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Fig. 1: Known experimental values for heavy particle emission of the odd-Z Tz= +51/2 nuclei.
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Table 1
Observed and predicted β -delayed particle emission from the odd-Z, Tz = +51/2 nuclei. Unless otherwise stated, all Q-values are taken from [2021Wa16] or
deduced from values therein. Jπ values for XX are taken from ENSDF.

Nuclide Ex. Jπ T1/2 Qε Qβ - Qβ - α Experimental

209Au* > 300 ns 6.38(43)# 8.35(50)# 8.35(50)# [2010Al24]
213Tl* (1/2+) 23.8(44) s -6.42(30)# 4.987(28) 8.15(15) [2017Ca12]
217Bi* (9/2−) 98.5(8) s -3.53(30)# 2.847(19)# 9.689(19) [2003Ku25]
221At* 2.3(3) m -2.991(24) 2.311(15) 8.655(16) [1989Bu09]
225Fr* 3/2− 4.0(2) m -2.714(16) 1.828(12) 7.105(13) [1983Ny01]

229Ac* (3/2+) 62.7(5) m -1.872(20) 1.104(12) 6.452(12) [1973Ch24]
233Pa* 3/2− 26.975(13) d -1.242(1) 0.570(2) 5.659(3) [2000Us01]
237Np 5/2+ 2.144(7)×106 y -0.519(1) -0.220(1) —– [1992Lo03]

237mNp 2.850(40) 40(12) ns 2.331(40) 2.630(40) 8.558(40) [1973Wo03]
241Am 5/2− 432.0(2) y -0.021 -0.767(1) —– [1975Ra35]

241mAm 2.5(1) 1.0(3) µs 2.5(1) 1.7(1) —– [1969La14, 1993Ku16]
Qε p Qε α

245Bk 3/2− 4.90(3) d 0.809(2) -5.354(2) 6.434(2) [1976Ah03]
245mBk x 2(1) ns 0.809(2)+x -5.354(2)+x 6.434(2)+x [1971Re11]

249Es 7/2+ 1.7(1) h 1.450(30)# -4.245(58)# 7.745(30)# [1970Ah01]
253Md 7/2− 6.4+11.6

−3.6 m 1.830(30)# -3.411(59)# 9.026(32)# [1992Ka08]
257Lr 0.6(1) s 2.420(50)# -2.08(13)# 10.895(44)# [1971Es01]

261Db 1.8(6) s 2.99(13)# -1.26(17)# 11.64(11)# [1971Fl02]
265Bh 0.94+0.70

−0.31 s 3.60(28)# -0.16(34)# 12.65(25)# [2004Ga29]
269Mt 4.81(34)# 1.30(49)# 14.08(34)#
273Rg 4.60(42)# 2.11(63)# 15.97(42)#

* 100% β− emitter.
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Table 2
Particle separation, Q-values, and measured values for direct particle emission of the odd-Z, Tz = +51/2 nuclei. Unless otherwise stated, all S and Q-values are
taken from [2021Wa16] or deduced from values therein.

Nuclide Sp Qα BRα BRSF Experimental

209Au 9.02(57)# 0.95(64)#
213Tl 8.53(30)# 1.60(40)#
217Bi 6.07(20)# 4.521(32)
221At 5.770(23) 5.628(23)
225Fr 5.913(15) 4.613(18)

229Ac 5.539(12) 4.444(17)
233Pa 5.246(1) 4.375(12)

237Np 4.8622(3) 4.957(1) 100% [2002Wo03, 2008De10, 2000Lu01, 2000Sc04, 2000Wo01, 1992Lo03,
1992Mo03, 1990Bo44, 1990Lo04, 1988Wo01, 1981Ba68, 1979Go12,
1976BaZZ, 1976Sk01, 1975PeZI, 1970Cl11, 1969Va06, 1969HoZY,
1968Ba25, 1968Ob02, 1961Ba44, 1960Br12, 1955St04, 1949Ma01,
1949SeZU, 1948Ma16, 1948Wa04]

237mNp -2.102(40) 7.807(40) 0.19% [1977Mi09, 1973Wo03]
241Am 4.4800(2) 5.6378(1) 100% 3.6(6)×10−10% [1971Gr17, 1970Go26, 1968Go26, 1963Ba65, 1964Ba26, 2021Ta23,

