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ABSTRACT 
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Alpha decay energy data in the rare earth region are extended by 

means 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 with experimental 

half-lives and discrepancies are discussed. Reduced level widths 
2 

5 are 

determined for rare Barth alpha emitters using barrier penetration factors 

calculated from .the real potential derived by optical model analysis of alpha 

elastic 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 auspices of the U.S. Atomic Energy 
Commission. 

t 
Present address: Electronuclear Research'DivisionJ Oak Ridge National 

Laboratory. 
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From the observation of the slope of the mass-defect curve it has been 

noted that most isotopes whose mass numbers are greater than 150 are unstable 

with respect to alpha-particle emission. Radioactive decay by this means is 

commonly observed in both natural and artificial isotopes of elements who~e 

atomic numbers are greater than 82. In marked contrastJ alpha emission for 

isotopes of elements with Z < 83 is rather unusual. Prior to 1949 only one 

alpha-emitting isotope was known in the medium-heavy regionJ i.e. the alpha­

emitting nuclide in natural samarium discovered by Hevesy and Pahl in 1932.
1 

The lack of alpha-emitters in this region can be well accounted for by the 

fact that alpha-decay rates depend on t.he decay energies in a very sensitive 

exponential mannerJ as shown by the formulae developed independently by Gamow
2 

,and by. Condon and Gurney. 3 Naturally-occurring isotopes :in :cthe medium-heavy 

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

2 Mev and still have half-lives 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 equation of Bohr and Wheeler and on the ex­

perimental mass-defect curve. 4 He predicted that 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 

as neutrons were removed before the total half-lives became inconveniently 

short had to be tested experimentally. In 1949 Thompson and co-workers reported 

positive results obtained in a survey in which targets of various elements of 

interest w~re subjected to high-energy particle bombardments. 5 They discovered 

alpha-radioactivity in ne~tron-deficient isotopes of gold and mercury and some 

rare-earth elements. Since that time other alpha emitters with Z < 83 have 

been reported in both naturally occurring and artificially produced isotopes. 

The majority of the latter were reported by Rasmussen, Thompson and Ghiorso in 

1953. 6 
In addition, Dunlavey and Seaborg produced sm146 also in 1953, T while 

Toth and Rasmussen discovered and reported two new dysprosium alpha emitters 

8 in 1958. The discovery of naturally occurring alpha emitters in the region 

below bismuth has been carried out chiefly by two groups (1) Kauw, Porschen and 

Riezler who have used nuclear emulsions to detect the alpha radioactivity9-13 

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

14 detector. 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 correlation of alpha decay-energy and decay-rate data in a manner 

similar to that used in studies of alpha systematics 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. 

II. SUMMARY OF INFORMATION 

The information on rarec:earth alpha emitters is summarized in Table 

I. 



Table I 

Summary of information 

Alpha M~thod of T1; 2 a 
Alpha Total Other decay energy Method.of Alpha determination 
emitter half-life modes observed (Mev) detection half-life Reference 

