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NUCLEAR THERMODYNAMICS OF THE HEAVIEST EIEMENTS. II

Bruce M, Foreman, Jr, and Glenn T, Seaborg

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

October 1957
ABSTRACT

The masses of the isotopes of the heaviest elements have been calculated
from known decay data in the region, extended by means of decay energies cal-
culated from closed decay-energy cycles and estimated from the systematics of
alpha and beta decay energies. The absolute values of the masses are based on
the mass-spectrometrically determined mass of Pb208 and a few measured neutron
binding energies, The half-life systematics of alpha decay and spontaneous
fission are also presented, and some predictions of the properties of as yet

undiscovered nuclides are made,
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I, INTRODUCTION

A table of isotopic masses is useful in calculating the energy released
or absorbed in nuclear reactions and for searching for systematic trends which
may produce some insight into nuclear structure. This paper presents such a
table for the transthallium region along with measured, calculated, and esti-
mated decay energies and nucleon binding energies., A summary of the energy
and half-life systematics of the radiocactive decay of the heaviest elements is
also included.,

Although compilations of this type have been published previously,l’2
sufficient new data are available to meke it advisable to recalculate the masses

of the heaviest isotopes. This paper is based on data published or otherwise

available to the authors up to September, .1957.

IT. DECAY ENERGIES

A, Closed Cycles

The transthallium region is unique in that the general occurrence of

alpha decay allows one to construct closed decay-energy cycles containing two

3

alpha-decay energies and two beta-decay energies, As an example, the cycle

U235 239 -Cm2h3 is given in Fig. 1. We observe that Np239 can decay to U235

239

-Np
by two paths. It can decay to Pu by emitting a beta particle of 0,73 Mev,
The Pu239 then decays to U235
tively, Np239
ting a 1.40-Mev beta particle, The partial beta half-life of Np239 is so

short that the alpha decay has not been observed. We can calculate the alphs

by emitting a 5.24-Mev alpha particle, Alterna-

235 235

can alpha-decay to Pu , which can then decay to U by emit-

decay energy, however, since the total energy released in the two alternative



U235 Pu239 Cm243

i a 524 | a 6.6
g B 0.00 CALC.
140 073 (NOT KNOWN
EXPERIMENTALLY)
235 239 243
Pa™" ;257 cac. NP 4543 Am
(NOT KNOWN

EXPERIMENTALLY)
MU-14234

b .
Fig, 1., Closed cycle UE":'SS—l\IpZ?Q--Cm2 3, Decay energies in Mev,



-6- UCRL-8015

processes must be the same. Thus we obtain

Qa(Np239) = 0,73 + 5.24 - 1,40 = 4,57 Mev,

or

From the other cycle in Fig. 1 the beta decay energy of Am2br3 (

electron-capture decay energy of szug) is readily calculated to be 0,00,
This means that neutral atoms of Cm21+3 and Am218 have the same mass within
the precision of the data 'used in thé cycles,

These cycles can be extended by adding neighboring cycles until the
entire transthallium region is covered, However, since the cycles connect
only nuclides differing in mass number by four, there will be four such sets
of closed cycles, corresponding to the mass types 4n, bn+l, hn+2, and kn+3.
The complete sets of cycles containing all measured, calculated, and esti-
mated decay energies in the transthallium region, are given in Figs. 2 to 5,
In these figures the existence of isomers is denoted by the symbol t. In
general, decay energies associated with the ground-state isomer have been

used in the cycles, Exceptions are discussed in Appendix IIT,

B. Energy Systematics

Alpha Decay. The regularities in alpha-decay energy systematics are
well known5

mass number, such as appears in Fig, 6. One of the most striking features of

and are best shown in a plot of alpha-disintegration energy versus

this graph is the regular decrease in decay energy with increasing mass number
for the isotopes of a given element, Two prominent exceptions to this rule
are evident., These are the large discontinuity corresponding to the 126-
neutron closed shell and the smaller irregularity associated with the postu-
lated closed subshell at 152 neutrons,6 The 152-neutron irregularity has been
observed in the curves for the elements berkelium through: fermium. The curves
for the other elements have been drawn with approximately the same shape, with
the effect diminishing for the heavier elements., A slight dip is apparent in
the curves for uranium, plutonium, and curium at 145 neutrons, This dip has
been included in the estimated curves for other elements, also diminishing
for heavier elements,

The estimated alpha-decay energies appearing in Figs. 2 to 5 were
taken from this plot by interpolation or extrapolation. Some of the points
for the elements above fermium were obtained by extrapolating lines of constant

neutron number,
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Fig. 2. Closed decay energy cycles for the Un series: No superscript, measured
energy; c, calculated; cn, calculated with neutron binding energies;
e, estimated; ce, calculated from a cycle containing estimated energies;
), uncertain by more than about 0.1 Mev; +, isomers,
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Fig. 3. Closed decay energy cycles for the lUn+l series: No superscript, measured
energy; ¢, calculated; cn, calculated with neutron binding energies; e,
estimated; ce, calculated from a cycle containing estimated energies;

( ), uncertain by more than about 0,1 Mev; t, isomers,
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Fig. 4. Closed decay energy cycles for the hn+2 series: No superscript, measured

energy; c, calculated; cn, calculated with neutron binding energies; e,
estimated; ce, calculated from a cycle containing estimated energies;
( ), uncertain by more than about 0,1 Mev; t, isomers.
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Beta Decay, Beta decay energies have been plotted versus mass number
in Figs. 7 and 8, Many values calculated from closed cycles containing known
beta decay energies and measured, calculated, or estimated alpha decay energies
are included, Lines of constant atomic number Z have been drawn as well as
lines of constant isotopic number (I = A - 2Z). Some of the beta decay energies
in Figs. 2 to 5 have been estimated by interpolating or extrapolating on these

lines. It has not seemed feasible to extend this treatment below 126 neutrons.

