
1 
 
 

1 UNIVERSITY OF 
CALIFORNIA 

Office of 
Science Nuclear Science Nuclear Science 

  

Alpha Decay and Fission of K-Isomers 

Rod Clark 



2 
 
 

2 UNIVERSITY OF 
CALIFORNIA 

Office of 
Science Nuclear Science Nuclear Science 

Outline  

Introduction 
 
Alpha Decay 
              - stability of excited metastable states 
              - superfluid tunneling model 
              - role of pairing, excitation energy, angular momentum

   
Fission 
              - stability against fission 
              - hindrances of K-isomers 
              - expectations for hindrance factors 
 
A look to the future 
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Super-heavy Nuclei 

1) What are the “magic numbers” for 
the spherical super-heavy nuclei? 
 
è Locating the center of the 
“island of stability” 
 
2) What are the magnitudes of the 
shell effects? 
 
èExtent and relative stability of island 
 
Key Experimental Information: 

•  single-particle structure 
•  stability against alpha decay 
•  stability against fission 

Y. Oganessian, Physics World, July 2004 
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 Structure Studies of the Heaviest Nuclei 

•  Single-particle levels → shell structure 
•  Next major spherical gaps 
•  Deformed gaps  

•  Deformation and collectivity 
•  Meta-stable states 
•  Rotation and vibration 
•  Pairing (superfluidity) 
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Alpha Decay 
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Alpha Decay of K-Isomers: 270Ds 

S. Hofmann et al., Eur. Phys. J. A 10 5 (2001), D. Ackermann, Prog. Theor. Phys. Suppl. 196 255 (2012) 

Observation of alpha-decaying K-isomers 
with half-lives significantly longer than the 
ground state. 
 
Implications for stability/survivability 
 
Three major factors influencing alpha  
decay multi-QP states: 

•  Larger Qα means shorter T1/2 
•  Large ΔL means longer T1/2 
•  Reduced pairing means longer T1/2 

Superfluid tunneling model used to 
estimate influence of these factors on 
alpha decay of multi-QP states. 
 
J. Rissanen et al., PRC 90 044324 (2014) 
R.M. Clark and D. Rudolph, PRC 97 02433 (2018) 
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Superfluid Tunneling Model (STM) 

The Hamiltonian of the model is: 

ξ = generalized deformation variable 
D = inertial mass (depends on Δ) 
 
Calculation of decay constant: 
λ  = f . P . T 
 
P= preformation of decay configuration 
f = frequency of hitting barrier 
T = transmission coefficient through barrier 

“Nuclear Superfluidity: Pairing in Finite Systems” 
David M. Brink and Ricardo A. Broglia 
Cambridge University Press, 2005 

F. Barranco, G.F. Bertsch, R.A.Broglia, E.Vigezzi, 
NPA 512 253 (1990) 
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Reproducing Ground State Alpha Decays 

Pair gap, Δ, optimized to reproduce experimental half-lives of even-even ground-state 
to ground-state alpha decays. In red are the estimates from a semi-empirical formula.  

PRC 90 (2014) 044324 
NPA 848 (2010) 279 
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Alpha Decay Half-lives for Multi-QP Isomers 

(Δ=0.6Δ0)

NPA 848 (2010) 279 
NPA 832 (2010) 198 
PRC 82 (2010) 064605 

A single pairing reduction factor of 0.6 seems able to reproduce all of known data. 
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Alpha Decay of Even-Even Isotopes: Fm to Og 
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Alpha Decay of K Isomers in 270Ds: Experiment 

270Ds 

266Hs 

Qα≈11.1MeV 

Qα≈11.1MeV 
Qα≈11.4MeV 
Qα≈12.1MeV 

300keV 

1MeV 

T1/2=0.20−0.04 ms 
+0.07 

T1/2=3.9−0.8 ms 
+1.3 

T1/2=2.97−0.51 ms 
+0.78 

T1/2=74−34  ms 
+354 

Kπ=(9−,10−) 

0+ 

0+ 

Kπ=(9−,10−) 

•  Total of 31 alpha decay events  
•  Direct population isomer and g.s. 50:50 
•  Isomers longer lived than g.s. 
•  Handful of alphas seen for each transition 
•  L≈10 and L≈0 decays compete 

Based on: 
S. Hofmann et al., Eur. Phys. J. A 10 5 (2001) 
D. Ackermann, Prog. Theor. Phys. Suppl. 196 255 (2012) 
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Reproducing Alpha Decays of K Isomers in 270Ds 

