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Lawrence Radiation Laboratory
and
Department of Chemistry
University. of :California
Berkeley, California
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ABSTRACT

‘Alpha decay energy data in the rare earth region are extended by
meéns of closed decay energy cycle calculations and are then correlated for
each element as a function of neutron number. The marked effect of the closed
shell at 82 neutrons on the alpha decay energies is discussed. Evidence is
presented for a sharp drop at 90 neutrons in the normal alpha-decay energy ver -
sus neutron number trend, as well as for a proton subshell at 64 protons.
Half-lives are calculated using a formula derived from simple barrier-
penetration theory. The calculated values are compared witﬁ experimental
half-lives .and discrepancies are discussed. Reduced level widths 62 are
determined for rare earth alpha emitters using barrier penetration factors
calculated from the real potential derived by opticai model analysis of alpha
eiastic scattering data. The reduced widths are in turn used to propose
hindrance factors for odd-nucleon alpha emitters.
*This,work-was carried out mainly under the éuspices of the U.S. Atomic -Energy
Commission.

1.
Present address: Electronuclear Research:'Division, Osk Ridge National
Laboratory.
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I. INTRODUCTION

‘From the observation of the slope of the mass-defect curve it has been
noted that most isotopes whose mass numbefs are gréater than 150 are unstable
with respect to alpha—pérticle emission. Radiloactive decay by this means is
commonly observed in both natural and artificial isotopes of elements whose
atomic numbers are greater fhan_82. In marked contrast, alpha emission for
"isotopes of elements with Z < 83 is rather uﬁusual. Prior to 1949 only one
alpha-emitting isotope was known in the medium-heaVy regioh, i.e. the alpha-
emitting nuclide in natgral samarium discovered by Hevesy and Pahl in 1932.l
The lack of alpha-émitters in this region can be well accounted for by the
fact that alpha-decay rates depend on the decay energies in a very sensitive
exponential manner, as shown by the formulae developed independently by Gamow2
and by,Cbndon and.Gurney.3 Naturally-occurring isotopesin.:the medium-heavy

‘element region might be unstable toward alpha-particle emission by as muxch as

2 Mev and still have halfﬁlivés too long to be readily observed.
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Kohman made an analysis of alpha-particle binding energies in the same
region based on the semi—empirical eéuatien of Bohr and Wheeler and on the ex-
perimental mass-de":ﬁ'ectvcufve.LL He predicteduthat sufficiently neutron-deficient
isotopes of the medium-heavy elements might exhibit alpha decay. .Such a pre-
diction can also be made on the basis.of alpha-decay energy systematics in the
heavy elements where the trend (with two inversions which will be discussed
later) is that of increasing alpha-decay energies with decreasing neutron
numbers for a given atomic number. The electron-capture or positron decay
energies also generally increase with decreasing neutron numbers. Thus,
whether or not alpha emission could be detected in the medium-heavy elements
ae ﬁeutrens were removed Pefore the totelvhalf-lives became inconveniently
sheft héd to be tested experimentally. In 1949 Thompson and co-ﬁorkefe.reborted
positive reéﬁlts‘obtained in a’survey in which targets of various elementsnef
intefest ﬁefe subjected to high-energy particle.bombardments.5 They diseevefed
alphe-radioactiQity in neutron-deficient lsotopes of gold and'mereury and soﬁe
ra;e—earth elements. Since that time other alpﬁa emifters with 2 <A83'have'
beenirebortediiﬁ.both'nafurally eceufriﬁg and artificially produced isetepes.
The majority of the latter were reported by Rasmussen, Thempsonvand Ghierso in
T

l953.6 In sddition, Dunlavey and Sesborg prbduced Sﬁlu6 also in 1953, while

Toth and;Rasmussen discovered and reported two new dysprosium'alpha emitters

in‘l958;8

The discoiery'of naturally occurring alpha emitters in the region
below bismuth has been carried out chiefly by two groups (1) Kauw,.Perschen and
Riezler who have used nuclear emulsions to detect the alphs radioactivity9-l3

and (2) Macfarlane and Kohman who have used an ionization chamber as the

detector.:LLL As a result there are known at present eighteen alpha emitters
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with -Z < 83 whose mass numbers are fairly certain.

The present study is limited to .the rare earths because fifteen of
these alpha emitters have atomic numbers between 60 (neodymium) and 66
(dysprosium). The clustering of alpha radioactivity in the 82-neutron region
allows correlétion of alpha decay-energy and decay-rate data in a manhér
similar to that used in studies of alpha éystematics in the heavy elements.
In this paper alpha decay data have been correlated and possible conclusions

as well as predictions derived on the basis of such correlations.