III. MASSES AND BINDING ENERGIES

Although the closed cycles fix the relative energies and hence masses
of all nuclides belonging to a given mass type, in order to determine the ab-
solute masses it is necessary either to know the absolute mass of one nuclide
of each type or to have some way of relating the four mass types. In the lat-
ter case it is sufficient to know the absolute mass of only one nuclide rather
than four, and the four mass types can be related by neutron binding energies,

The most precise mags measurements are those obtained by mass spectrom-
etry, Even these, however, are rarely more precise than 0,001 mass unit in
the heavy region, Neutron binding energies, on the other hand, have been
measured to a precision of 0,03 Mev, corresponding to 0,00003 mass unit. Hence
it seems advisable to adopt one measured mass as a standard and to calculate
all the others relative to the mass of the standard nuclide,

The nuclide chosen for this purpose was Pb208, but use was made of the
other measured masses in the heavy region in the following manner: By means of
the closed cycles and measured neutron binding energies we have obtained the
mass difference between Pb208 and other nuclides in the heavy region whose
masses have been measured, The mass of Pb208 was then calculated from each of
these measurements and an average was taken., The measured masses and mass dif-
ferences used for this calculation are listed in Table 1. The adopted value
for the ﬁass of Pb208 and other auxiliary quantities used in calculating the
masses and binding energies appear in Table 2,

Neutron and proton binding energies in the thallium-polonium region

other than the measured ones were calculated with the aid of a set of closed
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Table 1 208
Measurements used in calculating mass of Pb
Nuclide Measured mass Ref, Mass differencea Pb208 mass calc.
Pb208 208,041020,0015 7 - 208,04100
31209 209,0472+0,0015 7 1,00415 208.04305
207 207.0429+0,0016 8 1,00106 208,04396
szog 208.0409+0,0013 8 - 208,04090
UZ-%LL 234,113320,0011 8 26.07246 208.,04084
U238 238,1234+0.0010 8 30,08361 208,03980
mne32 232,1093+0,0010 9 2k ,06908 208,04022
206

a, Difference between the mass of the nuclide in question and that of Pb s

as calculated from the closed cycles,

Table 2
Adopted mass of Pb208 and auxiliary quantities
1, Masses: Pb208 = 208,04140
N
He = 4,00387
p25 = 1.00898™
- 1.00814%°
2. Neutron binding energies:
p1203-20% _ ¢ o6 hev
2057206 _ ¢ o)
Pb205-206 _8.16
5,206-207 _ 6.73
207208 _ 7.38
Pb208-209 - 3.87
208-
512097209 _ -
. , 10
3. 1 atomic mass unit = 931,14 Mev
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cycles ofua different kind, shown in Fig. 9. These binding energy cycles in-
clude nuclides of all mass types, so many different kinds of cycles can be
closed on a diagram of this type, involving alpha and beta decay energies and
neutron and proton binding energies, These complicated cycles were used prin-
cipally for calculating neutron and proton binding energies in the region shown,
although a few decay energies in this region were calculated with their aid.

The masses of most of the nuclides with Z > 84 were calculated on the
IBM Type 650 Data Processing Machine of the University of California Radiation
Laboratory, using data from the closed cycles, The neutron and proton binding
energies of these nuclides were calculated on the same machine from mass dif-
ferences, The neutron and proton binding energies of these few nuclides with
7 > 84 whose masses were not calculated on the IBM 650 were calculated with the
aid of closed cycles similar to those shown in Fig. 9.

Table 3 contains the masses and binding energies throughout the region
covered by this paper, The binding energies listed are those of the last
neutron or proton of the nuclide in guestion.

The neutron and proton binding energies are shown graphically in Figs.

10 and 11.

IV, HAIF-LIFE SYSTEMATICS OF ALPHA AND BETA DECAY

In planning experiments to discover new isotopes, it is essential to
make at least rough estimates of the half lives involved. A knowledge of hglf-
life systematics is also helpful in assigning the mass of a new isotope., It is
largely for these practical reasons and for the purpose of making predictions

in a later section that this section on half-life systematics is included,

A, Alpha Half-Life Systematics

Alpha half-lives are quite well correlated through the use of quantum
mechanical barrier penetration theory. However, for our purposes, it is easier
and probably more accurate to use a semi-empirical treatment rather than to

make use of the eguations arising from the barrier penetration theory.
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Table 3
Masses and rieutron and rroton i#inding energies of the leaviest &lements

Element Mass Bn(Mév) Bp(Mev)
81 (201.03252)
T1 (202.03410) (6.89)
203.03492 (7.53)
204.03731 6.20 (meas)
205.03826 7.18 (meas)
206.04022 6.54 (meas)
207.04190 4. 79
208.04676 3.84
209.05044 4.93
210.05539 3.76
211.05933 L. 69
(212.06L4%) (3.60)
82 204.,03650 £.18
Pb 205.03838 6.6k 6.62
206.03860 8.16 (meas) 7.27
207.0L403L 6.73 (meas) 7.46
208.04140" 7.38 (meas) 8.05
209.04622 3.87 (meas) 8.08
210.04959 5.23 8.38
211.05452 3.77 8.39
212.05792 5.19 8.89
213.06267 3.94 (9.23)
21k.06639 %.90
215.07189 3.24
83 205.0L4122 3.18
Bi 206.04257 7.11 3.68
207.04288 8.07 3.59
208.0L4456 6.80 3.66
209.04555 7.44 (meas) 3.72
210.04949 L.69 L.54

