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ALPHA EMITTERS IN THE REGION FROM Ce TO Os
By E. RURARZ
Institute for Nuclear Studies, Department P II, Swierk*
{ Received February 17, 1983)

A survey is given of experimental information for alpha emitters in the range from
Ce to Os. From experimentally known alpha decay energies some mass values of very neutron
deficient nuclei were derived. The knowledge of these mass values makes possible the cal-
culations of the electron capture and proton binding energies. In the range from Sm to-Os
the parameters of the Geiger-Nuttall type formula for calculation of the alpha decay half-
-lives are derived. The alpha decay barrier penetrabilities and reduced widths for 95 alpha
emitters in the region from Ce to Os are calculated and discussed.

PACS numbers: 23.60/+e¢
1. Introduction

A great number of new alpha active neutron deficient rare-earth nuclei was iden-
tified recently by Darmstadt, CERN, Oak-Ridge, Orsay and Gatchina groups.

For nuclei with 50 < Z < 82 almost nothing is known about fine structure in alpha
decay and relatively little is known about the systematics of alpha reduced widths.

The aim of this paper is to review recent data reported on alpha emitters from Ce to
Os and alpha reduced widths evaluation. ‘

To calculate the reduced widths, two pieces of information are needed, namely alpha
particle energy E, and alpha partial half life T}, (or total half-life and branching ratio).
For many of them, however in the range of the atomic numbers 58 < Z <C 76 the data on
alpha decay branching ratio (partial half life for alpha decay) are lacking.

The dependence of alpha partial half-life T7,, on decay energy Q, is well established
for even-even nuclei in trans-lead region [1]. For the lanthanides region the experimental
data are scarcer, in the present stage of our knowledge however this dependence scems
also to work satisfactorily.

The dependence mentioned above will be used for estimation of unknown alpha
partial half-lives.

Calculations of nuclear masses away from the stability line where the mass terminating
the alpha chain is known will be given.

The results of alpha decay data summarized in the present work will be used to test
the quality of the mass formulae for nuclei with Sm < Z < Os.

* Addtess: Instytut Probleméw Jadrowych, Zaklad P II, 05-400 Swierk, Poland.
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Summary of alpha decay measurements and comparison