IT. SUMMARY OF INFORMATION

The information on rarecearth alpha emitters is summarized in Table



Table I

Summary of informaﬁion

Alpha _ Method of Tl/Z‘a
Alpha Total Other decay energy Method of Alpha determination
emitter half-life modes observed (Mev) detection half-life Reference
151 ionization
Dy l3hrif none observed 3.35%0.09 chamber 8
153 indirect evidence ionization estimated from
- Dy 5hr+0.5 for E,C. decay 3.48£0.05 chamber ~13. by reaction yield 8,15
150 ionization : estimated from
Dy 2.3hr+0.2 E.C. and P+ 3.66%0.05 chamber ~1.45y reaction yield 6,8,15,16
151 ioni%ation
Dy~ 19minth E.C. and B+ 4.06+0.04 chamber 6,8,16
150 ionizsation
' Dy Tmint 2 E.C. and B+ 4,2140.06 chamber 6,8,16
ionization X ray .
o 7t 1ghril E.C. 3.44#0.1  chamber ~7. 4x10%y ratio 6,8,15
alpha total R _
™m0 y.inrs0.2 E.C. 3.95£0.02 spectrograph 36hr+T o ratio | 6,16,17
152 natural ionization - 11 decay rate of known
Gd - stable isotope 2.15%£0.03 chamber 1.13x10 number of atoms lh
150 5 ionization 5
Ga 107y p-stable 2.70%0.15 chamber ~3%107y " 6,15
ionization X ray R .
et g.0as1 E.C. 3.00%0.15 chamber ~ix103y ratio 6
118 : ionization 5 estimated from
Gd B-stable(?) 3.16%0.10 chamber ~1.3x107y reaction yield 6,15
! ionization X ray .
BT 2hakz E.C. 2.86£0.10 chamber  ~k.hx10y o ratio 6,15

€L6g-Tyon



- Table I (cont'd.)

: Alpha Method of Tl 5 O
Alpha Total Other decay energy Method of <. . Alpha determinatioé
emitter half-life modes observed (Mev) detection half-life Reference
147 '( natural ionization ‘ll decay rate of known
Sm” B-stable isotope 2.18+0.02 chamber ~1.3x10 "y number of atoms 1,18,19
ionization 11
" " 2.24%0.02 chamber 1.18+0.05x107 7y " 1k
146 nuclear 7 estimated from .
Sm B-stable 2.55%0.05 emulsion ~5x10 'y reaction yield 7
1Lk > natural nuclear 15 decay rate of known
Na B-stable isotope 1.90+0.1 emulsion ~1.5x10" "y number of atoms 20
natural . ionization 15
" B-stable isotope = 1.84%0.02 chamber 2.36%0.29x10 7y " 14

'aIn recaent preliminary results R. D. Macfarlane in Berkeley a long-lived dysprosium activity of about 2.9

Mev decay energy. If this newer activity indeed represents the ground state decay of Dyl

Sk with the

3.35 Mev activity belonging to an isomer, then some of the discussioniof this paper regarding an Q-energy

discontinuity between 88 and 90 neutrons would be altered.

€L6g-Td0n
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ITI. ALPHA DECAY -ENERGY -SYSTEMATICS

‘Decay energy information is most conveniently summarized in a diagram
where alpha-decay energies are plotted as a function of neutron‘(or mass).
number. Compilations of simiiar data in the heavy elements have shown that
in such a plot the points for a given element lie on an approximately sfraight
line. . As mentioned briefly in the introduction alpha-decay energies for a
given Z number increase with decreasing neutron number. -Discbnfinuitiés in
this monotonic trend appear in two places in the heavy element region. The
fifst, an extremely pronounced one, appears at 128 neutrons as a consequence
of the closed shell at 126 neutrons. As a regult of the major cloéed,sheil
the maximum alpha-decay energy for a given element is reached at lZS'neutrons
due to the abnormally low neutron binding energiés Jjust beyond the closed
shell. . Alpha-decay energies are abnormally low for isotopesvwith lé6 neutrons.
The normal trend is found to resume in isotopes with'less than1125 neutrons.

A similar but much less pronounced effect takes place at 154 neutrons, pfe-
sumably as a consequence of a neutron subshell at 152 neutrons.Zl'

Information in the rare earth region (60 < Z < 66) is much more frag-
mentary, but the basic structure of increasing alpha-decay energy with
decreasing.neutron.nﬁmber'is unmistakable. The influence of the closed shell
at 82 neutrons is also similar to that of the shell at 126 neutrons. The
maximum in alpha-decay energies is reached at 84 neutrons for a particular Z
number. A discontinuity in the normal trend is presumably present at this
point, since no isotopes with neutron number less than 84 have been found to
emit alpha-particles despite the fact that several such isotopes with reason-

able half-lives are known in-this‘region. At a later point in this section
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additional evidence is presented to support the idea of a discontinuity at
84 neutrons. ‘

The alpha-decay energy data shown in Table I can be supplemented by
ﬁeans-of closed energy cycles, The method consists of predicting decay
energies by the construction of a system of energy-balance cycles from
existing alpha- and beta-energies in which an individual closed_cycle is made
up of two.alpha- and two beta-decay energiés. Then, if 3 of the L4 pieces of
information that constitute a cycle are known, the fourth can be calculated.