a.
‘Reference mass
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Element Mass Bn(Mév) Bp(Mev)
211.05302 5.07 4.38
212.05730 4.38 4.99
213.06073 5.17 4,97
214.06639 k.12 5.15
215.06884 5.05 5.30
(216.07359) (3.9%) (6.00)
8L 208.04596 L.71
Po 209.04759 6.85 4. 76
210.04827 7.73 5.05
211.05237 k.55 4.90
212.05489 6.02 5.85
213.05924 4,31 5.78
21k4.06187 5.91 6.52
215.06647 4.09 6,48
216.06921 5.81 7.24
217.07370 4.18 (7.148)
218.07683 5.45
219.08189 3.65
(220.08509) (5.39)
85 209.05127 2.64
At 210.05249 7.23 3.02
211.05317 7.73 3.01
(212.05669) (5.09) (3.56)
213.05949 (5.75) 3.29
21k.06298 5.12 4,10
215.06565 5.88 4.06
216.06970 4.59 4.57
217.07231 5.93 L.69
218.07641 4.55 5.06
219.07957 5.42 5.02
(220.08388) (4.35) (5.73)
(221.08687) (5.58) (5.92)
(222.09132) (L.22)
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Table '3 (cont'd.)

Element Mass B, (Mev) Bp (Mev)
86 212.05669 L. 31
Em (213.05989) (5.38) (4.60)

(214.06215) (6.26) (5.11)
215.06565 (5.11) 5.09
216.06752 6.62 5.84
217.07158 4.58 5.83
218.0735L 6.54 6.4k
219.07778 L. L2 6.30
220.07995 6.34 7.23
221.08413 L. L7 ' (7.35)
222.08670 5.97 (7.7%)
223.0913L 4.05 (7.56)
(224.09411) (5.79)
87 217.07245 2.99
Fr 218.075k4k 5.58 3.99
219.07751 6. 44 3.88
220.08089 5.22 4. 69
221.08311 6.29 L. 6k
222.08678 4,95 5.12
223.08929 6.03 5.17
224.09335 4.58 5.71
(225.09590) (5.99) (5.91)
(226.09989) (4.65)
88 (218.07517) 5.05
Ra 219.07828 (5.48) b, 9L
220.07952 7.20 5.71
221.08279 5.32 5.81
222.08458 6.70 6.22
223.08806 5.13 6.39
224.09003 6.52 6.89
225.09373 k.92 7.23
226.09580 6. 4k (7.68)
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Table 3. (cont'd.)

Element Mass Bn(Mev) Bp(Mev)
227.09997 4,48 (7.50)
228.10222 6.27
229.10617 4,68
(230.10882) (5.90)
(231.11316) (4.33)
89 221,08464 2.82
Ac 222,08693 6.23 3.73
223.08865 6.77 3.79
224,09151 5. 70 4,37
225.09334 6.65 4.50
226.09655 5.38 4.96
227.09857 6.49 5.00
228,10218 5.00 5.53
229.10428 6.40 , 5.66
(230.10783) (5.06) (6.04)
(231.11040) (5.98) (6.11)
(232.11L435) (L.68) (6.47)
90 (222.08773) (4.70)
Th 223.09041 (5.88) L. 3Y
224,09119 7.63 5.21
225.09385  5.89 5. 40
226,09537 £.95 5.70
227.09852 5.43 5.7k
228.09984 7.14 6. 40
229.10309 5.33 6.73
230.10478 6.79 7.12
231.10837 © 5,03 (7.08)
232.11048 6.40 (7.51)
233.11416 4.93 (7.76)
234,11655 6.14
235.12063 h.57

(236.12343) (5.75)
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Table 3. (cont'd.)

Element Mass Bn (Mev) LBp (Mev)
91 225.00646 2.68
Pa 226.09825 6.70 3.49

227.09959 7.12 3.65
228.10204 6.08 h.31
229.10341 7.08 k.25
230.10611 5.85 L.77
231.10796 6.65 L.62
232.11085 5.67 5.27
233.11284 6.51 5.38
234.11628 5.16 5.61
235.11873 6.09 5.55
236.12237 L.o7 5.96
(237.12495) (5.96) (6.17)
(238.12906) (4.54)
(239.13205) (5.58)
(240.13632) (%.39)
(241.13951) (5.39)
92 (226.09978) (4.49)
U (227.10201) (6.29) (L.07)
228.10236 (8.04) 5.00
229.10473 6.15 5.07
230.10567 7.49 5.48
231.10836 5.87 5.49
232.10952 7.28 6.13
233.11223 5.84 6.30
234.11386 6.8k 6.63
235.11722 5.24 6.70
236.11927 6. 46 7.08
237.12259 5.27 7.38
238.12501 6.11 (7.53)
239.12888 L.76 (7.74)
240.13149 5.94 (8.11)
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Table .3 (cont'd.)
Element Mass Bn(Mev) Bp(Mev)
(241.13562) (Lk.51) (8.23)
(242.13859) (5.60) (8. 4k)
(243.14321) (Lk.07)
(24k4.14638) (5.41)
(245.15139) (3.69)
(246.15539) (L.6k)
(247.1607%) (3.39)
93 (229.10799) (2.34)
Np 230.10938 (7.07) 3.26
231.11032 7.49 3.25
232.11235 6. 47 3.86
233.11333 7.45 4,03
23L4.11582 6.05 L2k
235.117L5 6.85 h.2k
236.1202L 5.76 ho77
237.12203 6.70 5.01
238.12511 5.49 5.23
239.12751 6.14 5.25
240.13098 5.13 5.63
241.13339 6.12 5.81
(242.13732) (L4.70) (6.00)
(243.14014) (5.74) (6.13)
(2Lh,1hh2k) (L4.55) (6.62)
(245.14726) (5.55) (6.76)
(246.15208) (3.87) (6.94)
(247.15572) (L.98) (7.27)
(248.1608L) (3.60) (7.49)
9k (230.11155) (k.27)
Pu (231.113Lk) (6.61) (3.80)
232.11343 (8.37) 4,69
233.11549 6.4k 4.66
234.11631 7.60 4,81



-2l - UCRL-8015

Table 3 (cont'd.)