| |

Isotopc E, (keV) Tij2 (sec) by ¢ bx B Ty, (sec)
' : exp. exp. calc. ! exp. |
| | | ‘
1 | 143 Ceqs ! 1276° ' 1.58% 1024 — — ' — '
2 1 43Ndes | 1849%3 | (7.23+0.76)10%2 ] | — (7.23£0.76)1022 |
3 1eiPmss 2240+ 40 : (5.58+0.13)10'8 | (2.8 0.6)10-°  <107° | (1.99 +0.43)1017
4 45Smgs | 2550430 | (3.24+0.15)10'% | 1 — (3.24+0.15)10'5
5 1¢1Smss 2233+5 (3.34+0.06)10'8 | 1 — (3.34+0.06)10'8
6 1¢3Smgs 1960+20 | (2.52+0.63)10%3 | 1 — (2.52+0.63)10%3
7 1499 mgs 1840450 | 3.16x10%3 0.12 e — 267x10% e
8 $7Eus, | 2908+ 5 (1.86+0.04)10° | (2.2+0.6)10-% 10-3 (8.44+2.31)10%° !
9 | 'SEugs | 2630430 |(4.66+0.08)10° | (9.4£2.8)10° | 2x10° | (4.96+1.48)10'%
10 | '8Gdss 3183£1 | (3.08+0.20)10° | I - | (3.08£0.20)10°
i1 1EiGdys 3018+ 5 (7.99+0.08)105 | (4.541.5)10-¢ 10-5 1 (1.74 £0.57)101
12 '39Gdss . 2730£10  (5.62£0.25)10'° | 1 — (5.62£0.25)101
13| '8iGdys f 2600+30 | (1.04+0.17)107 |8x10-* 3% 10-° (1.3+0.2)1015
14 | '8iGdgs | 214030 | (3.41+£0.25)10% | 1 — (3.41£0.25)10%
15 WEEThE, 2 3966104 1 (1.49+0.01)10* | (0.167+0.014) 0.06 (8.95+0.75)10%
16 EITHI M, 3990430 | (2.50+£0.02)107 | (2+0.4)10-* — (1.25+0.01)10°
17 J 129Ths § 3492+5 (1.25+0.06)10* | 7x10-° ¢ | 10~ 1.7x 108 e
18 | '3Tbse | 3409+5 (6.34+0.36)10* | (9.5+1.5)10-5 3x 104 (6.67+ 1.05)10°
19 22Dys, 4232%5 430.2+1.2 0.3140.03 0.37 (1.39£0.13)10%
20 YoéDygs | 4067+3 1014+ 30 0.055 +0.008 0.056 (1.84+0.27)10*
21 '38Dyss | 3630%5 (8.53+0.07)10% | (9.4+0.9)10~* 6% 10+ (9.08 +0.87)106
22 '3eDyg; | 3464+5 (2.26+0.0H10* | (1 £0.1)10* 03x10~* | (2.26+0.23)108
23 18¢Dyss 287245 ~3.15x 1014 - — 3.26x 1013
24 1Slhols. 2 | 4607+3 48+9 4 10.10+0.03 0.80 480170
25 'SIHoRS | 451743 39+4 4 .0.20£0.05 0.57 195+52
26 "2Hok, " 438743 | 154%5 4 (1.7+£0.3)1072 0.16 (9.06+1.62)103
27 122Hoby @ | 4453+10¢ 149.5+03 41 (52+£1.5102¢| 028 9524275
28 153Hol>. 2| 4008+10¢ | 558430 0.12+0.0710-% | 3.8+10-3 | (4.65+£2.72)10°
29 Ts3HoMs 2| 3905£10¢ | 12046 (0.04£0.01072 | 8x 104 (3+0.1510° |
30 15%Hol, 2, 3941+10¢ | 708430 (1.7£0.4)10-* 1.8x 103 | (4.16+0.99)10% |
31 Wigohs @1 372445 4119546 49x10°° 1 55x1075 | 3.95%10° °
32 122Erys 4799+ 3 10.3+0.1 9 10.89+007 9| 086 11.574+0.92
33 1 e3Erss 467143 35.6+0.2 410441006 41 0.57 80.9+11
34 2%Ergs 4172109 | 225+7.2 ©A47+0.13)102 | 4.6x10°3 | (4.79+1.33)10¢
35 33Brs, 4015+109 | 318+18 6x 10+ €l 65x10% |53x105 €
36 128 Tmas 5106+10% | 1.7+0.1 41 0.8+01 4 094 2.1+£0.3
37 14 Tmys 4957+109 | 80.2 91059+0.10 9| 0.73 13.56+£2.32
38 158 Tmss 5033+£10¢ {3.2+0.1 4 10.59 el 086 l'5.44 €
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TABLE 1
with calculated alpha and beta partial half-lives
T3, (sec)
calc T8, (sec) T8, (sec) Ref.
} = exp theor [5]
17] b ; [23] b f
7.07 x 10%* 1.44 x 1033 6.3x10%* — — [2]
1.41 x 10%3 4.67x 1023 1.9% 1073 — — ]
4.65x 107 5.91 x 10%7 6.15 x 10*7 (5.58+0.13)10% | >107 [2]
1.51x 10*3 2.00% 10%5 2.13x 108 —_ — 2]
3.71x 108 5.73 x 1018 5.47 x 108 — — 2
8.41% 1022 1.66 x 1023 1.34 % 10?3 — — 21
1.38 x 10?% 3.16x 10?3 2.26x 1075 — — {71
1.75 % 10t i 2.30% 10t 2.58 x 10 (1.864+0.04)10° | 2x10° 21
1.62x 1043 2.37 x 104 2.44 % 10 (4.66+0.08)10° | 5x10° 2]
2.13x10° 3.05x 10° 3.45% 10° - — 2
6.89 x 10'° 1.02x 101 1.10x 10" (7.99+0.08)10° | 108 21
6.21 x 1013 1.03x 104 1.00x 104 — _ 2]
1.93x 105 3.43x 10'5 3.11 % 105 1.04 % 107 107 21
4.12x 10! 1.05 x 1022 7.52x 102! — — [81
I— §
1.10 x 10* 1.65 x 10* 1.95x 10% (1.79+0.23)10* | 1.3x10° [2, 9, 10}
— _ — (2.50+0.02)102 | 1.3x10% {2, 111