. The method has been highly successful in the heavy element region.22 The
application of a similar method in the 82-neutron region is limited due to é
number of reasons, ﬁhe chief of which is écarcity of experimentally known
alpha energies. This can be at leasf partially overcome through the inter-
polation and extrapolation of the alpha-decay energy versus neutron number
family of curves. Another reason for the limited applicability of the closed-
cycle method is that alpha emitters in this region decay by electron-capture,
a process for which it is generally not possible to make a direct experimental
measurement of the decay energy. A systematic study of closed-energy cycles
in g limited region, however, has been carried out because new information
does come tQ light. The cycles are divided into 4 sets since they connect
only nuclides differing in mass number by four, and these sets are labelled,
‘4n, Un+l, L4n+2, and Ln+3 respectively. The notation can be illustrated thus:

"Wn+2" means that the mass numbers of nuclides of this type when divided by
four have a remainder of 2 and so on. The cycles are shown in Figs. 1-4. The
beta-decay energies and lower limits of these numbers used in the cycles have

been taken chiefly from a compilation by King,23 and a later one by Lidofskyzu
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25 K

and from the new Table of Isotopes. The three exceptions are: ,(l)val

‘E.C. decay energy > 1.8 Mev, obtained from some recent work by Toth and

146 46

"Nielsen;26 (2) Eu and:Gdl E.C. decay energies, 3.30 and 2.15AMev

respectively, taken from a publication by Gorodinski et,al.27; and (3) Ndlsl

QB- = 2.4 Mev, and Smt2?

28,29

QB- = 1.8 Mev, taken from two recent publications of

Schmid and Burson. The (alpha-decay energies) used throughout the

eff's
cycle calculationslare known as the effective decay energies and‘consistvof the
total alpha disintegration energies of the bare nuclei. _These'Qefffs are equgl
to the alpha particle-energies in the laboratory system p;us the reqoil;energy
plus the orbital electron screening correction, éES.C.’ mhere.AES.C. = 65.3
(z + 2)7/5 - 80 (z + 2)2/5 e.v., and is approximately equal to 20 kev for the
rare eafth nuclides.

‘ﬁsing oﬁly experimeptal Qéff's the following decay_energ;es can be

calculated using closed cycles:
. 152

(a) kn cycle Eu Quep = l.3j Mev
| 'Pmlh” Qupp > 0.52 Mev
pr Quep = 1-19 Mev

cet™ g, = 0.1k Mev

(b).hn+l cycle Eul“9 Qe §73.23,Mev
Smlu9 Qer < 2.80 Mev

i Q. < 2.hk Nev

» Ndlug L < 2,04 Mev
(¢) ln+2 cycle | Eut?? Qpp < 3.17 Mev
| pr*0 Q > 1.18 Mev

eff
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- (d) Ln+3 cycle v‘DylSl % c > 1.27 Mev
Gdlhr7 Qéff > 0.11 Mev
147 _
Pm Qupr = 1.56 Mev
NaH7 Qe = 0.93 Mev:

‘The calculated values-for~Eu152, Pmlh7, Ndlu7, Prl“” and,Celuu were added to

the experimentally determined ones, bringing the total of known alpha deay
energies to .20, The 20 numbers were then used tor draw Fig. 5 injﬁhich they
were plotted againsf neutron numbers. The points for particular elements have
been joined in an idealized fashion by drawing straight lines through them. It
 is these lines that were used in estimating unknown alpha-decay energies by
means of either interpolation or extrapolation. . The fact that the points
should in reality be joined by a series of roughly parallel zigzagging lines
rather,than_straight lines intrecduces an error into any Qeff that is read off
-these lines. However, under the circumstances (for some elements only one
point ié known) such straightline extrapolations énd interpolations are the
best that can be made.

We will now illustrate the manner in which the remainder of the cycles
were constructed by two examples. In the first case 1.65 Mev is read bff the

43 43 143

praseodymium line for the Qeff df Prl ;and the Qeff's for Cel and Nd are

calculated to be 0.8l and 0.45 Mev, respectively. The Celh3 value thus deter-

mined is in good agreement with the Q,eff estimated from Fig. 5. .The second -

46

case represents a less straightforward calculation. The QEff for Pml was

found to be >-1.18 Mev using the experimentally determined Smlu6 alpha-decay

“energy. The lower limit agrees with the value of 1.95.Mev estimated from the

promethium line. Using this approximate Qéff for Pmlh6 one calculates the
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146

1
QB—; for Pm to be about 1.47 Mev. In turn, using this,QB‘, the~Eu-,,5

0]

' Qéff

is found to be about 2.4 Mev in good agreement with the approximate value of
2.15 Mev read off the europium curve in Fig. 5.  The numbers shown in the closed

cycles are labelled as to how they have been determined. Rather than go through

each cycle individually, only those of special interest will be discussed.

45 143

The Qeff's for Sml and Nd have been calculated to be_l.25 and

0.45 Mev respectively. The two isotopes each have 83 neutrons and their Qeff's

146

-are to be compared with the experimental alpha-decay energies of Sm and

Ndluu. In both cases there are decreases of approximately 1.4 Mev for the

Qerr

82-neutron closed shell does indeed exert the same influence on alpha-decay

's in going from 84- to 83-neutron isotopes. This is evidence that the

energies as does the 126-neutron shell»in,the heavy elements. The SmllLS and

43

,Nd; points have been placed in:Fig. 5 and two lines drawn connecting these

L6

points to those of Sml and,Ndluu, respectively. Similar lines have been

drawn for the other elements parallel to the first two. The calculated limits

1hh (

for the Qéff's of Gcl’lu7 and Pm also 83-neutron isotopes) of > 0.1l and

> 0.51 Mey, respectively, are seen to be in agreement with the values read off
the gadolinium .and promethium lines. Additidnalvevidence concerning the in-

fluencevof the ‘82-neutron shell may be obtained in the following manner. The

1h2

's for the 83-neutron isotopes Pr and Celul can be estimated to be 0.10

Qéff

and -0.20 Mev, respectively. Using these Qéff's the slpha-decay energies of
Ao o . b2 1 B