Element Mass Bn(Mev) B_(Mev)
235.11862 6.22 h.97
236.11969 7.37 5.50
237.12228 5.95 5.69
238.1237k 7.00 5,99
239.12672 5.59 6.03
240.12878 6.45 6.40
241.13197 5.39 6.66
2h2.13423 6.26 6.80
243.13781 5.03 (7.12)
2hl,1402) 6.10 (7.49)

(245.14420) (4.68) (7.62)
2h6.14698 (5.77) (7.84)
(247.15164) (4.03) (7.99)
(248.15486) (5.37) (8.39)
(249.15970) (3.85) (8.6%)
(250.16353) (4.80)
(251.16870) (3.55)

95 (235.12129) (2.94)

Am 236.12306 (6.72) 3.45
237.12377 T.70 3.78
238.12615 6.15 3.98
239.12768 6.94 3.91
(240.13015) (6.06) (4.39)
241.13195 (6.69) L.63
242.13492 5.60 4. 8L
243.13721 6.23 4.80
2Lk, 14059 5.22 5.00
245.14280 6.30 5.20
246.14655 L.87 (5.39)
(247.14918) (5.92) (5.53)
(248.15332) (k.51) (6.02)
(249.15638) (5.51) (6.16)
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Element Mass Bn(Mev) Bp( Mev)
(250.16105) (4.02) (6.33)
(251.16452) (5.14) (6.66)
(252.16946) (3.76) (6.88)
96 (236.12496) (L.17)
Cn 237.12675 (6.69) ho1h
238.12731 7.85 k.29
239.12948 6.34 iy
240.13041 7.50 5.0k
241.13281 6.13 (5.11)
242.13428 6.99 5.41
243.13721 5.64 5.44
24%,13898 6.72 5.94
245.14188 5.66 6.38
246.14397 6.42 6.50
(247.14737) (5.20) (6.82)
248.14964 (6.25) (7.16)
249,.15362 4.65 (7.30)
(250.15645) (5.73) (7.52)
(251.1609L4) (4.19) (7.68)
(252.16397) (5.5%4) (8.09)
(253.16866) (4.00) (8.33)
(254.17231) (4.96)
(255.17731) (3.71)
(256.1813L) (L.61)
97 (240.13479) (2.6L4)
Bk (241.13525) (7.94) (3.08)
(2%2.13735) (6.40) (3.35)
243.13889 (6.94) 3.29
(24k4.14131) (6.11) (3.77)
215.14278 (6.99) 4.0k
246.1h540 5.92 4,30
247, 14737 6.5k L1
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Table 3 (cont'd.)
Element Mass B (Mev) Bp( Mev)
248.15038 5.56 (4.78)
249.15261 6.28 L.81
250.15645 4. 79 4,95
(251.15918) (5.83) (5.04)
(252.16314) (4.67) (5.53)
(253.16603) (5.67) (5.66)
(254.17054) (4.17) (5.83)
(255.17383) (5.30) (6.16)
(256.17861) (3.92) (6.38)
(257.18201) (5.19) (6.96)
98 (241.13899) (3.67)
o}y (242.13928) (8.10) (3.83)
(243.14119) (6.59) (4k,01)
2k, 1k211 (7.50) 4,58
245.15445 6.19 (4.66)
246.14552 7.36 5.03
247.14818 5.89 4,99
248.14968 6.97 5.43
249.15251 5.73 5.60
250.15441 6.59 5.91
(251.15787) (5.15) (6.26)
252.16018 (6.21) (6.65)
253.16399 4.81 (6.79)
(254.16665) (5.89) (7.01)
(255.17097) (L.35) (7.18)
(256.17383) (5.70) (7.59)
(257.1783%) (4.16) (7.83)
(258.18182) (5.12) (7.76)
(259.18665) (3.87)
(260.19051) (k.77
99 (24k.1469)) (2.23)
E (245.14738) (7.95) (2.68)
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Table 3. (cont'd.)

Element Mass B, (Mev) Bp (Mev)
246.14925 (6.62) 3.11
247.15052 7.19 2.93

(248.15268) (6.35) (3.10)
249.15403 (7.10) 3.53
250.15650 6.07 3.87
251.15831 6.68 3.95
252.16150 5.39 (.20)
253.16373 6.29 4,28
25L,16733 5.01 4. L8

(255.16987) (6.00) (k.58)

(256.17368) (L.82) (5.06)

(257.17639) (5.83) (5.19)

(258.18073) (L.33) (5.36)

(259.18386) (5.45) (5.68)

(260.188L46) (4.08) (5.90)

(261.19169) (5.35) (6.48)

(262.19711) (3.32)

(263.20051) (5.20)

100 (245.15183) (3.02)
Fm (246.15211) (8.11) (3.18)

(247.15380) (6.79) (3.34)

(248.15451) (7.70) (3.86)
249.15664 (6.38) (3.89)
250.15750 7.56 4.35

(251.15995) (6.09) (4.36)
252.16124 (7.16) 4,85

(253.16416) (5.65) (5.11)
25L.16615 (6.51) 5.33

(255.16946) (5.28) (5.59)
256.17151 (6.46) (6.06)

(257.17515) (4.97) (6.21)

(258.17763) (6.05) (6.13)
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Table 3. (cont'd.)