2020Yo01, 2016Di11, 2010Mo01, 1998Ya17, 1994Bl12, 1993Ku16,
1992El10, 1986Pa17, 1978Ge06, 1978Ge17, 1978Ov01, 1977VaZW,
1975Ra35, 1974Po16, 1972Jo07. 1971Cl02, 1970Ga27, 1969KaZR,
1968Ka09, 1968St02, 1966Ko06, 1966Le13, 1965Ar09, 1964Ka29,
1964Wo03, 1963Ba35, 1963Pa06, 1962Ba51, 1962Le11, 1961Dr03,
1957Ha10, 1957Ro20, 1956Go43, 1955Go57, 1954As05, 1953AsZZ,
1952As04, 1952As40, 1952Be47, 1952Ha68]

241mAm 2.0(1) 8.1(1) 100% [1969La14, 1993Ku16
245Bk 3.927(1) 6.455(1) 0.12(1)% [1974Po08, 1976Ah03, 1975Ba25, 1966Ah01, 1966Ah02, 1956Ch77,

1956Ma32, 1951Hu39]
245mBk 3.927(1)-x 6.455(1)+x obs [1971Re11, 1972Ga42, 1970ReZN]

249Es 3.352(31)# 6.936(30) 0.7(1)% [1989Ha27, 1970Ah01, 1989HaZG, 1976Ah07, 1956Ha80]
253Md 2.933(32)# 7.573(8) ≈0.7% [2012He09, 2005He27, 2011An13, 1992Ka08]

257Lr 2.447(45)# 9.068(31)# ≈ 100%*** [1997He29, 1971Es01, 2010AsZY, 2009Qi04, 2009QiZZ, 2004Ga29,
1976BeYM, 1971EsZX]

261Db 2.13(23)# 9.22(10)# ≥82% obs [1998La30, 1971Fl02, 1971Gh01, 2013AsZZ, 2004Ga29, 1971Dr01,
1971FlZV]

265Bh 1.68(37)# 9.66(21)# 100% [2004Ga29]
269Mt 0.96(43)# 10.48(20)#
273Rg 0.49(58)# 11.16(25)#

* Deduced from the weighted average of the partial half=life for SF of 1.29(3)×1014 y [1968Go26] and 1.15(2)×1014 y [1970Go96] (reported as λF =
6.04(13)×10−15 y.

** Weighted average of 1.50(60) µs [1969La14] and 0.9(3) µs [1993Ku16].
*** [1971Es01] report an upper limit for electron capture of 15%.
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Table 3
direct α emission from 237Np*, Jπ = 5/2+, T1/2 = 2.144(7)×106 y, BRα = 100%.

Eα (c.m.) Eα (lab) Iα (rel) Iα (abs) Jπ
f ** Edaughter(233Pa)** coincident γ-rays (keV)** HF

4.5926(19) 4.5151(19) 0.073(8)% 0.035(4)% 9/2+ 0.3659 6.7, 17.4, 22.6, 29.4, 46.5, 54.4, 57.1, 63.9, 70.5, 58+8
−6

86.5, 108.7, 106.1, 109.1, 117.7, 141.7, 153,4,
155.2, 186,7, 202.9, 212.3, 257.1, 262.4, 279.7

4.6283(22) 4.5502(22) 0.023(6)% 0.011(3)% 0.3280(26)* 360+140
−80

4.6511(26) 4.5726(26) 0.101(48)% 0.048(23)% (7/2−) 0.3060(1) 8.2, 17.4, 29.4, 46.5, 49.0, 57.1, 86.5, 88.0, 120+110
−40

94.7, 115.4, 131.1, 153.5, 162.5, 170.9, 186.8,
195.0, 201.7, 219.8, 248.9, 250.5, 257.4

4.6572(14) 4.5786(14) 0.775(48)% 0.369(23)% 7/2+ 0.3005 5.7, 8.2, 17.4, 22.6, 29.4, 36.2, 46.5, 57.1, 62.6, 17.1(11)
63.9, 70.5, 86.5, 88.0, 94.7, 115.4, 131.1, 134.7,
143.2, 151.4, 180.9, 191.4, 195.0, 196.9, 201.7,
214.0, 229.9, 237.9

4.6781(18) 4.5991(18) 0.779(19)% 0.371(9)% (7/2+) 0.2797 5.7, 17.4, 22.6, 29.4, 46.5, 57.1, 63.9, 70.5, 24.2(6)
86.5, 170.6, 176.1, 193.2, 209.2, 222.6

4.6990(21) 4.6197(21) 0.067(17)% 0.032(8)% 5/2− 0.2572 8.2, 17.4, 29.4, 46.5, 57.1, 86.5, 88.0, 94.7, 410+140
−80 ×103