the 82-neutron nuclides,.Nd and Pr ", are found to be negative. The

negative alpha-decay energies not only for the two 82-neutron isotopes but

also for,Ce']’hl indicate that the three nuclides are stable with respect to

emission of alpha particles.
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In general the closed-cycle calculations are internally consistent--
indicating that the accuracy of the curves in Fig. 5 is fair considering the
idealized straight-line extrapolations. Some discrepancies do arise. ' Beta-

decay energies taken from King's compilation seem almost certainly to be in

149 48

error in two instances. These are: (a) Pm QB_‘l.3h.Mev, and (b) Pri

QB‘ 2,7 Mev. The first value is listed in King's compilation with a question-.
mark after it, indicating that the number is uncertain. Considering the
uncertainty we should like to propose a QB' of 0.90 Mev for Pmll*9 thus removing

the inconsistency. The QB_ of Pml.u8 is employed in two cycle calculations. 1In

152

one, the Qeff of Eu used in Fig. 5 is calculated. In the second, using 1.25

MBQ,eff that of Sm148 is found to be 1.55 Me§ while the number
48

estimated from Fig. 5 is 2.0 Mev. If the Pml QB- is decreased by say 0.25

L8
Qeff

value. The Eu152 Qeff becomes 1.58 Mev, a number that is as much above the

europium line in Fig. 5 as the 1.33 Mev value is below that line. We would

L8

Mev for the Pml

Mev, then the calculated Sml is in essential agreement with the Fig. 5

therefore propose that the correcterl QB is less than 2.7 Mev and is closer

to .2.45 Mev. Another inconsistency is apparent in the Gdlss,'EulBS, Sm151

151 155

, and -

is approximately 0.55 Mev
51

Pm closed cycle. Here the calculated Eu

25

Q‘eff

less than the Fig. 5 value. The Eul QB is probably correct. That of Pml

51

is less certain. -Perhaps the Pml QB' is in error. A more striking incon-

sistency appears in connection with the following two beta-decay energies:

Pmlso QB' (5.0 Mev) and Prlu6 QB- (4.2 Mev). Because the Qe of Sm150 must be

f
20 46 should be > the QB‘ of Pmlso. Another

15k i

1 1
> % '
the Q . of P 7", the QB' of Pr

0

S

indication that the Pm15 QB- is too large is found if the Qéff of. Eu

estimated to be 0.90 Mev. Then the calculated Gdlsh is almost 2.5 Mev

Qeff
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larger than that expected from Fig. 5. The alpha decay energy of-Lalu} has been
calculated to be gpproximately 1.05 Mev. Starting with this point, a line may
be drawn parallel to the cerium line in Fig. 5. From the lanthanum line the

of Lalu2 can be estimated to be 0.65 Mev. Working backwards, the two
46 150

Qéff

beta-decay energies are found to bé: (a) Prl

Q. 3.39 Mev and (b) Pm

15k QEff 5& is founad

QB‘ 2.49 Mev. ©Now using the above-estimated Eu that of Gdl
to be 1.42 Mev in agreement with the value of 1.50 Mev obtained from Fig. 5.
The discrepancies in the two other instances seem to be due to raﬁher
sharp dropsin the alpha-decay energy versus neutron number curves somewhere
between 88 and 90 neutrons. There is experimental evideace in the case of the
dysprosium alpha emitters of such an abrupt decrease. DylSu has been found to
have an energy of 3..46 Mev,8 a number somewhat higher than would be expected
but not in serious disagreement .with the straight line drawn through the other
four dysprosium decay energies.  Recently Riezler and Kauw have searched for

156 using dysprosium;enriched‘in“Dyl56.12. They report that

alpha activity in Dy
they were unable to see any alpha tracks attributable to.Dy156vand set a lower
limit of 1018 years for the isotope's alpha half-life by alpha decay of energy
exceeding 2.2 Mev. The expected energy for'Dy156 according to. the line in Fig.
.5 should be about 2.7 Mev, so that there seems to be a sharp decrease in energy
of at least half ai Mev. There are rather abrupt nuclear-structure changes
between 88 and 90 neutrons in neﬁghboring rare-earth nuclides, as reflected‘in
first-excited-state energies and spectroscopic isctope shifts of even-even

l5l.and.Eul$3.

nuclei and in .quadrupole and magnetic moments in Eu Perhaps the
discontinuity is related to these sudden changes in isotopes having 88 and 90

neutrons. The sharp decrkase could account for the following discrepancies
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that arise in our cycle calculations. If the Q .. of Eu o2 (89n) is taken to

be 1.50 Mev, that of Sm >

(90n) is found to be about 0.23 Mev, while from Fig.
5 one would predict & Qéff of .0.75 Mev. A similar instance exists in the cycle
involving the Qéff's of gat?3 (89n) and Eut23 (90n).  There the calculated
Q,eff for-Eu153 is 0.69 Mev while the estimated one is 1.20 Mev. One notes

_that using the 1.20 Mev Qéff for Eu153 that for Sm153 is calculated to be 0.41
Mev, a value in good agreement with that of 0.45 Mev obtained from the Samarium
line. It therefore seems that the discrepancy occurs only when the two
isotopes involved in the cycle happen to have 89 and 90 néutrons, respectively.
This would indicate that the sharp decrease takes place between 89 and 90
neutrons.and that th&-lines past 90 neutrons continue approximately parallel

to the original slope. ©Since only differences between Qéff's are used, it

does not matter if both of the alpha-decay energies used in a calculation hafe
been decreased from their original values (estimated from Fig. 5) by
approximately the same amount. With the available data these seem to be the
only such checks on our proposal of a discontinuity.