Element Mass Bn(Mev) Bp(Mev)
(259.18178) (Lk.51) (6.60)
(260.18447) (5.86) (7.02)
(261.18881) (L.32) (7.26)
(262.19212) (5.28) (7.19)
(263.19678) (4.03) (7.89)
(26L.20046) (4.93) (7.63)
101 (248.15998) (1.83)
Mv (249.160L2) (8.13) (2.26)
(250.16190) (6.81) (2.69)
(251.16296) (7.37) (2.50)
(252.16L92) (6.54) (2.96)
(253.1.6608) (7.28) (3.08)
(254.16861) (6.01) (3.4L)
(255.17049) (6.61) (3.53)
(256.17350) (5.56) (3.82)
(257.17557) (6.44) (3.80)
(258.17899) (5.18) (L4.01)
(259.18136) (6.16) (Lk.11)
(260.18499) (4.98) (L4.59)
(261.18754) (5.99) (k.72)
(262.19170) (4.19) (4.89)
(263.19466) (5.61) (5.21)
(264.19909) (h.24) (5.43)
(265.20215) (5.51) (6.01)
(266.20740) (3.48)
(267.21063) (5.36)
102 (249.16536) (2.57)
No (250.165LL) (8.29) (2.73)
(251.16695) (6.95) (2.87)
(252.16748) (7.87) (3.37)
(253.16043) (6.55) - (3.38)
(254,17010) (7.74%) (3.8k4)
(255.17261) (6.03) (3.85)
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Table 3. (cont'd.)

Element Mass Bn(MEV) Bp(Mev)
(256.17397) (7.10) (4.35)
(257.17671) (5.81) (4.60)
(258.17853) (6.67) (4.83)
(259.18166) (5.45) (5.09)
(260.18353) (6.62) (5.56)
(261.18700) (5.13) (5.71)
(262.18931) (6.21) (5.93)
(263.19328) (L.68) (6.11)
(264.19579) (6.02) (6.53)
(265.19996) (4.148) (6.77)
(266.20310) (5.4L) (6.70)
(267.20759) (4.19) (7.%0)
(268.21110) (5.09) (7.14)

103 (252.17368) (1.32)
(253.1737%) (8.31) (1.76)
(25L4.17522) (6.98) (2.19)
(255.17610) (7.54) (1.99)
(256.17810) (6.50) (2.47)
(257.17929) (7.25) (2.62)
(258.18165) (6.17) (1.98)
(259.18337) (6.77) (3.07)
(260.18621) (5.72) (3.35)
(261.18810) (6.60) (3.33)
(262.19134) (5.34) (3.5%)
(263.19354) (6.32) (3.64)
(264.19701) (5.1L) (Lh.11)
(265.19938) (6.15) (4.24)
(266.20337) (L.65) (Lh.h1)
(267.20616) (5.77) (L.73)
(268.21042) (4.40) (L.95)
(269.21331) (5.67) (5.53)
(270.21838) (3.64)

(271.2214k) (5.52)
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Table 3 (cont'd.)

Element Mass Bn(Mev) Bp(Mev)
10k (253.17960) (2.07)
(25L.17950) (8.146) (2.22)

(255.18083) (7.12) (2.36)

(256.18117) (8.04) (2.86)

(257.18314) (6.53) (2.89)

(258.18383) (7.72) (3.36)

(259.18617) (6.19) (3.37)

(260.18735) (7.26) (3.87)

(261.18992) (5.97) (k.12)

(262.19156) (6.8L4) (L4.36)

(263.19453) (5.60) (L.61)

(264.19622) (6.79) (5.09

(265.19953) (5.28) (5.23)

(266.20166) (6.38) (5.16)

(267.20545) (L.8L) (5.64)

(268.20780) (6.18) (6.06)

(269.21179) (L.6Y4) (6.30)

(270.21476) (5.60) (6.23)

(271.21907) (k.35) (6.93)
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For this purpose, let us define a few terms. The effective alpha

decay energy Qeff is given by:

Qeff = Qa + AEsc ’ (1)

where AESC is the orbital electron screening correction and is givenll by:

AE_, = 65.3 2112 ey 20/ (2)
where AESC is in e,v, and Z is the atomic number of the decaying nucleus,

Gallagher and Rasmussenll show that if the logarithm of the partial
-1
ground state alpha half-life is plotted versus Qeff /2, a family of straight
lines is obtained for even-even nuclides, one for each element, in accordance

with the equation:

) -1/2
Logyg (B pp)y = B, Qepr ' + B, (3)

Values of A and. BZ for even Z are given in Table k4,

Table L

. - a .
Semi-empirical constants from correlation
of ground state decay rates of even-even nuclides

Z AZ BZ
8L 129.35 -49,9229
86 137.46 -52.4597
88 139.17 -52.,1476
90 1k, 19 -53.254k
92 147,49 -53.6565
ok 146,23 -52.0899
96 152,44 -53.6825
98 152.86 -52.9506
100 156,38 -53.3742
10z 159.05 -53. 4945
104 161.72 -53.6148

a‘ / N ) v
tants in Eg, '3, wi T. RPN & i
Constants for use in Eq, {3, with ( %E)a in seconds and Qeff in Mev,

Values for Z > 98 were obtained by extrapolation.
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A least-squares fit to the values of A and B, for 86 < 7 < 98 gives the fol-
lowing two equations:

A, = 1.33582 Z + 22,7969, (%)
B, = -0,060143 Z - 47.3599. (5)

In Fig. 12 we have plotted the logarithm of the partial half life for
the ground~state alpha transition versus Qa for even-even alpha emitters, The
curves are calculated from Eq, (3), using the constants given in Table 4, The
constants for elements 100, 102, and 104 were obtained from Egs, (%) and (5).