2.44 x 107 3.78 x 107 0.42 x 108 1.25x 10% 5% 103 21
1.13x 10® 1.73 x 108 1.85 % 10® (6.34% 0.36)10* | 6x10* 2]
8.45x10° | 145x10° 171 % 103 623.4+27.1 10° 21
8.57x 10% 1.45% 104 1.66 x 10* 1073+33 10° 21
8.34x 108 1.45x 107 1.55x 107 (8.53+0.07)10% | 9x10° 2]
1.59x 108 2.84x 108 2.89 % 108 (2.26+0.04)10* | 10* 21
4.37x 10'3 9.59 x 103 0.83x 10+ — — 2]
21.3 4.1 50 53+10 200 2]
64.8 127 150 48.7+5.8 200 {2
3.43x 102 6.61 x 102 752 156+5 150 2]
1.46 x 102 2.81x 102 390 [ 522409 150
7.00 x 104 1.34x 10° 1.46x 105 558430 560 [2]
3.4x 105 6.57x 105 7.07 x 10° 12046 560 2
1.94 x 105 3.70x 103 3.89x 10% 708+ 30 700 2]
6.33% 108 1.25% 107 1.28 x 107 195 700 2]
6.48 L 147 17.16 93.6+59.5 110 21
29.6 | 65.5 74.7 63.6+6.8 100 2
2.13x 10* 4.66 % 10% 5.02 % 10* 226.1+7.2 230 2]
2.45x10° 4.75% 105 4.91 % 10% | 318 320 2]
0.6 1.58 1.84 8.5+4.3 32
3.1 7.88 8.94 19.51+4.78 25
1.33 [ 34 P 3.88 7.8 25
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Isoto T;
pe Eq (keV) 1/2 (se0) ba € by T%,, (sec)
exp. exp. : I 12
calc. exp.
39 133Tmss 4462 +
+104¢ |29.2+0.8 als 3
40 | 1Tmy | 423421098624 a @3411%)10_4 a0 5.53x10° e
4| '8Tme, | 4460+10 | 1913 e o (1.35£0.22)10°
42 sdyp . 3342104 | 0.48 0.02 5.8x10% e
. + 444004 ¢ 0.
43 | M3bys | 52094109 | 18201 alo gifg"ff, 037 0.473+0.044
4 | '¥bs | 46B8£10%|267:06 ¢ 0215006 0.90 2.1420.28
45 | 5oYby 4504410¢ 367410 ¢ | 4x10 .| o 127.11£36.4
46 70Ybsgs 4069+104 [ 93+6 2% 10-5 . 48x107* |9.15x10° e
yrau 32x105 |4.5x10° e
711054 5656+ 6 (704 6)10-3
48 | '5iLu 556 - bl 09
8| HLus 8+5  |0.18+0.02 L+05 (8.8+0.8)10-2
IZ;LUSS 5450+10 | ~0.5 i OTI : 0.98 0.18+0.05
50 71Lu86 4995 + 10 d 5.5+0.3 d - 0.94 ~0.7
51 1581 DI 0.06+0.02 0.13
 1iLug 4665+104 | 10+ ¢ 4|9y 10-3 el a 91.7%31.5
52 $2Lugs 4420+109 1123410 ¢ [91x10-5 ¢ 3x107% 1 5x10° ¢
53 | semr " * 1% 10 3x10~%  {135x105 ¢
sa | ime, 78210 ) Q524107 1£0.19 0.99
72Hfgs 5735+5 0.110+ : (25£6)10°3
55 1580y .110:£0.006 0.91+0.07 0
(12Hfs 5268+5 |3.2+0.6 0.46.4.0.0 98 0.121+0.011
56 33Hf,, 5095+5 | 5.6+0.5 46003 0.41 6.95+1.38
57 | sy 6+0. 0.12+0.01 0.1
72Hfse 4777+5 |29 e | 0.02340 12 46.7£5.7
$8 | 1fiHfy 4600£10 | 17+2 1.9% 1“0-5006 | 3Sx10 1 1.26x10°
29 1.7,in9° 4308+ 10 35542 (1 025)10-5 © 8x 10+ 8.8x 103 e
0 | 'I3Hf,, | 2500+30 |(631+12610° |1 ) 24x10* | (3.6209)10° °
— 6.3
61 | '5iTas. 6219410 | (5.3+2.2)10-3 (631126107
62 158 - 3+2.2)10 1+0.23 0.997
@3 aas 60516 | (36.8+1.6)10" |0.93+0.06 ' (5:3+22)10°
22 Taue soise  |0570501580 08050 0.99 (394103
o 12Ta87 5413+5 T 80£0.05 0.78 0.712+0.183
65 | '$3Tags 5148+5 _ - 0.33 3.42 ¢
- 0.05 34,
gg izgws‘t 6450+ 30 _ 6 )
w — 0. _
& | aw, 629006 | (3527105 |2812 0998 22x10% ¢
74Wss 592010 | (81£15)10°2 .995 (3.6+2.5)10-3
69 161 £15)10 0.94+0.40 0
§iWay 5777+5 | 0.410 Y 93 (86:£40)10-2
70 162y 410+ 0.040 0.824+0.26 0.8
0| W 55385 | 1394004 0.46+0.04 o 030016
1 5iWes 5384+5 (3.0+0 4140, 0.46 3.02+0.28
7 | 184w 0+02 0.41+0.05 0
$4Wso 514845 | 6.4+0.8 = 15 7.3+1.0
73| 5w A (26171072 27x10-3
74Woy 4902+ 5 51+0 x 10 246 +164
74 166y 1£05 (5.1£0.910°2 1.6+10-3
7aWo2 4739+5 | 16+3 6+2)103 6107 | (1£0.14)10°
» x 5.54+10—* | (2.7+1.8)10°
75 | '$iRess | 627910 ( 10" 15)10_3 0.50 .
76 162p -5 : 0.986 20x 103 e
7 et 6119+6 (100+30)10~3 | 1.4 e
75Resgs 5918+6 0.260+ : 0.945 70%x 103 e
78 164p, .260+0.040 0.64+0.18 0.81
$$Ress | 5778+10 | 0.88+0.24 0.60 el 0.41£0.13
- . 0.62 1.46 e
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TABLE I (continued)