Examining the alpha-energy trends with atomic number for 84-neutron
nuclei in Fig. 5, one notes that the large break between gadolinium (64p) and
ﬁerbium (65p) is outstanding, suggesting a proton subshell at 64. From the
differences in alpha energies of the 8h-neutron: 1 nuclei it would seem that
the 65th proton is less tightly bound than the general average in the region.
The "break" was noted for the first time by Rasmussen, Thompson and GhiorsQ6
who proposed that a splitting between the 2d

/2

nuclear shell model could account for a slight extra stabilization of the

and 24 levels in the Mayer
3/2 Ay

6hi-proton configuration. The single-particle states for odd-Z nuclei in the
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region 50 <-Z < 82 come in the following order: g7/2, q5/2’ hll/z’ ds/z.and

30
1/2° 5/2

states which might account for a proton subshell at-Z equal to 6k.

s There does occur a substantial splitting between the d and h

11/2

In summary then, (1) the curves in Fig. 5 can be used with fair
accuracy in cobtaining extrapolated and interpolated alpha-decay energies at
least up to 89 neutrons, (2) good evidence exists that 83- and 82-neutron
isotopes have alpha-decay energies much less than those of 8li-neutron nuclides
fof a given element, (3) some evidence is available indicating a sharp decrease
in the normal alpha-decay energy versus neutron number trend in going from 89
to 90 neutrons, and (4) a proton subshell may exist at 64 protons. Table II

lists beta decay energies calculated using .closed cycles.

IV. ALPHA-DECAY RATE CORRELATIONS

Half-lives for alpha-decay transitions proceeding from even-even
nuclei to ground levels in the daughter nuclei in the heavy element region have
been found to agree well with those calculated from simple Coulombic barrier

31

penetration theory. Most decay rate correlations have been made using a
semi-empirical tréatment rather thanveméloying-eqpations that arise from the
penetration theory. The treatment is based on the fact that if experimantal
~alpha half-lives for even-even ground state transitions are plotted against
Qéff—l/z.then a series ofkparallel straight linés are pbtained, one for each

element.  The equation of these lines may be represented as:

A

log tq/, = B.
%8 M1/2 T (o_1/2 7
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Table IT

Beta fdecay energies calculated using closed cycles

Previously known

Cycle _ Beta decay beta decay energy
series Isotope énergy  (Mev) (Mev) -
in _ oot > 3.52 (E.C.)
Eul“8 > 2.55 (E.C.) > 0.56
_ Pmlh8 0.45 (E.C.)
hn+l py1?3 1.97 (E.C.)
123 1.99 (E.C.)
Gdlu9 1.28 (E.C.) > 0.50
Eu149 0.89 (E.c.) >0.57
Pt H9 0.90 (B-) 1.3k
Prlus 1.70 (B-) > 1.70
hn+2 TblSh 70,16 (B-) |
| o 2.94% (E.C.)
Dyl5o 2.65 (E.C.)
20 4.35 (E.C.)
Eu”° 1.89 (E.cC.) _
P20 2.49 (B-) 5.0
Pml”6 1.47 (B-) > 0.7
Pml”6 1.14 (E.C.) 4
Py 0 3.39 (8-) .2
P42 h.24 (E.C.)
prt2 0.4k (E.C.)
Lalt 424 (B-) > 2.5
hn+3 pyt2t 3.16 (E.C.)
oot >1.37.(E.C.)
cat?t 0.38 (E.C.)
aat™7 2.52 (E.C.) > 0.63
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The constants A and B are evaluated for even .Z elements from the known experi-
mental data, and.a least squares fit to the values for A and B are obtained
yielding equations for A and B, respectively, valid in the heavy element region.
In this way similar lines are then drawn for odd Z elements. Transitions other
than ground state transitions from even-even nuclei exhibit fates that are

31

slower than those predicted from simple theory, that is, those calculated
from the»above-eqpétion using the appropriate constants A and B. The slower
transitions include in addition to those proceeding from odd nucleon nuclei the
non-ground-state transitioﬁs of even-even nuclei. Hindrance factors are then
defined for the slower transitions, taking these to be the ratios of the
experimental half-lives to the half-lives calculated from the above equation.