Dyl54 
ionization 

13hr±~ none observed 3. 35±0. 0~ chamber 8 

Dyl53 
indirect evidence ionization estimated from 

5hr±0.5 for E.C. decay 3.48±0.05 chamber rvl3.4y reaction yield 8,15 

Dyl52 
ionization estimated from 

2.3hr±0.2 E.C. and t)+ 3.66±0.05 chamber rvl. 45y reaction yield 6,8,15,16 

Dyl51 
ioni'Zation 

19min±4 E.C. and t)+ 4.06±0.04 chamber 6,8,16 

ionization I 

Dyl50 Vl 
7min±2 E. C. and t)+ 4. 21±0.06 chamber 6,8,16 I 

Tbl51 
ionization 2 x ray ratio 

l9hr±l E.C. 3.44±0.1 chamber "'7. 4x10 y a 6,8,15 

Tbl49 
alpha total t• 

4.lhr±0.2 E. C. 3·95±0.02 spectrograph 36hr±7 -- ra 1.0 6,16,17 a 

ai52 
natural ionization 14 . decay r?te of known 

t) stable isotope 2.15±0.03 chamber l.l3x10 ±0.08y number of atoms 14 

Gdl50 l05y 
ionization 

rv3xl05y t)-stable 2.70±0.15 chamber 11 6,15 

Gdl49 
ionization 

rv4xl03J' 
x ray ratio g 

9.0d±l E.C. 3.00±0.15 chamber a 6 g;1 
I 

Gdl48 
ionization 2 estimated from fft 

t)-stable(?) 3.16±0.10 chamber rvl. 3xl0 y reaction yield 6,15 -J 
lAJ 

Eul47 
ionization 

rv4, 4x103y 
x rayratio 

24d±2 E.C. 2.88±0.10 chamber a 6,15 



Table I (cont 1 d.) 

Alpha Method of T1£2 a 
Alpha Total Other dec~y energy Method of L .. Alpha determinatio 
emitter half-life modes observed (Mev) detection half-life Reference 

Sml47 
r natural ionization 11 decay rate of known 

~-stable isotope 2.18±0.02 chamber ""1. 3xl0 y number of atol!1S 1,18,19 

ionization 
l.l8±0.05xl0

11
y 11 11 2.24±0.02 chamber 11 14 

Sml46 
nuclear 

."-'5xl0 7 y 
estimated from 

~-stable 2.55±0.05 emulsion reaction yield 7 

Ndl44 
> natural nuclear 

"-'l. 5xl0
15 

y 
decay rate of known 

~-stable isotope 1.90±0.1 emulsion number of atoms 20 

natural ionization 
2.36±0.29xl015y 11 

~-stable isotope ; 1.84±0.02 11 14 chamber 

ain recent 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 Dy154 with the 

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

discontinuity between 88 and 90 neutrons would be altered. 

I 
0\ 
I 

§ 
~ 
I 

CP 
\0 
-..] 
LAJ 
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III. 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 similar data in the heavy elements have shown that 

in such a plot the points for a given element lie on an approximately straight 

line. As mentioned briefly in the introduction alpha-decay energies for a 

given·Z number increase with decreasing neutron number. -Discontinuities in 

this monotonic trend appear in two places in the heavy element region. The 

firstJ an extremely pronounced oneJ appears at 128 neutrons as a consequence 

of the closed shell at 126 neutrons. As a result of the major closed shell 

~he maximum alpha-decay energy for a given element is reached at 128 neutrons 

due to the abnormally low neutron binding energies just beyond the closed 

shell. Alpha-decay energies are abnormally low for isotopes with 126 neutrons. 

The normal trend is found to resume in isotopes with less than 125 neutrons. 

A similar but much less pronounced effect takes place at 154 neutrons) pre-

21 sumably as a consequence of a neutron subshell at 152 neutrons. 

Information in the rare earth region (60 :S Z :S 66) is much more frag­

mentary) but the basic structure of increasing alpha-decay energy with 

decreasing neutron number 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 

pointJ 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 

means .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 energies. Then, if 3 of the 4 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 a 

number of reasons, the chief of which is scarcity of experimentally known 

alpha energies. This can be at least partially overcome through the inter-

polation and extrapolation of the alpha-decay ene~gy versus neutron number 

family of curves. Another reason for the limited applicability of the closed-

cycle method is that alpha e~itters 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 a limited region, however, has been carried out because new information 

does come to 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, 4n+l, 4n+2, and 4n+3 respectively. The notation can be illustrated thus: 

"4n+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 Lidofsky24 
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and from the new Table of Isotopes. 25 The three exceptions are: . (l) Pm144 

E.. C. ·decay energy > l. 8 Mev, obtained from some recent work by Toth and . 