115.4, 131.1, 153.5, 162.5, 170.9, 186.8, 195.0,
201.7, 250.5, 257.4

4.7197(10) 4.6400(10) 13.50(7)% 6.43(3)% 5/2+ 0.2379 8.2, 17.4, 29.4, 36.2, 46.5, 57.1, 86.5, 88.0, 94.7, 2.82(4)
115.4, 131.1, 134.7, 143.2, 151.4, 180.9, 195.0,
201.7, 237.9

4.7451(9) 4.6650(9) 7.301(51)% 3.478(24)% 5/2+ 0.2123 6.7, 17.4, 29.4, 46.5, 57.1, 63.9, 70.5, 86.5, 108.7, 2.97(10)
117.7, 141.7, 155.2, 212.3

4.7609(18) 4.6805(18) 0.042(8)% 0.020(4)% 0.1955(23)* 1.8+0.5
−0.3×103

4.7789(8) 4.6982(8) 1.123(21)% 0.535(10)% 0.1775(16)* 92(4)
4.7917(7) 4.7108(7) 2.464(27)% 1.174(13)% (11/2−) 0.1633 22.6, 29.4, 54.4, 57.1, 86.5, 106.1 52.9(8)
4.8483(8) 4.7665(8) 19.56(61)% 9.32(29)% 9/2+ 0.1091 22.6, 29.4, 57.1, 86.5 16.0(5)
4.8533(8) 4.7714(8) 48.59(61)% 23.15(29)% 7/2+ 0.1037 17.4, 29.4, 46.5, 57.1, 86.5 7.02(11)
4.8702(9) 4.7880(9) 100.0(2)% 47.64(6)% 5/2+ 0.0865 29.4, 57.1, 86.5 4.49(5)
4.8860(10) 4.8035(10) 4.228(36)% 2.014(17)% 5/2− 0.0705 5.7, 63.9, 70.5 136.9(18)
4.8995(10) 4.8168(10) 5.101(36)% 2.430(17)% 7/2− 0.0571 57.1 119.7(15)
4.9073(36) 4.8245(36) 0.029(23)% 0.014(11)% 0.0490(39)* 3+10

−1 ×104

4.9321(49) 4.8489(49) 0.013(8)% 0.006(4)% 0.0242(51)* 1.0+1.9
−0.4×103

4.9499(14) 4.8664(14) 1.11(8)% 0.53(4)% 1/2− 0.0067 6.7 1.41(13)×103

4.9564(14) 4.8727(14) 5.02(8)% 2.39(4)% 3/2− 0.00 —– 348(10)

* All values from [2002Wo03], except where noted.
** [2020Si28].
*** R0 = 1.51670(40) fm.
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Table 4
direct α emission from 241Am*, Jπ = 5/2−@, T1/2 = 432.0(2) y**, BRα = 100%.

Eα (c.m.) Eα (lab) Iα (rel) Iα (abs) Jπ
f

@ Edaughter(237Np)@ coincident γ-rays (keV)@ HF@@

4.881 4.800 1.0×10−4% 8.6×10−5% 7/2− 0.756 26.3, 27.9, 33.2, 42.7, 43.4, 55.6, 59.5, 69.8, 48
75.9, 99.0, 103.0, 125.3, 597.5, 653.0, 680.1,
696.6, 722.0, 755.9

4.916 4.834 8×10−4% 7×10−4% 5/2− 0.722 26.3, 27.9, 33.2, 42.7, 43.4, 55.6, 59.5, 69.8, 10.1
75.9, 99.0, 103.0, 125.3, 164.6, 208.0, 234.4,
267.5, 454.7, 563.1, 619.0, 662.4, 677.7, 722.0

5.089 5.004 1.2×10−4% 1×10−4% (5/2−) 0.546 26.3, 27.9, 33.2, 42.7, 43.4, 59.5, 69.8, 75.9, 1.1×103

103.0, 164.6, 208.0, 234.4, 267.5, 278.0, 512.5,
545.5

5.154 5.068 1.6×10−4% 1.4×10−4% (9/2−) 0.486 26.3, 27.9, 33.2, 42.7, 43.4, 55.6, 59.5, 67.5, 2.0×103

69.8, 75.9, 99.0, 103.0, 123.0, 125.3, 150.0,
161.5, 165.8, 221.5, 249.0,250.8, 264.9, 291.3

5.175 5.089 ≈5×10−4% ≈4×10−4% 7/2+ 0.460 33.2, 42.7, 75.9, 383.8, 426.5, 459.7 ≈1.3×103