A similar treatment in the rare éarth region is not possible due to the
lack of accurately known alpha half-lives. Instead we have calculated half-

lives using equations directly from the barrier penetration theory and compared

them with the experimentally determined ones. In the simple theory the barrier
' 2
2Ze

is pictured as a potential made up of a Coulombic potential, V = , with a
sharp cut-off at a certain radius termed the effective nuclear radius "R". The
alpha particle confined within the barrier makes frequent collisions with the
wall and has a probability for pemetrating the barrier. The decay constant

N = P, where "f" is the frequency factor expressed as collisions per second .

with the wall, and "P" is the guantum-mechanical penetrability factor. .From

the WKB approximation the penetration factor is

2rZe2 >
PXe ('?/h) f E V 2 (2?8 —E> ar
| R |
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where Z is the charge of the recoil nucleus and M is the reduced mass of the
system. The integral has been evaluated .analytically and using Bethe's
notation32 P=~exp [ - 2g (Z,R) v (x)] where x =.E/B, B being the barrier
(E%EEQ, g(Z,R) ==§-€E vﬁ@i§, and v (x) = x—l/2 arc cos (xl/z)—(l-x)l/z. _For

the pre-exponential factor, "f", different .expressions have been used by
various authors. Rasmussen, Thompson and Ghiorso calculated alpha half-lives
in the rare -earth region using 5 different formulae for "f" and found that
thg.calculated half-lives for particulaf isotopes differed very little.6 The
fdrmulae used in the calculations presumably give the same rate dependenée on
decay energy. For our purposes we have chosen formula 3 in fhht paper which is

33

an approximation to the decay rate formula derived by Preston. The expression

as derived by Preston is,

23/2 (E-U)(B—E)l/2

Mi723 (BE-U)+(B-E) P

A =

where U is the internal potential energy of the alpha particle within the

nucleus. Kaplan in his correlation of even-even alpha-emitter data3h also
2,2
prod

used the formula and was able to show from his .correlations that E-U = I “2 (ll).
2MR

For the heavy element alpha-emitters correlated by Kaplan E-U is about 0.52
Mev,‘smail enough to be neglected with respect to (B-E) in the denominator of
the expressed for "A" (1). Substituting for E-U from (11), expression (1)
‘becomes,

21/21(3{12
M3/ZR3(B-E)172

P (111)

This then is the formula used in our calculations.
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Before "A" can be determined the effective nuclear radius, R, must be

known. Using the decay rate data for Gdlu8 and Razzn the R values (for the

recoil nuclei,Smllm and-EmZZO) in the two regions were found by Rasmussen et
al. to be 8.00 and 9.25”fermisvrespectively.6 From these R values the .con-
stants -"a" and "b" used in an effective nuclear radius formula of the type

R = (aAl/3 + b) x 10713 cmwere determined. "a" and "b" were found to be 1.58
and -0.30 respectively. .We have calculated the alpha half-lives of the isotopeé
listed in Table I using the above radius formula and expression (111) for the
decay constant "A". Table III campares the experimental half-lives with the
theoretical ones. A plot of the log of the half-life versus the inverse of
the sguare root of the decay energy is shown in Fig. 6. Both the theorétical ’
and the experimental half-lives have been included in the diagram. ,Assmene
tioned previously the points for a given element in such a plot for even-even

nuclei f811 on a straight line., This can be readily seen if the functim 7y (x)

is expanded in a Taylor series gbout x = 0. Then the expression for P becomes,

1 1 2
log p = (ZMER) /2| gt/ oy 4B _3E
g - ﬁ E172 B )-‘-BZ R

where it is indeed observed that the main energy dependence of log P is an
.inverse square root dependence,

.Bearing in mind the sensitive dependence of half-lives on decay energies
let us consider the results of Table III (a). .Excepting for ¢at?° the theoreti-
cal and experimental half-lives -of all the even-even isotopes are in agreement
within a factor of 5. Deviations of such magnitudes are not surprising if
errors involved in the determinations of experimental half-lives and decay

energies are considered. A change of 7O kev in a Qeff is sufficient to account
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Table III
Comparison of theoreticgl and &xperimental alpha half-lives
Isotope Qéf;(Me§) Theor. half-life Exper. half-life Ratio (Exp./Theor.)
(a) Dy™>3 3.5 9.57 yr 13.4 yr 1.4
Dyl52 3.78 0.38 yr 1.45 yr . 3.8
Tt 3.56 4.08 yr 5.8x102yr 1.4x10°
ol H9 1.08 8.4 hr 36 nr h3
ga 2?2 .2.231 2115100 yr 1.13x10lLL yr (1.9)’l
ca° 2.80 8.37xlo6 yr 3x105-yr (2.8xlol)'l
a9 3.10 6.92x10° yr 1x10° yr (1.7)'l
7 2.98 2.09xlo” yr sxlo3 yr (1;.2)"l
‘Eulu7 3.06 k. 06x103 yr 5xlO_3 yr 1.2 _
et 2.26  1.63x10%% yr 1.3x0™ yr (1.25x107) 7%
,Smlu7 2.32 2.00x10" yr 1.18x0Mt yr (1.7)'l
S0 2.64  1.78x107 yr 5%107 yr 2.8
N 197 1.37x20%0 yr 1.5x10% yr 1.1
ol 1.2 1.14x0°0 yr 2.36x10% yr  (4.8)7%
(b) Dyl56 2.60 1. 4ox107C yr '>1018 yr ‘
Tyt 2.20  1.16x10%° yr 51018 yr
pytoH 3.46  1.0bx10% yr
Dylsl 4. 20 6.2 hr >19 min
.Dylso 4.35 53 min > 7 min
T2 3.20  3.95x10° yr >2.2x10" yr
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for a difference of a factor of 10 in the calculated half-life. .The discrepancy

in the Gd150

case is much greater (a factor of 28). Here again the deviation
is probably due to errors in the half-life and decay energy measurements. The
decay energy is correct to only #0.15 Mev while the experimental half-life is

accurate to only a factor of 2.