Nielsen;
26 

(2) Eu
146 

and Gd
146 

E.C. decay energies, 3.30 and 2.15 Mev 

respectively, taken from a publication by Gorodinski et .al. 27; and (3) Ndl5l 

155 
~- = 2.4 Mev, and Sm ~- = 1.8 Mev, taken from .two recent publications of 

Schmid and Burson. 28, 29 The Q (alpha-decay energies) used. throughout the 
eff's 

cycle calculations are known as the effective decay energies and consist of the 

total alpha disintegration energies of the bare nuclei. These Qeff' s are equal 

to the alpha particle energies in the laboratory system plus the recoil energy 

plus the orbital electron screening correction, tES.C.' ~here ~S.C. ~ 65.3 

(Z+ 2)7/5- 80 (Z + 2) 2/5 e.v., and is approximately equal to 20 kev for the 

rare earth nuclides. 

Using only experimental Qeff's the following decay energies can be 

calculated using closed cycles: 

(a) 4n cycle Eul52 
Qeff = 1.33 Mev 

Prill44 
Qeff > 0.52 Mev 

Prl44 
Qeff = 1.19 Mev 

Cel44 
Qeff = 0.44 Mev 

(b) 4n+l cycle Eul49 
Qeff < 3. 23 Mev 

Sml49 
Qeff < 2.80 Mev 

Pml49 
Qeff < 2.44 Mev 

Ndl49 
Qeff < 2.04 Mev 

(c) 4n+2 cycle Eu150 
Qeff < 3.17 Mev 

Pml46 
Qeff > 1.18 Mev 
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(d) 4n+3 c~cle Dyl51 
~.c. > 1. 27 Mev 

Gdl47 
Qeff > 0 .. 11 Mev 

Pml47 
Qeff = 1. 56 Mev 

Ndl47 
Qeff = 0.93 Mev· 

The .calculated values 152 Pml47 Ndl47 Prl44 d C 144 added to for Eu , 
' 

, an . e were 

the experimentally determined ones, bringing the total of known alpha decay 

energies to 20. The 20 numbers were then used to~ draw Fig. 5 in which they 

were plotted against 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 introduces an error into any Qeff that is read off 

these lines. However, under the circumstances (for some elements only one 

point is known) such straightline extrapolations and 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 off the 

praseodymium line for the Qeff d;f Pr
14

3, and the Qeff' s for Ce
14

3 and Nd
14

3 are 

calculated to be 0.81 and 0.45 Mev, respectively. The Ce143 value thus deter-

mined is in good agreement with the Qeff estimated from Fig. 5 .. The second 

146 case represents a less straightforward calculation. The Qeff for Pm was 

8 
146 . found to be > 1.1 Mev using the experimentally determined Sm alpha-decay 

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

promethium line. Using this approximate Qeff for Pm
146 

one calculates the 
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%- for Pm
146 

to be about L 47 Mev. In turn, using this,%-' the Eu
150 

Q.eff 

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. 

The Q.eff's for Sm145 and Nd143 have been calculated to be 1.25 and 

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

are to be compared with the experimental alpha-decay energies of Sm146 and 

Nd144. In both cases there are decreases of approximately 1.4 Mev for the 

Q 1 s in going from.84- to 83-neutron isotopes. This is evidence that the eff 

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

energies as does the 126-neutron shell in the heavy elements. The Sm145 and 

Nd143 points have been placed in Fig. 5 and two lines drawn connecting these 

146 144 points to those of Sm and Nd , respectively. Similar lines .have been 

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

147 144 ) for the Qeff's of Gd and Pm (also 83-neutron isotopes of> 0.11 and 

> 0.51 Mev, respectively, are seen to be in agreement with the values read off 

the gadolinium and promethium lines. Additional evidence concerning the in-

fluence of the 82-neutron shell may be ob~ained in the following manner. The 

. 142 141 
Qeff's for the 83-neutron 1sotopes Pr and Ce can be estimated to be 0.10 