1
T, (sec) :
lt.é;lc \ T2 (sec) T?/z (sec) Ref.
exp theor [5]
T BN R v B t \
1.28x 10° 3.16 % 10° 3.42x10° 29.2 39
2.9x 104 7.18 x 10* 0.74x 10° 86+4 80
1.3x 10° 3.2x 10° 3.4x 10° 19 80 2]
0.15 0.46 0.538 6.28+1.80 20 19, 10]
0.56 1.64 1.85 11.25+7.06 18 9, 10]
2.2 107 6.18x 102 667 33.8+2.7 32 [9, 10]
2.31 x 10° 6.43x 103 6.67x 10° 36.7+1.0 32
1.12x 106 3.23x 10° 3.1x10° 93+6 100
1.7x 102 6x 102 6.9x10° (3331£69)102 | 62 [9, 10}
39x1002 | 013 0.15 0.5 8 19, 10]
0.12 . 0.43 0.5 17 8 19, 10]
16.6 53.6 64.4 5.85+0.50 10 [9, 10]
8.89 % 10? 2.8x 10° 2.9% 10° — 10
226 x 10 719 10% 0.7x 10 — | 20
5.5%10°3 22.6x 10-3 26x 103 >0.1 3.2 [9, 10]
0.02 0.08 0.092 1.22+0.95 5 [, 10]
2.27 8.4 9.1 59+1.1 6.2 [9, 10]
15.2 55.0 57.6 6.420.6 8 19, 10}
6.58 x 102 2.34x 10° 2.33x10° — 13
6.3% 103 2.24x 10 2.13x 10* — 17 2]
3.5x 10° 1.3x 10 1.22x 108 — 30 [12]
1.22x 102 484x10% | 9.9x1022 — — 31
6.8x10° 3.3x10°2 3.8x10°3 >15%10-3 1.3 19, 10]
29x10° 13.5x 102 15x10°3 0.5£0.95 2.3 [9, 10}
0.20 0.84 0.92 2.85+1.14 3.2 19, 10]
1.34 5.55 5.84 — 3.2 [9, 10]
23.7 L 958 96.7 — 5.5 19, 10}
24x10% | 1.4x1072 1.5x 10-3 — 0.8 9]
84x10* | 451x10° 5% 10-3 | >5x10-3 1.2 191
24%107°  119x10-2 129 x 10-3 >1.3 2.5 19, 10]
9.2x 102 0.4 | 047 >2 2 [9, 10
0.98 4.59 4.68 2.57+0.31 4 19, 10]
4.9 224 212 51£0.5 4 [9, 10]
67.0 300 281.8 | 6.6+0.8 8 9, 10}
1.2% 10° | 5.54x10° 491 x 10° [ 5.1+05 8 {4, 9, 10]
9.6x 103 | ad4xior | 3.66x10* 163 20 [4, 9, 10]
| T T
241102 | 14x10® | 15x10° | — 1.1 [9, 10}
9.8%10- | 55x10°3 | 58x10-3 f _ — [9, 10}
6.2x 102 0.33 0.34 0724019 15 [9, 10]
0.23 1.24 1.23 — 2 [9, 10]
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Isotope | Ex (keV) Tijz (sec) b ba  FL Ty, (se0)
exp. exp. calc. exp.
79 1%3Req0 5506+10 | 2.4+0.6 0.13+0.03 0.14 18.5+6.3
80 18¢Reo; 5495+10  22+04 0.10 0.21 2
81 1%71Res, 533010 |2.0+0.3 17x10-3 5x10-3 114
82 1%%Ress 5140+10 12.9+0.3 3x10-3 3x 10~2 850
83 93Reos 5050+ 10 — — 4% 103 2.1% 10°
84 1830s4, 6510+ 30 — — 0.993 7 x 10-3
85 1920345 6320£20 | (41+20)1073 1+0.7 0.98 (41£35)10-3
+70
86 16305489 6164 +10 (65__30‘)10—3 1+0.4 0.92 (65 +40)10-3
87 1880540 5981+6 0.181+£0.038 0.72+0.13 0.83 0.25+£0.07
88 1620sq, 5836+5 1.05+0.35 0.58+0.12 0.57 1.81+0.71
89 1880s,, 5660+10 | 2.4+0.2 0.47 0.28 5.1
90 1820555 5560+ 10 |3.2+02 0.25 0.21 13
91 1790504 5400+10 |4.0+0.2 0.08 0.05 52
92 1780505 5240+10 |8.2+0.8 33x10-3 10-2 250
93 1 1e0sss 5105+10 |19+2 122 1073 5x 1073 865
94 | '730soy 494010 | 16£5 12x107% 6x10~* | 8x10*
+1.34