From heavy element data it is known that odd-nucleon alpha emitters
have half-lives longer than those calculated from theory. For Dy153 and Gd149
the theoretical and experimental half-lives do not deviate by large amounts.
Errors in the experimental data preclude any conclusions as to whether or not

k7

decay energy is based on the

147

the discrepancies are significant. vThe-Eul

1h7

experimental  Sm value. Using the two ..older decay energies of Eu and

_Smlu7 the'half-lives calculated are found to be greater than the experimental
b7

ones. The deviation is particularly large for Sml A more recent measure-

ment of the SmlAY decay energy has been made by»Macfarlane.llL (The remeasure-

147

ment -affects some of the artificial alpha emitters where Sm was used as a

standard.) This nﬁmber togethef with the consequent new,Eulu? decay energy
yieldstheoretical half-lives in essential agreement with the experimental ones.
Larger deviations for all four of the above odd-nucleon isotopes are not
excludéd by the experimental data. It is not possible to state with certainty
if any of the four nuclides exhibit hindered alpha :decay rates. According to

151

Table III (a) the 2 remaining odd-nucleon isotopes, Tblu9 and Tb , seem .to

have hindered decays. Taking into consideration the experimental limits of

error the two half-lives still appear to be greater than the calculated ones.

49 151

Thus the alpha decay rates of Tbl and Tb seem to be indeed hindered.
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51 _ 150

In Table III, part (b), half-lives have been calculated for Dyl

152 and are .compared with the experimental half-life limits for the same

50

;» Dy
and Tb

have ‘been .taken as being

152

nuclides. The experimental values for Dylsl andDyl

greater than the total half-lives of these isotopes. The Tb 1imit is much

more significant since it ‘indicates that the half-life is greater than the

theoretically calculated one showing that the odd-nucleon isotope has a

lsz_half-life limit .has been determined from

35

hindered alpha-decay rate. The Tb
an a/E.C.‘branching ratico limit of < lO“7 sét by Toth, Faler, and -Rasmussen.
" Theoretical alpha-decay rates have been calculated for Dy156 using two decay
energies,>3.6,and_2.2.Mev. The first is taken from the extrapolated dysprosium

line in Fig. 5, while .the second is -the upper limit set by Riezler and Kauw.12

156 shows that

Their experimental alpha half-life limit of > 1018 years for Dy
even .2.2 . Mev for the Qeff is still somewhat large. Thus there seems to be
indéed a sharp drop from the expected decay energy of approximately 0.5 Mev at
90 neutrons at least for the dysprosium alpha emitters. The-calculated-Dylsh
half-life has been included for comparison.

‘The . Coulomb potential with a sharp cut-off at some effective nuclear
radius is not_g.realistic nucledr potential; 'Hoping_to obtain a more signi_
ficant treatment of alpha decay data, Rasmussen has calculatedvbarrief
penetrabilities for even-even and odd-nucleon alpha emitters using a potential
derived from alpha-scattering inf'ormation.36’37 The potential used was

38 .The

deduced by Igo from optical-model analyses of alpha-scattering data.
V(r) consists of an exponential expression for the real part of the nuclear

potential valid in the surface region for lV"S 10 Mev.
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" 1/3
V(r) = -1100 exp - [r - ézé$nA ] Mev,

Sa_ey

vhere "r'" is in fermis and "A" is the mass number. Rasmussen has calculated

the penetration factors "P" using the above V(r) and then determined the

2
reduced alpha emission,widths,fsz” from the expression: A\ = §E£ , where "\"

is the decay constant and "h" is Planck's constant. Hindrance factors "F"

were then determined for odd-nucleon isotopes as well as for non-ground-state

transitions in even-even nuclides. "F" for odd-nucleon isotopes was defined

as:
o) + 8, 2 2
F = 5 , where "8." and "52" are reduced widths for ground-state
20 . '

S odd . 5 . p
transitions of nearest or next nearest even-even nuclei and .”Sodd" is the
reducedeidth for the odd-nucleon isotope in question. We have taken the *
"82" values for sml“6, Gdlhs;'Tblh9 and To™”~ from the two publications of

36 2u

23T In addition, employing the same IBM-650 program the "3

values for Ndluu, Smllw

Rashussen.
P Eul)1L7 (using the newer experimental .data for these
three isotopeslq), Gdlso, Gdlsz, Dylszand»Dy153 have been calcula ted. The
information together with hindrance factors for odd-nucleon isotopes is
summarized in Table IV. Also shown in the table are the even-even isotopes
used to determine "F" for any given odd-nucleon nuclide.