and -0.20 Mev, respectively. Using these Qeff's the alpha-decay energies of 

the 82-neutron nuclides, Nd
142 

and Pr
141

, are found to be negative. The 

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

also for Ce141 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 

error in two instances. These are: l~ l~ 
(a) Pm ~- 1.34 Mev, and (b) Pm 

\- 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 ~- of 0.90 Mev for Pm149 thus removing 

the inconsistency. The ~- of Pm148 is employed in two cycle calculations. In 

152 
one, the Qeff of Eu 

148 
Mev for the Pm Qeff 

used in Fig. 5 is calculated. In the second, using 1.25 

that of Sm148 is found to be 1.55 Mev while the number 

If the Pm
148 G~_ . d d b 0 25 ~ 1s ecrease y say . estimated from Fig. 5 is 2.0 Mev. 

148 
Mev,then the calculated Sm Qeff is in essential agreement with the Fig. 5 

152 value. The Eu 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 

therefore propose that the correct Pm
148 ~- is less than 2.7 Mev and is closer 

t 2 45 M A th · · t · t 1·n the Gd155 , ·Eu155 , Sm1 51 , and o . . ev. no er 1ncons1s ency 1s apparen 

Pm151 closed cycle. Here the calculated Eu155 Qeff is approximately 0.55 Mev 

less than the Fig. 5 value. The Eu155 ~- is probably correct. That of Pml5l 

151 is less certain. Perhaps the Pm ~- is in error. A more striking incon-

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

150 146 
Pm ~- (5.0 Mev) and Pr ~- (4.2 Mev). Because the 

150 
Qeff of Sm must be 

150 146 > the Qeff of Pm , the ~- of Pr should be > the ~- of Pm15°. Another 

indication that the Pml50 

estimated to be 0.90 Mev. 

~- is too large is found if the Qeff of Eu
154 

is 

Then the calculated Gd154 Qeff is almost 2. 5 Mev 
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larger than that expected from Fig. 5. 141 The alpha decay energy of La , has been 

calculated to be approximately 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 

142 
Qeff of La can be estimated to be 0.65 Mev. Working backwards) the two 

. ' 146 150 beta-decay energles are found to be: (a) Pr ~- 3.39 Mev and. (b) Pm 

~- 2.49 Mev. Now using the above-estimated Eu154 Qeff that of Gd154 is found 

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 rather 

sharp dropsin the alpha-decay energy versus neutron number curves somewhere 

between 88 and 90 neutrons. There is experimental evidence in the case of the 

154 dysprosium alpha emitters of such an abrupt decrease. Dy has been fqund to 

8 have an energy of 3.46 MevJ 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 

alpha activity in Dy156 using dysprosium.enriched in Dy156. 12 They report that 

they were unable to see any alpha tracks attributable to ny156 and set a lower 

limit of 1018 years for the isotope 1 s alpha half-life by alpha decay of energy 

exceeding 2.2 Mev. The expected energy for ny156 according to the line in Fig. 

5 should be about 2.7 MevJ so that there seems to be a sharp decrease in energy 

of at least half a Mev. There are rather· abrupt nuclear-structure changes 

between 88 and 90 neutrons in neighboring rare-earth nuclides) as reflected in 

first-excited-state energies and spectroscopic isotope shifts of even-even 

nuclei and in .quadrupole and magnetic moments in Eu151 and Eu153. Perhaps the 

discontinuity is related to these sudden changes in isotopes having 88 and 90 

neutrons. The sharp decr~ase could account for the following discrepancies 
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that arise in our cycle calculations. 152 . 
If the Qeff of Eu (89n) 2s taken to 

be 1.50 Mev) that of Sm152 (90n) is found to be about 0.23 Mev) while from Fig. 

5 one would predict~ Qeff of 0.75 Mev. A similar instance exists in the cycle 

involving the Qeff's of Gd153 (89n) and Eul53 (90n). There the calculated 

Qeff for Eu153 is 0.69 Mev while the estimated one is 1.20 Mev. One notes 

that using the 1.20 Mev Qeff for Eu153 that for Sml53 is calcu~ted 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 neutrons) respectively. 