The partisl alpha half lives of undiscovered nuclides can be estimated
from Fig, 12 or Eg, (3). For nuclides with Z odd or Z > 98, the constants for
use with Eq. (3) must be obtained from Eqs, (4) and (5). For nuclides with

unpaired nucleons, estimated hindrance factors must be used,

B. Beta Half-Life Systematics

Beta half lives are greatly dependent on the nuclear spectroscopic states

of the parent and daughter nuclei, It is not the purpose of this paper to cover
such detailed considerations, Paper I contains ploté of the logarithm of the
electron-capture or beta-minus half lives versus the logarithm of the decay
energy for heavy nuclides, These can be used for making very rough estimates

of beta half lives,

V. SPONTANEQUS-FISSION SYSTEMATICS

The systematics of spontaneous-fission half lives is of interest not
only for predictive purposes, but also for more fundamental reasons., The
dependence of spontaneous-fission half lives on nuclear parameters such as Z,
A, N, ZZ/A, etec,, can be very helpful in elucidating the mechanism of fission
and providing information about nuclear structure.

References to the older work on spontaneous-fission systematics can be
found in Paper I,

Swiateckil3 found that if log ( is plotted versus ZZ/A, the

tl/Z)SF
deviation from a straight line exhibits a correlation with the deviation of

the mass from a smooth mass surface defined by a semi -empirical mass equation.
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He found, for even-even nuclides,

log t f (ZZ/A) -k &M (6)

1/2 ~
where k = 5, & M = experimental mass - mass from mass eq. (in millimass units)
and T (ZZ/A) is a smooth function such that if log (tl/Z)SF + k8M is plotted
versus ZZ/A, the resulting curves are almost straight lines for each of the
three mass types, even-even, odd-A, and odd-cdd,

Swistecki has also considered the energy difference between a smooth
saddle-point energy surface (as a function of Z and N) and the actual ground-
state masses} a;%mis difference gives the potential barrier for fission for
any particilar nuclide, The spontaneous-fission rate appears to increase by
a factor of about lO7 for each Mev decrease in the fission barrier, Thus it
is possible that the spontaneous-fission rate of a nuclide of unknown mass
can ﬁe used to determine the distance of its point on the saddle-point surface
above its point on the ground-state surface, and hence can be used to determine
its mass with high sensitivity if the saddle-point surface is known or is as-
sumed to be smooth, Swiatecki has already pointed outllFb that the mass of
Fm256 reported in this paper is somewhat lower than one would expect from the
above considerations,

Ghiorso15 has plotted the logarithm of the spontaneous fission half
life for even-even nuclides versus neutron number and pointed out that the
maximum half life for a given element occurs at about N = 152 for the heaviest
elements and that the logarithm of the half life for N > 152 decreases approx-
imately linearly with N for each element, It is interesting to note that these
lines all have the same slope for N > 152 and that if the data are plotted
versus mass number instead of neutron number all these lines coincide so that
the spontaneous fission half life appears to depend only on the mass number,
Fig. 13 is a plot of the logarithm of the spontaneous-fission half life versus

the mass number.



_37_

rrr17 Th“z"TI LI 0 Q1 B A e e A (A T S RO S O I A O 4

18 &Uzuugu \:—N?. |52 -

L A NP“’ Py T

) " Pa® 234 |[83% 258 \u -J_
o — 3 206 \\\ Ame¢! -
S oL Ny S .
L 4

z t PUE*%p i ’
wo [ ppsery R 7
Lﬁ r_ Pulﬁﬁ N
~ L 6Th“° -
w er 0 -
é r .
I o 4
z [ h
(=] _YEAR o ]
® °F —]
L oeoa_ o N
L ofpMowR 3
wn - i
g pMwr N
§ L i
= :
e ]
o [ J
o | ]
S I 7
-8~ -
N ISR R R S AN AR U T T RN SN G A S ST A S S AU A O S A VO

226 232 238 244 250 256 262 268

MASS NUMBER (A)

MU-14241

Fig. 13. Partial spontaneous fission half-lives as a function of mass number:
O , even-even nuclide; A, even-odd nuclide; ¥, odd-even nuclide;
1 , odd-odd nuclide,



-36- UCRL~-8015
VI. PREDICTIONS

From the systematics given in the earlier parts of this paper and
from the beta half-life plots in Paper I, the decay energies and half-lives of
a number of as yet undiscovered nuclides have been estimated, These are given
in Table 5,

For the odd nucleon alpha emitters in this table we have used an ef-

fective hindrance factor, defined as the ratio of overall alpha half life for

the nuclide to that obtained from Eq, 3 for the same ground-state transition
energy and atomic number, The values in Table 5 for the effective hindrance
factors were about 5 for odd-even, 10 for even-odd, and 13 for odd-odd nuclides,
found by taking a geometric mean of the known effective hindrance factors for
each type.

