I2(I+1)% term; A= T7.37,

B = 0.0034 from measured

energies of 2+ and L4+ states (k4 ,11) (146,0)  303.Lh 513,0

*This energy is based upon a very weak gamma ray whose energy is known
only to *1C kev, .The close agreement with the calculated energy is

therefore fortuitous.



Fig. 3 Energy surface expressed in terms of mass decrements.

Fig. 3a shows mass decrement (M~A) in millimass units plotted against
neutron number. Data were obtained from Ref. (5) and these include
nucleon pairing energy terms used to normalize the different nuclear
types. Contours are shown at constant A (for odd values) and at
constant Z (all values). The heavy llne running along the bottom
of the valley is the ™line of stability" and .goes through points of
greatest beta stability for each mass number.

Fig. 3b illustrates alpha energy variation with neutron number for a
series of protactinium isotopes. The mass decrements for protac-
isotopes (AP ) are taken from Fig. 3a and make up the curve labelled
Pa. The curve labelled Ac consists of M + by - The energy differ-
ences between points on the two curves which are related through
alpha decay are simply the alpha-energies, indicated by lengths of
arrows. These data illustrate the increase in alpha energy with
decrease in neutron number.



‘Fig. 14 Plot of logarithms of partial alpha half lives for ground~state
trensitions versus the inverse square root of the effective total
alpha-decay energy pp = alpha-particle energy + recoil energy
+ electron screening ¢orrection). The points are experimental,
and the straight lines are based on a least squares analysis of
the points where enerfies have been determined by magnetic spectro-
‘graphs (excluding Em? 8 which exhibits an apparently anemalous
decay rate). There is only one point for element fermium (Fm);
hence, the slope of the fermium line was arrived at by extrapola--
tion from the slopes of lower elemeénts. Points used in the analysis
are indicated by triangles, and points not used, by circles. Nuclei
with 126 or fewer neutrons are not shown on this plot. Constants
in the ‘equations for these lines are given in Table II. The last
digit in the mass number of the alpha emitter is given beside each

point.



Fig. 15 Plots of hindrance factors for alpha decay of even-even nuclei
to excited states.
b. 0dd parity, spin one final states.
Numerical values of the factors to these states ' .
are tabulated below: .

a. Even parity, even spin final states.

Alpha Spin of State
Emitter 2 N 6 3 1
P>t 3.5 57 5
Cf252 3.2 82
cg229 2.9
246
Cf 2.3 120 280
Cm?ltg 1.9 830 480
Cm 1.7 390 350 5100 480
2L2
Puio 1.k
Pu238 1.6 89
Pu,, 6 1.5 116 360 15000
Pu‘zg4 1.2 50 640
Pu 1.7
Uggg 1.3 30
U234 1.2 8.8
U232 1.1 1k
U230 1.0 16 71
U 0.91 11 15
232
Th 0.96
Thggg 1.1 12 (8200) 38
Thooe 0.85 13 11
" Th 1.3 5.3 2.4
Raggi 0.99
Ra222 1.0 2.3
‘Ra 1.1 8.7 .97
222
ngZO 2.2
m218 1.1
Em 2.7
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Fig. 28 Alpha-dgcay scheme of Th23o and electron-capture decay scheme of Ac
to Ra220. The vertical arrows representing the experimentally ob-
served gamma transitions indicate qualitatively by their width the
relative transition intensities. Spin and parity assignments ave
given on the left hand side of a level, those in parentheses being
somewhat uncertain. The K-guantum number for a rotational band is
shown in parentheses near the center of the base level of the band.
The energies in kev are given at the right of the levels.
known level is drawn in both decay schemes but is dashed in the decay
scheme where it is not détectably populated.

Hindrance Factors for Ttho

Final state Alpha Centrifugal

Energy ‘Spin and intensity Hindrance barrier
(kev) parity (%) . factor factor

0 O+ Th (1) 1
67.62 2+ 26 1.1 1.7
210 At 0.2 12 5.4
253 1- 0.03 38 1.2
320 ((3-) 0.001 370 (2.8)
416 (6+) ~8107° 8200 (40)
45 (5-) ~8-1070 4900 (14)




Fig. 29 Alpha-decay scheme of CmZhg, beta-decay sche§§80f Np238, and pre-
liminary electron-caggure decay scheme of Am to the common
daughter nucleusfPua“ . For comments on the conventions followed .
in drawing these decay schemes see the caption to Fig. 28. The
placement of the level C2 and 1its association with the level CO in
~a common rotational band is quite tentative.

Hindrance Factors for Cn?uz
Final state Alpha Centrifugal
‘Energy Spin and intensity Hindrance barrier
_(kev) parity (%) factor factor
0 0+ T3.7 (1.0) 1.0
Ll 2+ 26.3 1.7 1.6
146 b  0.035 390 4.9
304 (6+) 0.006 350 - (29)
514 (8+) 310~ 5000 (340) "
605 (1-) 0™t 500 o (1.2)
935 (0+) ~ 3x107? 20 _ (1)

~1030 - (2+¢) kx107® 45 (1.6)




Fig. 31 Plot of eigenvalues for a nucleon in a prolate spheroidal three-
dimensional harmonic oscillator potential with strong spin-orbit
coupling according to the calculations of S. G. Nilsson (13). As
calculations of the Tth oscillator shell were not available, the
§l5 2 levels (dashed lines) were estimated using the correct
limiting 'slope at zero deformation. The vertical positioning of
the_ng o> levels is rather arbitrary, in this diagram being some-
what lower than proposed by Nilsson (li). The lower position
gives a natural gap in levels at large deformation for 152 particles
thus offering some rationale for the observed neutron "subshell" at
152.

The levels are labelled in the ordinary shell model convention
according to-£ and j at the extreme left of Fig. 31, corresponding
to a spherical well. At the right hand side, corresponding to
large prolate deformation, the levels are labelled according to
the Q- quantum number (the spin of the base state of a nuclear
rotational band except in some cases for Q = 1/2) and the parity
of the level. In parentheses are the asymptotic quantum numbers
N and n, most appropriate to the elgenfunction at the largest de-
formation (71 = 6) here plotted. The asymptotic quantum number A
can be determined as follows: A.can differ from Q only by 1/2 and
takes the even or odd value according to whether N-n, is even or
odd. (g_is the principal oscillator quantum number, n, is the
symmetry-axis oscillator quanﬁum.number,j\ is the symmEtry-axis
component of -orbital angular momentum, and Q is the symmetry-axis
component of total nucleonic angular momentum. For details see.
Nilsson (13)).
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