95 1740505 4760+10 | 45+5 2.1x10-+ 2% 10* é(2.14_056)105

a

m, g, Is, hs — these letters mean respectively isomeric, low spin, high spin states; P value taken

intensities w/kx and B8+/kx or from intensity ratios by, €Xp = Iy daughter/fu parem; O measured by author
coefficients defined in present work by fitting to the experimental points; f calculated assuming a reduced
on the formula derived from the alpha decay theory by Taagepera and Nurmia [17]; ! based on the

2. Characteristics of alpha activities for nuclei with 58 < Z < 76

In Table I are presented all reported alpha decay measurements from cerium to os-
mium. These results have been extracted from many recent publications. In addition to
publications many useful data and references have been found in Table of Isotopes [2]
and in two compilations [3, 4]. Table I contains results published up to April 1982.

In the first column of Table I, the symbols for the alpha radioactive parent nuclei
with Ce < Z <{ Os are listed. The second column gives alpha particle energies. The third
column gives the experimentally measured half-lives. The fourth column gives values of
branching ratios. The estimated values of branching ratios are indexed by letter e. They
are obtained from the relationship 77, = f(Q,) with a set of parameters established by
the author. The experimental values are shown without any label.

Assuming a reduced alpha width equal 1, we have calculated partial alpha half lives
(column seven) which may be compared with the experimental alpha half-lives in col-
umn six.

Experimental and theoretical beta half-lives are compared in the two last columns.
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TABLE I (continued)

T%,, (sec)
1/2
calc T4, (sec) Te/z (sec) Ref.
b | A exp theor [5]
[17] | [23] Y

1.16 18.8 17.9 2.740.7 3 191
4.1 20.8 19.3 — 4 [14]
24.3 121 107 — 6 [14]
210 1.03x 103 223 — 7 [13, 14]
6x 102 2.99 % 103 2.4x103 — 10 {13]
8x 104 5.5x10°3 5.8x10°3 — 0.8 9]
4.1x10-3 26x 103 27x10-3 >6x 102 1.6 9]
16x 103 9.88x 103 0.1 >5x 102 1.2 [9, 13]
8.6x 102 0.51 0.498 0.64+0.33 2.5 [9, 13]
0.34 1.99 1.88 25+1.1 2.5 9, 13]
1.99 11.3 10.16 — 4 [13]
5.6 31.3 11.4 — 3 [13]
31 173 142 — 7.1 [31
185 1.04 x 103 806 — 8.2 [3]
894 5.06 x 103 3.7x 103 — 19 [3]
6.7x10° 3.86x 10* 2.6x 10* 16+5 16 [31
6.7x 10* 4.04x 10° 2.5x% 103 45+5 45 31

from Wapstra and Bos tables [24];

€ by, eXp = Ti/2 exp(T; exp from measurements of the relative

(of the present work) and colleagues in Gatchina [43-48];
alpha width of one; 2 by, calc. = T‘flz/(T;‘ 2t T‘f /2) from theoretical alpha and beta half-lives;
fission theory of the alpha emission by Poenaru, Ivascu and Mazilu [23].

¢ predicted from the formula for T3, with
I based

The theoretical values are taken from calculations using the gross theory of beta decay
of Takahashi et al. [5].

Therefore, the theoretical beta half-lives were used together with the theoretical alpha
half-lives to calculate theoretical alpha branching ratios using the expression b, = Tlﬁ,z
/(Tf‘,z-!—TF,z). These values are presented in the fifth column.

3. Alpha decay partial half-lives for nucleides in the 62 < Z < 76 range

For calculations and discussion of the systematics of the alpha reduced widths the
partial half-lives T;,, are needed. The estimates of 77;, can be performed using semi-
empirical formulae published in [15-23] having only kinetic energy of the emitted alpha
particle. The formulae in [15, 16, 18-22] were derived only for Z > 82 region. Extention
of the estimates of T}, toward Z lower than 82 has been given in Refs. [17, 23].

The present work prefers simplest and oldest [1] search for the connection between
half life 77, and alpha decay energy which works well as we shall see below. For our
purpose it is convenient to present Tj,, = f(Q,) in manner illustrated by Figs. la-c.
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Fig. 1c

Here the 77, is plotted against the reciprocal square root of the total decay energy and the
resulting family of straight lines is obtained. These lines were defined by least squares fitting
using only those points for which accurate decay energies and alpha partial half-lives
(branching ratios) are available. Each line in Fig. la-d representing a single element
can be expressed analytically as follows:

PR
Ty 5 (sec) = 10( ~’E> . )

Here Q, is the effective alpha decay energy (in MeV) which consists of the alpha particle
energy plus the recoil energy (the correction for electron screening was not taken into
account). The constants 4 and B depend on the element considered. By the employment
of the available data for the elements in the range 62 << Z <{ 76 presented in Table I one
can calculate the constants 4 and B. Table II lists the values of 4 and B for each element.
From formula (1) the unknown T7y,, values can be calculated if the Q, are available.

It was interesting to compare our estimates of the 77, with the theoretical predictions
of T¢,, derived from the alpha decay theory of quantum mechanics published by Taagepera
and Nurmia [17] and fission theory of alpha emission, recently published by Poenaru et
al. [23].