270Ds 

266Hs 

Qα≈11.1MeV 

Qα≈11.1MeV 
Qα≈11.4MeV 
Qα≈12.1MeV 

300keV 

1MeV 

T1/2=0.20−0.04 ms 
+0.07 

T1/2=3.9−0.8 ms 
+1.3 

T1/2=2.97−0.51 ms 
+0.78 

T1/2=74−34  ms 
+354 

Kπ=(9−,10−) 

0+ 

0+ 

Kπ=(9−,10−) 

T1/2=4.4ms 

T1/2=0.18ms 

T1/2=3.1ms 

T1/2=129ms 

Bα≈0.15 
Bα≈0.70 
Bα≈0.15 

STM is able to reproduce salient 
experimental information including: 
-  Isomers longer lived than ground states 
-  L≈10 and L≈0 competing transitions 
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Ambiguities in Decay Chains 

270mDs 
4ms 

266mHs 
74ms 

262mSg 
 

270Ds 
0.2ms 

266Hs 
3ms 

262Sg 

270mDs 
4ms 

266Hs 
3ms 

262Sg 

11.1MeV 

10.6MeV 

11.3MeV 

10.4MeV 

12.1MeV 

10.4MeV 

Same Isotopes. 
Different T1/2 
Different Qα 

Isomer Ground State Mixed 
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Fission 
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K-Isomers and Fission: 254Rf 

N=150<

" *two*competing*Kπ=81*,*25qp*states:*/
   ν2815:*ν2(7/2[624],9/2[734])/
   π2852:*π2(7/2[514],9/2[624])*/

"  a*favored*Kπ=16+*,*45qp*state://
  ***π2(85)*x*ν2(851)*–*could*be*long5lived/

multi1quasiparticle(calculations<
"  WS*with*“universal”*parameterization*/
"  Lipkin5Nogami*pairing*method*–*

includes*particle*number*conservation*&*
blocking/

What(about(254Rf((N=150)?<

F.G. Kondev et al., Int. Conf. Nuclear Data for Science & 
Technology, Nice, France, 2007; 

http://dx.doi.org/10.1051/ndata:07775 

!  ground*state*decay*mode:*SF=100*%/
!  half5life:/

" 29.6((+0.710.6) µs*–**I.**Dragojevic*et*al.*(2008)**(LBNL)/
" 23((3)(µs***************5**F.*Hessberger*et*al.*(1997)***(GSI)/
" 500((200)(µs*********5*G.*Ter5Arkopyan*et*al.*(1975)*(JINR)/

 

16+#

8G#

Ground-state decay mode is 100% SF with 
half-life of ~23µs. 
 
Possibility of long-lived isomers that may also 
have significant SF branch? 
 
Woods-Saxon calculations with universal 
parameterization. 
 
Lipkin-Nogami pairing method. 
 
Prediction of competing Kπ=8- 2 quasi-particle 
configurations: 
ν28-

1: ν2(7/2[624]✕9/2[734]) 
π28-

2: π2(7/2[514]✕9/2[624]) 
 
Low-lying v28-

1✕π28-
2, Kπ=16+ 4qp state 

 
 F.G, Kondev et al., Int. Conf. Nuclear Data for Science and Technology, Nice, France, 2007 
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254Rf Experiment at LBNL 

el-el 

im-el-sf 

254Rf 

4.7(1.1) µs  
mostly IT 

23.2(1.1) µs  
 mostly SF 

2qp 

gs 

20% 

247(73) µs 
mostly IT 

4qp 
2% 

HSF>2 

HSF>25 

•  High Intensity 50Ti beam from 88-Inch, high efficiency of BGS, ANL digital daq 
•  Compared to lighter N=150 isotones 2qp isomer decay is x104 faster 
•  No fission observed from the isomers: fission partial lifetimes are at least 2 and 

25 longer for 2qp and 4qp isomers, respectively, relative to the gs 
H.M.David et al., Phys. Rev. Lett. 115 132502 (2015) 
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254Rf Results 
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Expectations of Fission Hindrance 

•  The excitation energy of the high-K 2-qp isomer is ~1 MeV (or the fission barrier 
height, Bf, is ~ 1MeV less for the isomer relative to the ground state). 
 