The mean spontaneous fission hindrance factors for Table 5 were found

3

graphically from a plot similar to Fig. 13 and were 4 x 10° for odd-mass and
10~ for odd-odd nuclides,

Wheeler,l6 basing his argument on the broad features of alpha decay
theory and the ZZ/A correlation of spontaneous fission half lives, predicts
even-even nuclides with half lives greater than lO-lL gecond. for nuclides with
atomic number up to about 150 and mass number up to about 600, No such pos-
sibility is apparent in the systematics presented in this paper,

One source of the disagreement seems to lie in Wheeler's neglect of
the very pronounced deviations which many nuclides show from the ZZ/A cor-
relation., These deviaticns are of such a nature that heavier isotopes of an
element have shorter spontaneous fission half lives rather than longer. This
means that the isotopes of a given element with maximum spontaneous fission
half life will have lower mass numbers than those considered by Wheeler,

In addition, Wheeler used a mass equationl7 which gives alpha decay
energies about 1 Mev lower than the experimental values in the region of
fermium, The discrepancy is probably worse for higher values of Z, Thus
alpha decay half lives will generally be shorter than those calculated by

Wheeler., The alpha half lives will also be shorter because of the necessity,

mentioned in the preceding paragraph, of considering lighter isotopes,
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Table 5
Estimated nuclear decay properties of undiscovered nuclides

Nuclide @q_(Mev) t., 0 Qa-(Mev) tl/zﬁ- QEC(Mev) tl/zEC tl/ZSF tl/z(total)

0% 1/2

227 6.78 ly ----B stable-mmmmemomemmmee e 30 4 30 4
Fm258 6.62 300 &4 ----B stable----semmmmmeeen—- 30 s 30 s
w767 10n  -- -- 2.29 50m  2x10%y 50 m
MyZ2? 7.7 2h - -- 0.96 5hr 20y h
Mv257 7.42 14 -- -- 0.39 5 4 20 4 14
Mv258 7.25 204 0.b43 14 1.26 5h ly 5 h
w222 709 20d  ----f  stablemmemmemmm-mmmooeo 2h 2k
Mvzéo 6.93 200 & 1.36 50 m 0.49 2 d 14 50 m
N025%_ 8.12 3m - - 1.39 2 hr 60 d 3m
N0255 8.18 10m - - 1.97 50 m 20 y 8 m
N0256 8.24 lm -- -- 0.43 34 4 h 1m
NoZ2T 8.08 30m  -- -- 1,06 5 h 3.04 30m
R 7.92  10m ----B  stable-memmce-mm—mnmeo- 30s 30¢s
No°?? 7.75 8n -- -- 0.28 10 4 2 h 2 h
1032?7870 308 -- - 2,41 30m  30d 30
103258 8.54 m .- - 2.91 10 m ly 3m
103259 8.38 m  -- - 1.59 1 hr h m
103260 8.22 30m -- -- 2.49 30 m 14 10 m
10326l 8.06 0m  -- -- 1.02 10 h 30 s 30 s
103262 7.90 10h -- - 1.89 30 m 3m 3m
1042271 9,16 55 -- -- 3.4k 10m 204 58
10&258 9.18 0.5 5 =-- -- 2.03 50 m 50 s 0.5 s
104%°7 9,02 108 -- - 2.61 20 m 2h 10 s
104260 8.86 58 -- -- 1.07 10 h 0,.1s 0.1s
104,261 8.70 2m  -- -- 1.70 1h 20 s 20 s
1o)+262 8.53 50 s == - 0.20 20 d 2x10""s 2xlO_us
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Since alpha decay and spontaneous fission are likely to be the only
limiting modes of decay For these very heavy elements, we are forced to con-
clude that the heaviest nuclides obtainable with half lives long enough to
be studied in the laboratory will be much lighter than those predicted by
Wheeler,
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APPENDIX I. SOURCES OF DATA
9

1
Many of the data on alpha18 and beta © disintegration energies were
taken from recent review articles, Other data not appearing in these arti-

cles or in the Table of Isotopeszo are listed in Table 6,

Table 6
New Decay Data

Nuclide Mode of Decay Q(Mev) tl/2 Ref,
1 20° 8~ k.99 21
210 B 5.40 22
pp 2 3 1.03 23
Tl EC 2.65 2k
51290 EC 3.7 25
1207 EC 2.36 25
Bi2te o 6.205 26
53 2L B 3.179 : 27
poZ it o 7.586 28
Em208 o 105 m 29
7rte3 o4 5.4k 30
RaZ2? B~ 0.36 31
Ra228 B~ 0.04 32
A0226 B~ 1.10 33
A0227 B 0.0bL55 34
™3 B” 0.383 33,35
h=32 a 4,077 36
m23* 87(%0 UX,) 0.19 37
pa’?? o 5.767 38
pa?3° B 0.105 ~90 d 39
pa?3t o 5.138 10
pa’33 B~ 0.568 b1
pa23% (uz) B~ 2.25 37
P§:§4<UX2) B~ 2,31 37
U a 4,638 L2
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Table 6 (continued)
Nuclide Mode of Decay Q(Mev) tl/2 Ref.
y237 B~ 0.517 b3
238 o 4,267 36
Np:3lL EC >1.8, Ly
Np 35 o 5.23 L5
Np236 B~ 0.518 (22 n) L6
Np237 o . 950 L7
p?3° B 1.28 48,49
wp° 37 B 0.725 48,50
np2 O B 2.05 60 m 51
Pu236 a 2.851 y 52
pu37 o 5.75 3.6x10% y 53
Pule B~ 0,56 5k
Puzl*6 B~ 0.400 10.85 4 55
Am239 a 5.92 56
a2 B” 0.585 57
a2 B~ 0.620 57
an® B~ >1.5 56
Am2”5 B~ 0.86 59
Am2h6 B~ 2.h1 60
szul o 6.20 33
sz% o 5.462 6,620 y 61
Cm248 a 5.137 M.Txlos y 61
Bkzl“(3 = 0.65 23 a 62
p2*o B 0.10 63
k270 B~ 1.9 3.13 h 6k
cr2?3 B~ 0.25 12
EZLL6 a 747 65
Py 22° o 7.55 66
e a 7.16 67
o} 22.7 h 68
P20 a ~90 hr 69
NoZoL OF =3 o 8.6k ~10 min 70




were generally averages of measured values,
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The neutron binding energies adopted for the calculation of the massesg

given in Table 7, along with the corresponding adopted values.