The well known formula of Taagepera and Nurmia is given in a very useful form

za —Z42/3)-28.
Tz, = (100 VE ) 5% 3 156 x 107 (in seconds), Q)
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TABLE 11

Semiempirical constants characteristic for each element in the

range Z = 62+76

Element A B
625m —39.27 87.58
o3Eu —57.05 117.80
64Gd —~4591 100.01
651D —44.54 99.97
66Dy —45.07 100.66
s7Ho —43.21 99.88
s7Ho™ —38.87 86.85
6sET —47.79 108.66
6o Tm —47.78 110.28
70Yb —48.16 112.09
1 Lu —48.16 113.48
2 Hf —42.95 101.95
73Ta —47.39 114.45
74 W —41.21 99.17
2sRe —45.14 110.23
7605 —41.37 101.39

where Z; — atomic number of the daughter nucleus, F — kinetic energy of the alpha
particle.

Poenaru et al. [23] suggested different approach to calculation of 77,, based on the
fission theory of alpha decay:

Tf/z — 10(81+Bz)’+Bs:+B4}’2+Bs)'z+35:2)1(,/lnl0—20.446 (lIl SCCOHdS) (3)
b

where y and z are reduced variables expressing the relative distance of N and Z from
the closest magic-plus-one number of neutrons and protons N, Z;:

y=(N=N)/(Nis1—N); N;<N<N;y; N;=51, 83, 127, 185, ...
2=(Z-Z)Zis—2); Z;<Z<Zpy; Z;=051,83, 115, 121, ...

Q = E,A/A; (in MeV);

K, = 2.52956Z,(A,/A0)"*[arc cos Vx —Vx(1—x)];

x = 0.4253Q0(1.5874+ A')jZ,; A, =A—4; Z;,=2-2;

B, = 0.988662; B, = 0.016314; B, = 0.020433; B, = 0.027896.

It was found that different set of parameters in comparison with original work of
Poenaru et al. Bs = Bg = —0.003033 reproduces much better the experimental result.
In the first and second place of column seven of Table I the values of Ty, computed
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on the basis of these two different approaches [17, 23] are given. It can be seen from com-
parison of the column six and seven that agreement with experiment is very good in the
case of the work [23].

4. Atomic masses

In the calculations of the alpha reduced widths the Rasmussen formalism was applied.
As input data besides alpha particle energy and alpha partial half-life one needs the masses
of nuclei (in amu). They were obtained from experimentally well known atomic masses
compiled by Wapstra and Bos [24] and from estimated values given by the same authors,
For 20 cases the masses were estimated from chains of alpha decay ending at the nucleus
of known mass excess.

There are, however, only few cases where such calculations can be made in the rare
carth region. Recently, Pardo et al. [25] have measured the mass excess of *Gd to be
(—76.096+0.025) MeV. The alpha decay energies for the alpha transitions *78Hg — 74Pt
— 17005 — 166\ 5 162Hf _, 158Y] — 154Er —» 15Dy — 146Gd are already known. With
the help of those known alpha decay energies the masses of *°Dy, 54Er, 138Yb, 162Hf,
166yy, 170Qs, 174Pt and 78Hg members of the alpha chain can be calcuiated.

In order to illustrate such situation, Figs. 2a—d show four decay chain families based
on isobars 145-148. Because the masses of !4°Eu, !*°Tb and !5*Ho in parallel decay
chain are known, linking them together we can obtain electron capture decay energies.
These energies (experimentally unknown) were calculated by means of closed energy
cycles.

It was possible to calculate proton binding energies in these nuclei. The atomic masses
(in amu), electron capture decay and proton binding energies in '#Gd, **°Dy and '*4Er
are given in Table IIL

For comparison we give in this Table predictions of two droplet model mass formulae
in the version of Myers [28] and Groote-Hilf-Takahashi [30]). The good agreement is found
between theory and experiment.

Similar calculations were performed for alpha decay chain !72Pt — 168Qs — 164W
— 160Hf — 156Yh — 152Er - 148Dy using the recently published mass excess of 48Dy
equal to (—67.84+0.10) MeV [26]. In this work the mass excesses of 1>2Er, 156Yb, 16°Hf
and %W were determined. In the present work alpha decay chain was extended to the
two nuclei in the chain 1980s and !72Pt (the nucleus with 18 neutrons away from the stabil-
ity). For doubly even nuclei the dominant alpha transitions connect the nuclear ground
states directly. This is not true for nuclei with unpaired nucleus where strong alpha transi-
tions are leading to excited states in the daughter nuclei.

For cases like 1#°Gd and '#®Dy, the alpha chain is composed of even-even nuclei.

Alpha decay chains are also ending at 1#’Tb. Keeping in mind all what has been said
above about the correctness of mass determinations from alpha decay chains for odd-even
or even-odd nuclei we calculated masses of 1*'Ho, 1*>Tm and *?Lu taking as an experimen-
tal value Qpc = (51004120) keV for 47Tb published recently [27].