This would indicate that the sharp decrease takes place between 89 and 90 

neutrons:and that·the:lines past 90 neutrons continue approximately parallel 

to the original slope. Since only differences between Qeff's are used) it 

does not matter if both of the alpha-decay energies used in a calculation have 

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 

terbium (65p) is outstanding) suggesting a proton subshell at 64. From the 

differences in alpha energies of the 84-!)eutronc 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 Ghiorso
6 

who proposed that a splitting between the.2d
5
/ 2 and 2d

3
/ 2 levels in the Mayer 

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

64-proton configuration. The single-particle states for odd•Z nuclei in the 
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region 50 <-Z < 82 come inthe following order: g
7
/Z' d

5
/ 2' h11; 2, d

3
/ 2 and 

30 s
112

. There does occur a substantial splitting between the d
5
/

2 
and h11; 2 

states which might account.for a proton subshell at Z equal to 64. 

In summary then, (l) the curves in Fig. 5 can be used with fair 

accuracy in obtaining 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 84-neutron nuclides 

for 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 

penetration theory.3l Most decay rate correlations have been made using a 

semi-empirical treatment rather than employing equations that arise from the· 

penetration theory. The treatment is based on the fact that if experimental 

alpha half-lives for even-even ground state transitions are plotted against 

-l/2 
Qeff then a series of parallel straight lines are obtained, one for each 

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

Beta deca;y: energies calculated using closed c;y:cles 

Previously known 
Cycle Beta decay beta decay energy 
series Isoto:12e energy. {Mev) {Mev} 

4n Tbl52 > 3.52 (E.C.) 
Eul48 > 2.55 (E.C.) > 0.56 
Pml48 0.45 (E.C.) 

4n+l Dyl53 1.97 (E.C.) 
Tbl53 1.99 (E.C.) 
Gdl49 1.28 (E.C.) > 0.50 
Eul49 0.89 (E.C.) > 0.57 
Pml49 0.90 (13-) 1.34 
Prl45 l. 70 (13-) :::: 1.70 

4n+2 Tbl54 ·o.l6 (13-) 
Tbl54 2.94 (E.C.) 
Dyl50 2.65 (E.C.) 
Tbl50 4.35 (E.C.) 
Eul50 1.89 (E.C.) 

Prn 150 
2. 49 (13-) 5.0. 

Pml46 1.47 (13-) > 0.7 
Pml46 1.14 (E. C.) 
Prl46 3.39 (13-) 4.2 
Pml42 4. 24 (E. C.) 
Prl42 0. 44 (E.C.) 
Lal42 4.24 (13-) > 2.5 

4n+3 Dyl5l 3.16 (E.C.) 
Tbl5l > 1.37 (E.C.) 
Gdl5l 0.38 (E.C.) 
Gdl47 2.52 (E.C.) > 0.63 
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The constants A and Bare 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 rates that are 

slower than those predicted from simple theory,3l that is, those calculated 

from the above equation using the appropriate constants A and B. The slower 

transitions include in addition to those proceeding from odd nuc~eon nuclei the 

non-ground-state transitions of even-even nuclei. Hindk'ance 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 earth 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 

is pictured as a potential made up of a Coulombic potential, V = ZZe , with a 
r 

sharp cut-off at a certain radius termed the effective nuclear radius "Rn. The 

alpha particle confined within the barrier makes frequent collisions with the 

wall and has a probability for penetrating the barrier. The decay.constant 

A; = fP, where 11 f 11 is the frequency factor expressed as collisions per second 

with the wall, and npn is the quantum-mechanical penetrability factor., From· 

the WKB approximation the penetration factor is 
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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 

notation3 2 P'~ exp [ - 2g (Z,R) y (x)] where x = E/B, B being the barrier 
2 

( 2;e ), g(Z,R) = ~e ~' andy (x) = x-l/2 arc cos (x1/ 2)-(l-x)1/ 2 . 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 

the calculated half-lives for particular isotopes differed very little. 6 The 

formulae used in the calculations presumably give the same rate dependence on 

decay energy. For our purposes we have chosen formula 3 in th~t paper which is 

an approximation to the decay rate formula derived by Preston.33 The expression 

as derived by Preston is, 

(E-U) (B-E )
1

/ 2 

(E-U)+(B-E) 
p (l) 