The measured binding energies are

Teble 7
Measured and adopted neutron binding energies
Lower Limit Upper Limit
Nuclides Bn(Mev) Reaction  Ref, Bn(Mev) Reaction Ref, Adopted
71202-203 8.80£0.20 (v,n) 71 7.53%
q 203-204 6.5420,05  (n,¥) T2 6.20°
6.5220.15 (n,y) 72
leou-zos 7.4840,15 (y,n) 73 7.48°
7.55%0.20  (7v,n) T1
T1205'206 6.1620.15 (4,p) 72 6.54°
. 6.2020.03  (m,r) Th
pp 205 -206 8.25:0.10  (r,n) 75 8.16°
8.10+0.10 (4,t) 72
: 8.15+0.05  (4,t) 76
2007207 ¢ 2013001 (n,y) 76 6.95:0.10  (v,n) 75 6.73°
6.71x0,03 (4,p) 72 6.7520.20  (rv,n) T1
6.70+0.05  (4,t) 72
pp, 207208 7.37¢0.03  (&,p) 75 7.44+0,10  (y,n) 75
7.380+0,008. (n,y) 76 7.30+0.20  (y,n) 76 7.38°
7.37£0.05  (4,t) 2
po20%299 3 871005 (a,p) 72 3.87°
p;208-209 7.45+0,2 (v,n) 77 7.44°
7.4020.20 (v,n) 71
7.442x0.,05  (4,t) 72
B12997210 ) 1mi0.03  (a,p) T2 I, 69%
4.170+0,015 (n,y) 76
h,17+0.03 (4,p) 78
mn231-232 6.35%0.04  (v,n) 79 6.40%
m?327833 ' 8es0.20 72 k.93"
y@37-238 5.97¢0.10  (y,n) 80 6.11%
5.85:0.15  (r,n) 81
y238-239 ) g310.15 72 b 762
a, Calculated, this paper.
b. BSee Appendix TIIT.

Measured value or average of measured values adopted.
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APPENDIX ITII. EXPLANATORY NOTES

In some cases, the choice of data for the cycles is not completely
straightforward. In this section we will discuss some of the individual cycles,
decay energies, and binding energies and will discuss the reasons for some of
our choices,

Thallium neutron binding energiss, Following Fritsch,82 we have inter-

changed the reported neutron binding ensrgies of leolL and T1206. This inter-

change has three important results: the calculated electron decay energy of

Pb205 is much more reasonable, the neutron binding energies of the thallium
and lead isotopes show a more systematic trend, and the calculated alpha decay

18

energy of BiZO9 is much closer to the reported experimental results,.

AtleéElez. If the alpha decay energy of AtZl2 is estimated to be

exactly halfway between the values for Atle amd At213, the electron capture

decay energy of Elez is calculated to be 0,01 Mev, Since there is no experi-

mental evidence for the electron capture stability or instability of Em212, we

estimated the energy difference between Elez and AtZlZ to be 0,00.

Np236.

no data regarding the energy of transitions to or from the 5000-yr isomer,

The 22-hr isomer is included in the cycles, Since there are

there is no information as to which is the ground state.
240 _ 2hko
U -Np . The beta-decay energy of 0,47 Mev for U2LLO is calculated
from the known 0.36 Mev decay energy to the metastable state and 0,11 Mev
excitation energy of that state.
Al_N 237

2
PuznlJNp 37 cycle, The Pu2 ho] cycle cannot be closed using the
241

reportedl8 alpha decay energy of 5,121 Mev for Pu . Since this is an even-

odd nuclide and since Am2 * has been very thoroughly studied we must regard
2
the alpha decay energy of Pu 4l as the least well determined of the four

energles in the cycle,
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230 39

Pa -, Pa230 has been reported to emit O.4 Mev positrons,~”” but it

is not possible to fit the resulting electron capture decay energy of 1.4 Mev
into the cycles. The negatron decay energy of 0.405 Mev has been better
determined,39 so it has been used in the cycles.

E254-

of Ezs}+ is such that the decay energies of the two isomers are within experi-

The accuracy of the energy data on the decay of the iscmers

mental error of each other, We have included the alpha decay energy of the

320-day isomer in the cycles,

szlW—Bk247 and Cm25O-Bk250. If the alpha decay energies of Cm247 and

are estimated, the negatron decay energies of these isotopes are calcu-

szSO

lated to be very close to zero., Since no experimental evidence is available
as to the beta stability of these nuclides, we have estimated the negatron ..
decay energy to be zero in each case and calculated the alpha decay energies.

a7 251

227 . a
. The alpha decay energies of U , 'm

U, Fm
sz53 deviate from the systematic behavior shown by the alpha decay energies

251, and.Fm253 , and

of the other isotopes of the same elements, Since these are even-odd nuclides,
it is possible that the observed alpha energies do not represent ground state

transitions, Therefore the observed energies were not used in the cycles,

227 2T . 233

Ac —Ra223 cycle, The Ac2 -Ra

to four decimal places, 1s shown in Fig. 14, ©Note that the calculated
223

cycle, with energy values carried

19

negatron decay energy of Fr agrees gquite well with the measured value
of 1.15 Mev, Since we carry only two decimal places, we rounded off the
negatron decay energy of A0227 to 0,04 instead of 0.05. By doing this, we

were able to make maximum use of the available experimental data. (cf. Fig. 5).



L6

223 227
Rla 6.138, Tlh
.1525° 0.0455
223 227
Fr 5.031, Ac
MU-14242

Fig. 1k, Closed cycle A0227-Ra223. Energies in Mev, same notation as Figs, 2-5.
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