The reduced widths in principle should be constant for even-even
(ground-state transitions) and favored alpha decay. The experimental data

o2 and-Dyl53 are so uncertain that it is difficult to state whether or

not the Dy153 decay rate is indeed favored. The Tblug, Tb151 and Eu147

for Dyl
décay

rates are seen to be hindered even taking into account experimental limits of

149

error. G4 is presﬁmably favored in its alpha decay. Here the Jdata are
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Table IV

UCRL-8973

_ Reduced widths and hindrance factors

‘Exper. Reduced Even-even
. (£ 48 )" .Tl/ztx gidth Hindrance nuclides used

Nuclide a sc (sec) 5" (Mev) factor F to calculate F
gt 1.86 7.45x10%%  0.223
S *0 2.57 1.58x10  0,0152
smt 7 2.26 3.72x1088  0.0750 2.03x107F  entHe
ol 3.00 2.07x10™t  0.0167 3.01 st a8
a8 3.18 b.47x10°  0.0852
catt 3.02 1.15x1070  0.0954 8.20x107F  gat*8 qat?°
aat?° 2.72 2.08x10°"  0.0713
cato? 2.17 3.56xloll 0.0952
149 3.97 1.48x10°  0.0115 6.83 ca™*® gato°
ot 2t 3.42 2. 10x10%° 6.l3x10-u 1.36xlo2 Gdlso,Gdl
Dy °° 3.68 1.55x107  0.0425 |
py-23 3.50 l.93xlo8 0.0785 5.41x10 " Dyl52

*
~Does not include alpha particle recoil energy.
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147

seems to

146

again uncertain enough to make any conclusion very doubtful. - Sm
exhibit a favored alpha decay rate. Tais is dependent on the "62” of Sm
which seems to be a little low compared to the reduced widths of the other

P o 2 . ,
even-even nuclides. However, even if its "B™" is increased to a value closer

1h7

in magnitude to that of the other even-even reduced widths the Sm decay

rate would still tend to be favored. The Smlu7 decay energy and experimental

half-life are known sufficientily well so that its calculated YSZ“ must be. quite

accurate. The spins of Sm

143 bl hz have been both found to be 7/2. The wave functions of the odd

2

and of its alpha-decay daughter,

Nd

nucleon in parent and daughter should be very similar thus leading to a large
overlap integral between initial and final odd-nucleon wave functions. Perhaps

147

this explanation can account for the enhanced Sm alpha-decay rate.

V. CONCLUSION

Before our knowledge of alpha systematics in the 82-neutron region can -
be extended any further, more data are certainly needed. ©Some of the already
known slpha halif-lives will have to be redetermined moré accurately. A number
of alpha emitters are known whose partial alpha half-lives have not yet been
determined. New alpha emitters will have to be discovered and their decay'
energies and half-lives found. It is certain that alpha emitters, undiscovered
as yet, do exist.with measurable half-lives. Unknown alpha emitters above
dysprosium must exist as indicated by the holmium'alpha activity reported by
Rasmussen et al.6 and also by the following experiment carried out by the

56 58

1
authors. Natural dysprosium containing 0.05% Dyl and 0.09% Dy was bombarded

with 48-Mev helium ions. Presumably erbium isotopes were produced with mass
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numbers 156 or greater, since (a,Sn) reactions are not energetically possible
at the bombarding energy, at least not with any‘appreciable cross sections.
.Chemical separations were not attempted. The samples were counted in alpha
counters, and half-lives of reasonable duration (hours) were observed. These
alpha emitters were either erbium or holmium isotopes, but were definitely not
dysprosium nuclides, since the dysprosimdaughters would have mass numbers 156

or greater and these are known not to emit alpha radiation.
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I I > 2.55¢ I I |
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»Sm< P »Nd< Pre Ce
B3 o |m >0 e
>0.52¢ 197 119e 0.44e
140 140 140 Y 140 140 140
> »Ce® La* Ba
Pm Nd Pr=="2 5 375 '°F 705
\j
136 136 136 136
Pr136 >Ce]36 La Ba« Cs Xe
230 285
MU-18650
Fig. 1. Closed-decay cycle "Ln".
number: indicates an experimental value.
number: indicates a value estimated from Fig. 5.
number e: indicates a value calculated using only
experimental energies.
number c:

estimated from Fig. 5.

indicates a value calculated using energies
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MU-18651
Fig. 2. Closed cycle "hn+l".
number: indicates an experimental wvalue.
number: indicates a vglue estimated from Fig. 5.
number e: indicates a value calclulated using only
experimental energies.
number c¢: indicates a value calciikated using energies

estimated from Fig. 5.
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Fig. 3. Closed-decay cycle "kn+2".
number: indicates an experimental value.
number: indicates a value estimated from Fig. 5.
number e: indicates a value calculated using only
experimental energies.
number c: indicates a value calculated using energies
estimated from Fig. 5.
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Fig. L. Closed-decay cycle "un+3".
number: indicates an experimental value.
number: indicates a value estimated from Fig. 5.
number e: indicates a value calculated using only
experimental energies.
number c: indicates a value calculated using energies

estimated from Fig. 5.
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Q Alpha decay energy (Mev)

(L 1
83

Neutron number

MU-—18654

Plot of ~ Vs, neutron number.

¢ indicates an experimental decay energy.

¢ indicates a decay energy calculated from closed-
decay cycles using only experimentally determined
decay energies.

The Ndlu3 and Smlhs points have been calculated from

decay cycles using Pri%3 and PmihS energies estimated
from the full lines in the figure. Dashed lines have
been d{ gn for all the elements shown in Fig, 5, with
the N4 and Sm p01nts serving as guides, to show
the discontinuity occurring at 84 neutrons. The
lanthanum line is drawn parallel to the cerium line and
through the Lalll point calculated from a closed-decay
cycle,

Fig.
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Fig. 6. Plot of T vs. (Qeff)
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@: indicates an experimental half-life.

indicates a calculated half-life.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Ew]

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in

this report.

- As used 1in the above, "person acting on behalf of the

Commission"” includes any employee or contractor of the Com-

mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor..