" From the above examples we can conclude that measurement of alpha decay energies
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is a good method for obtaining precise experimental atomic masses of short-lived nuclides
if there exist a corresponding heavy ion transfer reaction and beta decay energy measure-
ments. It would be useful to devote some effort in this direction and measure the mass
excesses for nuclei ending the alpha decay chains and search for unknown alpha emitters
in these chains.

The values of masses from Table III were used for calculations of alpha reduced
widths.

For nuclei very far from the stability line their masses (in our case for 152Yb, 133154y
154,155,156 4 157,158,139,  159.160,161w) were not given by Wapstra and Bos. There
are several mass formulae used for nuclei far from the stability line. Six of them were
considered: Myers [28], Myers-Swiatecki [29], Groote-Hilf-Takahashi [30], Seeger-Howard
[31], Liran-Zeldes [32] and Comay-Kelson [31]. To choose between them the value of
z? function was calculated for elements with 62 <{ Z < 76, taking as the input data the
experimental and predicted (by mentioned formulae) energies of the alpha decay. In the
case of Myers [28] and Groote-Hilf-Takahashi [30] version of mass formula the y? vaue
was clearly the smallest one. A comparison (we suppose that the alpha transitions are
going from the ground to the ground state) of experimental and theoretical alpha energies
is shown in Fig. 3a-j for the isotopes of Sm =+ Lu.

As can be seen from Figs. 3a-j all predictions based on the droplet-model [28 + 30}
are very similar and reproduce the experimental data quite well. The variation of the
0, with 4 is rather smooth and regular. In particular the values given by Myers agree
generally within 200 keV with the data. A general trend seems to be that for elements
Fr -~ Lu Q, values are slightly overestimated by theory. For Sm + Ho we observe the
opposite effect.

The predictions of Liran and Zeldes [32] represent a shell approach to nuclear masses.
They are generally of similar or even somewhat lower quality than those of the droplet
model approaches and show fluctuations which are not present in the experimental
data.

The third approach for mass predictions is inspired by the Garvey-Kelson mass
relations and is represented by the table of Comay-Kelson. This method is analytic and
uses known masses as input parameters. It gives extremely nice agreement for nuclei
Sm + Dy (close to the known ones), but the discrepancies increase as one goes far off
the beta valley. The predictions for Q, values in the range Ho + Os are poor since the
differences between the theory and experiment exceed 0.5 + 1 MeV.

5. Alpha reduced widths

Using published, experimentally determined branching ratios and total half-lives
the resulting alpha partial half-lives were calculated. For completeness, the lacking values
of partial half-lives were supplemented by estimated values (see the proceeding chapter).
All these values, given in Table I were then used to calculate alpha reduced widths &2
in order to examine the nuclear structure aspects of alpha decay in the region of Z from
58 up to 76.
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In calculating 52 the following definition was used [33]:

_ hln2 A,k

= - 4
PaT;/Z Pa ( )

2

where h is the Planck constant, A, is the partial alpha decay constants, P, — the alpha
particle penetration factor through the Coulomb barrier (calculated from the nuclear surface
to infinity). Barrier penetrability factors were calculated for a barrier that includes an
optical model potential derived by Igo [33] from the analysis of alpha particle scattering
data. A centrifugal barrier is also included so that an / dependence can be taken into
account.

Owing to the fact that majority of nuclides in Table I have no definite spin assignments
so far, all 62 were calculated for / = 0 case. The alpha particle energies were corrected for
nuclear recoil and electron screening.

The resulting 62 values are given in Table IV. They are, in general consistent with
the fragmentary results given in published papers. In addition in the sixth column of Table IV

the relative values W, of alpha reduced widths are given (normalized to the reduced width

- 02
of Po?!2 for ground state transition, W, = ——2——>
5})0212

The maximum allowable reduced width is given by the Wigner limit [34]. According
to Arima et al. [34] this limit 83 is given by

3f12 6270 652 Amo er
§h = g = o (MeV) = =" (MeV) (%)
2#R HR daughter

where u is the reduced mass of the alpha particle and R is the channel radius taken to be
1.55 4 fm.
It is convenient to define a dimensionless reduced alpha width

52
62 = - o 6% = 6%%
w
which is the ratio between the experimental reduced alpha width and the Wigner limit
and gives the probability of finding a particle in the desired nuclear shell at the nuclear
surface. According to Wigner, the limiting value of 62 is 62 = 1; value equal 1 corresponds
to the case when the wave function of the nucleus at the surface » = R completely consists
of clusters: s-wave alpha particle plus ground state daughter nucleus. Hence, the 6% values
are direct measure of the degree of alpha clusterization. The values of 02 for considered
nuclei are given in the last column of Table IV. These values in all cases confirm very
well the Wigner predictions that 2 <{ 1. The surprisingly high 6? values (6* > 1) can be
seen for '35 Ybge, 8% 15SWo 02 and ';20sg.
The variation of 4% with atomic number is presented for N = 84-88 in Figs. 4a-e.
Fig. 4a is a plot of 6% vs atomic number for N = 84 (where the alpha energy has its maximum
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and reduced widths have smallest experimental errors). In the 58 < Z < 74 region the §
values concentrate around 0.1 MeV for N = 84 except nuclides round Z = 64 where smaller
reduced widths are observed. The constancy of 2 above Z = 67 is likely to be the result
of filling of the h,,,, proton shell and the effect of the residual pairing forces which tend
to smooth out the variations in 2.