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

nucleus. Kaplan in his correlation of even-even alpha-emitter data3 4 also 
2x2 

used the formula and was able to show from his .correlations that E-U ~ ~ (11). 
2MR

2 

For the heavy element alpha-emitters correlated by Kaplan E-U is about 0.52 

Mev, small enough to be neglected with respect to (B-E) in the denominator of 

the expressed for "A." (l). Substituting for E-U from (ll), expression (l) 

becomes, 

p (lll) 

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 

148 224 known. Using the decay rate data for Gd and Ra the R values (for the 

'l l · Sm144 an.d .Em220 ) t d R t reco1 nuc e1 in the wo regions were foun by asmussen e 

al. to be 8.00 and 9.25 fermis respectively. 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 10-l3 cmcwere determined .. 11 a" and 11b" were found to be 1.58 

and -0.30 respectively. We have calculated the alpha half-lives of the isotopes 

listed in Table I using the' above radius formula and expression (lll) for the 

decay constant "A.". Table III compares the experimental half-lives with the 

theoretical ones. A plot of the log of the half-life versus the inverse of 

the square root of the decay energy is shown in Fig. 6. Both the theoretica~ 

and the experimental half-lives have been included in the diagram. As men-

tioned previously the points for a given element in such a plot for even-even 

nuclei fall on a straight line. This can be readily seen if the function y (x) 

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

log P = 4 E - +--
B ~:: + ....•. I 

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 Gd150 the theoreti-

cal and experimental half-li¥es .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 70 kev in a Q.eff is sufficient to account 

-. 
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Table III 

Isotope 

(a) Dyl53 3·59 9.57 yr 13.4 yr 1.4 
Dy152 3.78 0.38 yr 1. 45 yr 3.8 
Tbl51 3.56 4.08 yr 

2 
5.8x10 yr 1.4xl0

2 

Tbl49 4.08 8.4 hr 36 hr 4.3 
Gi52 2.23 14 2.llxl0 yr 14 

1.13x10 yr (1.9)-1 
Gd150 2.80 6 

8.37x10 yr 3x105 yr (2.8xlo1)-l 
Gdl49 3.10 6.92x103 yr 4xlo3 yr (1. 7f

1 

Eul47 2.98 4 2.09x10 yr 5x103 yr (4.2)-1 

Eul47 3.06 4.06xlo3 yr 5x103 yr 1.2 
·sml47 2.26 12 

1.63x10 yr 
11 

1.3x10 yr (1. 25xl01 ) -l 
Sml47 2.32 11 2.00x10 yr 11 1.18xlO yr (1. 7) -1 
Sml46 2.64 1.78x1o7 yr 5x10 7 yr 2.8 
Ndl44 1.97 1.37x1015 yr 1.5x1o15 yr 1.1 
Ndl44 1.92 16 1.14xl0 yr 2.36x1o15 yr (4.8)-1 

(b) Dyl56 2.60 10 4.40xl0 yr >1018 yr 
Dy156· 2.20 16 1.16x10 yr >1018 yr 
. 154 

Dy 3.46 2 1.04x10 yr 
Dy151 4.20 6.2 hr >19 min 
nl50 4. 35 53 min > 7 min 
Tbl52 3.20 3.95x103 yr 4 >2.2xl0 yr 
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for a difference of a factor of 10 in the calculated half-life .. The discrepancy 

in the Gdl50 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 Gd
14

9 

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 

147 the discrepancies are significant. The Eu decay energy is based on the 

experimentaL Sm147 value. Using the two ... older decay energies of Eu147 and 

Sm147 the half-lives calculated .are found to be greater than the experimental 

ones. The deviation is particularly large for Sm147. A more recent measure­

ment of the Sm147 decay energy has been made by Macfarlane. 14 (The remeasure-

147 . 
ment~ffects some of the artificial alpha emitters where Sm was used as a 

standard.) 147 This number together with the consequent new.Eu 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 

excluded 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 

Table III (a) .the 2 remaining odd-nu£1eon isotopes, Tb
14

9 and Tb151 , 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. 