5.182 5.096 ≈5×10−4% ≈4.×10−4% 9/2+ 0.453 33.2, 42.7, 54.0, 75.9, 97.1 115.5, 260.8, 1.3×103

322.5, 376.7, 419.3, 452.6
5.200 5.114 05×10−4% 4×10−4% (11/2−) 0.434 26.3, 27.9, 33.2, 42.7, 43.4, 54.0, 55.6, 59.5, 1.5×103

69.8, 75.9, 97.1, 99.0, 103.0, 109.7, 125.3,
146.6, 165.8, 175.1, 221.5, 249.0, 264.9,
275.8, 291.3, 304.2, 358.3

5.243 5.156 08×10−4% 7×10−4% 0.396 26.3, 27.9, 33.2, 42.7, 43.4, 55.6, 59.5, 67.5, 1.5×103

69.8, 75.9, 99.0, 103.0, 115.0, 123.0, 125.3,
150.0, 169.6, 204.0

5.265 5.178 3×10−4% 3×10−4% 3/2+ 0.371 33.2, 337.7, 370.9 4.9×103

5.270 5.182 1.0×10−3% 9×10−4% 5/2+ 0.369 26.3, 33,2, 42.7, 59.5, 75.9, 292.8, 309.1, 1.7×103

335.4, 368.6
5.282 5.194 7×10−4% 6×10−4% (5/2−) 0.360 26.3, 33,2, 59.5, 300.1 2.9×103

5.311 5.223 1.5×10−3% 1.3×10−3% (7/2−) 0.324 26.3, 27.9, 33.2, 42.7, 43.4, 55.6, 59.5, 69.8, 2.2×103

75.9, 99.0, 103.0, 125.3, 165.8, 221.5, 249.0,
264.9, 291.3

5.333 5.244 2.8×10−3% 2.4×10−3% 13/2− 0.305 26.3, 27.9, 33.2, 42.7, 43.4, 54.0, 55.6, 59.5, 1.6×103

69.8, 75.9, 97.1, 99.0, 103.0, 125.3, 146.6,
175.1

5.368 5.279 6×10−4% 5×10−4% 3/2− 0.268 26.3, 27.9, 33.2, 42.7, 43.4, 59.5, 69.8, 75.9, 1.3×104

103.0, 164.6, 208.0, 234.4, 267.5
5.412 5.322 0.017% 0.015% 11/2− 0.226 26.3, 27.9, 33.2, 42.7, 43.4, 55.6, 59.5, 67.5, 760

69.8, 75.9, 99.0, 103.0, 123.0, 125.3, 150.0
5.480 5.389 1.55% 1.33% 9/2− 0.159 26.3, 27.9, 33.2, 42.7, 43.4, 55.6, 59.5, 69.8, 22

75.9, 99.0, 103.0, 125.3
5.508 5.417 ≈0.01% ≈0.01% 11/2+ 0.130 33.2, 42.7, 54.0, 75.9, 97.1 ≈4.2×103

5.53466(13) 5.44280(13)*** 14.8% 12.7% 7/2− 0.103 26.3, 27.9, 33.2, 42.7, 43.4, 59.5, 69.8, 75.9, 4.8
103.0

5.561 5.469 <0.05% <0.04% 9/2+ 0.076 33.2, 42.7, 75.9 >2.2×103

5.57814(12) 5.48556(12)*** 100% 86% 5/2− 0.060 26.3, 33,2, 59.5 1.25
5.606 5.513 0.14% 0.12% 7/2+ 0.033 33.2 1.3×103

5.639 5.545 0.29% 0.25% 5/2+ 0.0 —– 940

* All values from [1963Ba65, 1964Ba26], except where noted.
** [1975Ra35].
*** [1971Gr17].
@ [2006Ba41].
@@ R0 = 1.508784(84) fm.
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Table 5
direct α emission from 245Bk*, Jπ = 3/2−, T1/2 = 4.90(3) d**, BRα = 0.12(1)%**.