The theoretical calculations of Macfarlane et al. [35] predict a nearly constant 62
for the N = 84. We note that the alpha reduced widths for N = 84 of odd-even nuclei
are on the average about 309,-409% lower than alpha widths of the even-even nuclei.

Fig. 4b shows the 62 values for N = 85 isotones. These 4 values show the same depend-
ence as function of the proton number. There is a clear minimum at terbium showing,
that its decay is hindered in comparison with the other lanthanides. This is probably due
to the fact that shell model ds;, proton subshell is filled in gadolinium and terbium nucleus
can only produce an alpha particle from protons belonging to different levels. We observe
similarity in absolute values of 62 for odd-even nuclei at N = 84 isotones and even-odd
nuclei at N = 85 isotones.

We note that the alpha widths of odd-odd N = 85 isotones are on the average about
509 lower than the alpha widths of the odd-even N = 85 and even-odd N = 84 nuclei.

One can see that the reduced widths for N = 86 isotones (Fig. 4c) are on the average
about 50% larger than the widths of the even-even N = 84 isotones. Remarkable is the
high value of 62 at Z = 70 what is probably connected with the fact that the midshell
nthyy, Is filled.

The reduced widths at N = 87 (Fig. 4d) are unexpectedly equal for even-odd and
odd-odd nuclei. In addition, the widths decrease for even-odd nuclei as one goes from
Z = 62 to Z = 66 and oscillate around 0.1 MeV for higher Z than 66.

N=84

[o]
T TT
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N
T

RELATIVE o WIDTH

T T T1TTIT

N
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Fig. 4a
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Fig. 4a—e. Reduced alpha widths of N = 84, 85, 86, 87 and 88 isotones as function of the atomic number.
For isotopes marked with triangles estimated (in the present work) alpha partial half-lives were used
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The reduced widths for N = 88 (Fig. 4e) are equal for even-odd and even-even nuclei.
These equalities are probably related to structural changes associated with the end of
filling of the g;,, neutron and h,;,, proton shells (or with the deformation).

The effects due to deformation at N = 84, 85 and 86 nuclei in the ground state are
absent in this region of Z. Progress of deformation is very slow. A gradual increase in
deformation is suggested by spectroscopic data and abrupt onset of deformation occurs
between the nuclei with neutron numbers N = 88-90. With the spins unknown we cannot
say anything quantitative about the deformation.

The dependence of 62 on Z shows a continuous shift of maximum of 62 (first at N = 84
and Z = 68, second at N = 86 and Z = 70, and third at N = 88 and Z = 72) what corres-
ponds to 1/3, 1/2 and 2/3 of filling h,,,, proton sheil.

A regular trend with 4 (odd-odd) < 6 (even-odd, odd-even) and 6% (even-odd,
odd-even) < J2 (even-even) for identical N resulted.

The next feature we examine is the 52 dependence on neutron number N for constant
Z. The complete systematics of 62 as a function of N is shown in Fig. 5.

One notes that the large widths are found for nuclei with two or four neutrons more
than magic number N = 82. In the classical region of lanthanides the general trend is
a decrease of 42 towards the next closure. For Lu and Re the §2 exhibit a very smooth
behaviour with changes of N. For transitional nuclei Ta-Os there is an interesting increase
of 6% with increasing neutron number up to 90. It appears to be likely that the alpha widths
for W-Os are closely connected with the systematic change of shape. If the nucleons which
form the emitted alpha particle originate from the same subshell, the 62 increases with
the number of available nucleons. When nucleons from cther subshells are also involved,
the 62 rapidly decreases. Thus a good measure of a significant role of cluster structure of
nuclei is obtained.

6. Summary

A measurement of missing branching ratios would be desirable in order to confirm
our expected values of alpha partial half-lives and alpha reduced widths.

By studying chains of alpha and beta decays and linking these chains to known mass
values it is possible to extend the knowledge of experimental masses up to very exotic
nuclei. From the extended knowledge of atomic masses certain information about proton
binding energies can be extracted.

The theories are successful in describing the relative behaviour of the alpha widths
as a function of Z or N. The calculations of the absolute values of alpha widths are more
difficult. We expect that our “‘experimental” values of alpha widths may help in such
calculations.

I would like to thank Mrs Ewa Ruchowska of the Warsaw University for kind pro-
viding me with her computer program to calculate alpha decay reduced widths. I am
grateful to dr T. Kozlowski for advice on parametrization of the formula for calculation
of alpha partial half-lives published by Rumanian physicists.
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