149 151 Thus the alpha decay rates of Tb and Tb seem to be indeed hindered. 
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In Table III) part (b)) hal:t:-lives have been calculated for Dy15\ Dyl50 

and Tbl5? and are compared with the experimental half-life limits for the same 

nuclides. The experimental values for Dyl5l and Dyl50 have been taken as being 

greater than the total half•lives of these isotopes. The Tb152 limit 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 

hindered alpha-decay rate. The ·Tb152 half-life limit has been determined from 

an a,jE.C. branching ratio limit of< 10-7 set by Toth) Faler) and·Rasmussen.3 5 

Theoretical alpha-decay rates have been calculated for Dy156 :using two decay 

energies) ~.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 

Their experimental alpha half-life limit of > 1018 years for Dy156 shows that 

even 2. 2 Mev for the Qeff is still somewhat large; Thus there seems to be 

indeed a sharp drop from the expected decay energy of approximately 0.5 ·Mev at 

154 90 neutrons at least for the dysprosium alpha emitters. The calculated Dy 

half-life has been .included for comparison. 

The Coulomb potential with a sharp cut.-off at some effective nuclear 

radius is not a realistic nuclear potential. Hoping to obtain a more signi-

ficant treatment of alpha decay data) Rasmussen has calculated barrier 

penetrabilities for even-even and odd-nucleon alpha emitters using a potential 

derived from alpha-scattering information.3 6J37 The potential used was 

deduced by Igo .from optical-model analyses of alpha-scattering data. 38 ,The 

V(r) consists of an exponential expression for the real part of the nuclear 

potential valid in the surface .region for IV J < 10 Mev. ,..., 
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V(r) {
·- .[, r - 1. 17 A l/ 3] } 

-1100 exp 0.
574 

Mev, 

where "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 o2
P reduced alpha emission widths 1.'5 n from the expression: A..= 11" , where "A." 

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: 

F = where "o211 and "o2" are reduced widths for gro. undr"state 
' l 2 

2 ' 
transitions of nearest or next nearest even-even nuclei and . "oodd" is the 

reduced width for the odd-nucleon isotope in question. We have taken the · · 

"5
2

" values for Sm146, Gd148, Tb
149 and Tb

151 from the two publications .of 

Rasmussen. 36,37 In addition, employing the same IBM-650 program the "o211 

values for Ni44, Sm147, Eu147 (using the newer experimental data .for these 

three isotopes14), Gd1 5°, Gd152 , Dy1 52 .and Dy153 have been calcu~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 

for Dy152 and Dyl53 are so uncertain that it is difficult to state whether or 

153 149 151 147 not the Dy decay rate is indeed favored. The Tb , Tb and Eu decay 

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

error. 149 ' 
Gd is presumab).:y favored in its alpha decay. Here the data are 
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Table IV 

Reduced widths and hindrance factors 
Exper. :Reduced 

Even-even 
T I a width ·,, 

* l 2 Hindrance nucl'ri.des used (E +E ) 2 Nuclide a sc ~sec) 5 {Mev) factor F to calculate F 