Eα (c.m.) Eα (lab) Iα (rel) Iα (abs) Jπ
f *** Edaughter(241Am) coincident γ-rays (keV)*** R0(fm) HF

5.905(4) 5.809(4) 4.2(5)% 0.1(2)% 7/2− 0.549(6) 41.2, 77.0, 455.9, 471.8, 510.0 1.49673(49) 18(3)
5.951(4) 5.854(4) 19.1(10)% 0.49(5)% 5/2− 0.503(6) 32.6, 41.2, 164.8, 205.9, 298.6, 1.49673(49) 7.0(9)

410.8, 463.3, 504.5
5.963(4) 5.866(4) 100(3)% 2.6(2)% 0.491(6) 1.49673(49) 1.5(2)
6.079(5) 5.980(5) 4.1(1)% 0.11(1)% 0.375(6) 1.49673(49) 153(19)
6.135(4) 6.035(4) 2.6(4)% 0.07(1)% 11/2+ 0.319(6) 41.2, 116.4, 162.4 1.49673(49) 470+110

−80
6.183(4) 6.082(4) 29(2)% 0.74(7)% 0.271(6) 1.49673(49) 72(9)
6.220(4) 6.118(4) 70.7(28)% 1.82(16)% 7/2+ 0.235(6) 139.9 1.49673(49) 44(6)
6.248(4) 6.146(4) 85.1(31)% 2.20(19)% 5/2+ 0.206(6) 41.2, 164.8, 205.9 1.49673(49) 51(6)
6.296(4) 6.193(4) 5.6(5)% 0.14(2)% 11/2− 0.159(6) 41.2, 116.4 1.49673(49) 1.3(2)×103

6.362(4) 6.258(4) 7.0(5)% 0.18(2)% 9/2− 0.093(6) 1.49673(49) 2.2(3)×103

6.414(4) 6.309(4) 69.8(26)% 1.80(16)% 7/2− 0.041(6) 41.2 1.49673(49) 390(50)
6.454(4) 6.349(4) 72.1(29)% 1.86(17)% 5/2− 0.0 —– 1.49673(49) 590(60)

* All values from [1974Po08], except where noted. Eα values are adjusted by +1.0 keV as recomended in [1991Ry01].
** [1976Ah03].
*** [2015Ne16].

Table 6
direct α emission from 249Es*, T1/2 = 1.7(1) h**, BRα = 0.7(1)%**.

Eα (c.m.) Eα (lab) Iα (rel) Iα (abs) Jπ
f Edaughter(245Bk) coincident γ-rays (keV) R0(fm) HF

6.826(12) 6.716(12) 8(5)% 0.05(4)% 0.061(12) 1.4820(36) 16+47
−8

6.887(2) 6.776(2) 100% 0.65(10)% 0.0? —– 1.4820(36) 2.3+0.6
−0.5

* All values from [1989Ha27], except where noted.
** [1970Ah01].

Table 7
direct α emission from 253Md*, T1/2 = 6.4+11.6

−3.6 m**, BRα = ≈0.7%***.

Eα (c.m.) Eα (lab) Iα (rel) Iα (abs) Jπ
f Edaughter(249Es) coincident γ-rays (keV) R0(fm) HF

7.217(15) 7.103(15) x 390.8(4)
7.237(15) 7.123(15) 7/2− ≈0.421 304.2(4), 353.2(4)

* All values from [2012He09], except where noted.
** [1992Ka08].
*** [2005He27].

Table 8
direct α emission from 257Lr*, T1/2 = 0.6(1) s, BRα = ≈100%.

Eα (c.m.) Eα (lab) Iα (rel) Iα (abs) Jπ
f Edaughter(253Md) coincident γ-rays (keV) R0(fm) HF

8.773 8.636**
8.949(20) 8.870(20) 23(3)% 19(2)% 0.061(28) 1.473(10) 5.2+2.4

−1.9
9.010(20) 8.870(20) 100% 81(2)% 0.0 —– 1.473(10) 1.8+0.7

−0.6

* All values from [1971Es01], except where noted. This reference reports an upper limit for electron capture of 15%.
** Tentative assignment by [1997He29].
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Table 9
direct α emission from 261Db*, T1/2 = 1.8(6) s**, BRα = >82 %.

Eα (c.m.) Eα (lab) Iα (abs) Jπ
f Edaughter(257Lr) coincident γ-rays (keV) R0(fm) HF

9.07 8.93 >82 % 1.477(25) 1.7

* All values from [1971Gh01], except where noted.
** [1971Fl02].
*** [1998La30] determined the BRF to be ≤ 18%

Table 10
direct α emission from 265Bh*, T1/2 = 0.94+0.70

−0.31 s, BRα = 100%.

Eα (c.m.) Eα (lab) Iα (abs) Jπ
f Edaughter(249Es) coincident γ-rays (keV) R0(fm) HF

9.392(50) 9.240(50) 100% 0.0? 1.470(17) 1.2+0.8
−0.6

* All values from [2004Ga29].
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