Ndl44 L86 7.45xl0
22 

0.223 

Sml46 2.57 1. 58x1o15 0,0152 

Sml47 2.26 ].72xlo18 
.0.0750 2.03xl0-l Snil46 

Etil47 .3.00 2.07xl011 0.0167 3.01 Sml46,Gdl48 

Gdl48 3.18 4.47xl09 0.0852 

Gdl49 3.02 - 1.15x1o11 
0.0954 8.20xl0-l Gdl48,Gdl50 

Gdl50 2.72 2.08xlo14 
0.0713 

Gdl52 2.17 3.56x10
11 

0.0952 

Tbl49 -3·97 l. 48xlo5 0.0115 6.83 Gdl48 ai50 
J 

Tbl5l 3.42 2.40xlo10 -4 l.36xl0
2 Gd150 Gd152 6.13x10 J 

nl52 3.68 l. 55xl0 7 0.0425 

Dy153 3.50 l.93xl08 0.0785 5.4lxl0-l Dyl52 

* Does not include alpha:particle recoil energy. 
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again uncertain enough to make any con•:::lusion very doubtful. · Sm147 seems to 

exhibit a favored alpha decay rate. T;J.is is dependent on the 11 o211 of sm146 

which seems to be a little low compared to the reduced widths of the other 

even-even nuclides. However, even if :its 11 ~ 211 is increased to a value closer 

in magnitude to that of the other even-even reduced widths the Sm147 decay 

rate would still tend to be favored. The srrt147 decay energy and experimental 

2 
half-life are known sufficienti.y well so that its calculated !To ''· must be. quite 

147 39 J 40 
accurate. The spins of Sm and of its alpha-decay daughter, 

41 42 
Ndl43 ' have been both found to be 7/2. The wave functions of the odd · 

' 
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 alpha half-lives will have to be .redetermined more 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 existowith measurable half-lives. Unknown alpha emitters above 

dysprosium must exist as indicated by the holmium alpha activity reported by 

Rasmussen et a1. 6 and also by the following experiment carried out by the 

authors. Natural dysprosium containing 0.05% Dy156 and 0.09% Dy
158 

was bombarded 

with 48-Mev helium ions. Presumably erbium isotopes were produced with mass 
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numbers 156 or greater, since (a,5n) 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 dysprosium1daughters would have mass numbers 156 

or greater and these are known not to emit alpha radiation. 
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I I 21 I o.45c I 
> 2.55c 

3.27 2.75 1.55c 1.25 0.50 

144 ! 144 T144 T 144 ! 144 ! 144 E ;__ __ _,.Sm Pm Nd Pr Ce 
u ~ 3.4 > 1.8 I 3.o I o.3o 

Pm 140 

Pr 136 

~3.0 

>0.52e 1.97 1.19e 

140 ! 140 ! 140 ! 140 
Nd----.Pr~----+Ce~~--la 

3.25 1 3.78 

Ce _13_6---la 1_3_6 ___ 80413_6_---Cs 136 
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! 140 
Ba 
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UCRL-8973 

MU-18650 

Fig. l. Closed-decay cycle "4n". 
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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2.8 >0.45 >0.04 1.18 ~3.5 

MU-18651 

Fig. 2. Closed cycle "4n+l". 
number: indicates an experimental value. 
number: indicates a ~ue 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. 3. Closed-decay cycle "4n+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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Dy 155 Tb _15_5 __ • Gd<if15;;..;5;.,_ __ Eu 155 Sm 155 

1 1 
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Fig. 4. Closed-decay cycle n4n+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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0: indicates an experimental decay energy. 
e : indicates a decay energy calculated from closed­

decay cycles using only experimentally determined 
decay energies .. 
143 145 . The Nd and Sm po~nts have been calculated from 

decay cycles using Pr143 and ~45 energies estimated 
from the full lines in the figure. Dashed lines have 
been ~twn for all the elements shown in Fig~ 5, with 
the Nd j and sml45 points serving as guides, to show 
the discontinuity occurring at 84 neutrons. The 
lanthanum line is drawn parallel to the cerium line and 
through the Lal41 point calculated from a closed-decay 
cycle. 
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Fig. 6. Plot of T1/ 2 vs. Qeff 

e: indicates an experimental half-life. 
o: 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
m1ss1on, nor any person acting on behalf of the Commission: 

A. 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 

8· 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 in 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 empJoyee or contractor of the Commission, or employee 

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