This will result in a shorter fission half-life 
 
•  The high-K state will involve broken pairs and it could “look” more like the 
configuration of the ground state of the odd-odd neighbor 
 
This will result in a longer fission half-life 
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The Effect from Changing Bf 

R. Vandenbosch and J.R. Huizenga,  
Nuclear Fission, Academic Press 1973 

Simple Parabolic Fission Barrier 

Loveland, Morrissey, and Seaborg, 
Nuclear Chemistry, Wiley and Sons 2006 

The fission half life can be expressed 
as: 
    t1/2=2.77×10−21exp[2π(Bf)/ħω] 

Barrier height, Bf = 6 MeV 
 
Barrier curvature = 0.5 MeV 
 
è t1/2 = 1.5 × 1012 s 

Barrier height, Bf = 5 MeV 
 
Barrier curvature = 0.5 MeV 
 
è t1/2 = 5.4 × 106 s 

One expects the decay of the 
isomer to be ~3×105 faster 
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The Effect from Odd-Odd Character 

254 

104 
Rf 

150 

255 

104 
Rf 

151 

256 

105 
Db 

151 

255 

105 
Db 

150 
~20% SF, t1/2=1.6(5)s 

~100% SF, t1/2=23(3)µs ~48% SF, t1/2=2.3(7)s 

~0.02% SF, t1/2 = 1.9(4)s 

HF=3.5×105 

HF=2.1×105 

HF=4.1×108 

One expects the decay of the isomer to be ~4×108 slower due to odd particles 
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Fission Hindrances of Multi-QP Isomers 

Changing Bf by 1MeV gives 
HF of ~10−5 
 
Odd-Odd “character” gives 
HF of ~108-1010 

I’d expect K-isomer HF~103-105 

Available data does not indicate 
such hindrances 
 
244Cm, 250Fm, 254Rf all lower 
limits (no positive identification of 
a fission branch from isomer). 
 
250No story changing (EM-decay 
branch reported at TAN15) 
 
262Rf likely misassigned 
(M. Murakami et al., PRC 88 (2013) 024618) 

 
Leaves 256Fm and 254No cases 
needing to be confirmed 
 

F.G.Kondev, G.D.Dracoulis, T.Kibedi, 
Atomic Data and Nuclear Data Tables 103-104 (2015) 50 
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Description of Fission with STM 

2102 F. BARRANCO, E. VIGEZZI, AND R. A. BROGLIA
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FIG. l. Potential energies associated to the four decay modes of 23 U. (a)-(c) refer to a, Ne, and Mg decay, respectively. The po-
tential energies are shown as a function of the collective variable g up to the touching-sphere configuration (dashed curve); they are
shown as a function of R, the distance between the centers of the two fragments, in the outer part (continuous curve). The wave func-
tion y(g) was calculated by matrix diagonalization rather than by the continuous limit described by Eq. (1) (cf. Ref. 2). The residual
interaction lowers the ground-state energy by approximately 2 I v I. Since we need to reproduce the ground-state energy, indicated by
the dashed horizontal line, we must increase the potential at g =0 by that amount. Consequently, the potential energy at g 0 is tak-
en equal to V Q+2 I v I. (d) refers to the symmetric spontaneous fission of U. The potential energy is shown as a function of the
collective variable P2. The shapes of the system are schematically indicated in (c) and (d).

p2 ~ 0.45(e~ 0.4), and p2, s 1.0(ett 0.85) of the de-
formation parameters were associated with the two mini-
ma and the two maxima, respectively. They were estimat-
ed from the calculations of Nilsson et al. (cf. Fig. 20 of
Ref. 9).
The decay constant X of the spontaneous-fission process

can be calculated making use of the relation
&=f I vo((=1) I', (5)

where f (1/2x)r0~=2x10 s ' is the frequency of hit-
ting the barrier, and yo(g 1) is the ground-state wave
function [solution of Eq. (1)1 calculated for a value p2s,
of the quadrupole deformation at which V(g) becomes
equal to the value of the zero-point energy in well I, that is

5ro[/2.
In the spontaneous-fission process the nucleus then

evolves from the configuration with deformation p2 t
0.21, to the final configuration where p2 s, 1.4. Conse-

quently (1.4—0.21)/0.023 = 52 crossings of twofold de-
generate proton plus neutron levels take place in the pro-
cess, a number which is close to the reduced mass of the
two daughter nuclei. This implies that of the order 100
nucleons are moved around in the spontaneous fission of
234U

The calculated absolute-decay constant X, =Sx10
s ' compares well with the experimental vaiue
=1.2X10 " s '. We also performed similar calcula-
tions for other light actinides, finding that theory and ex-

CALCULATION OF THE ABSOLUTE LIFETIMES OF THE. . . 2103

periment agree within 2-3 orders of magnitude.
Similar agreements between calculated and observed

lifetimes have been found by Nilsson ei al. These calcu-
lations were carried out making use of the WKB approxi-
mation, with an inertial mass worked out in the cranking
approximation. Nuclear superAuidity was taken into ac-
count in the BCS approximation. Although the cranking
inertia displays strong oscillations as a function of the de-
formation parameter, a behavior which is related with the
fact that at level crossings the associated energy denomi-
nator vanishes, the average value D, =600A MeV
found in Ref. 9 is not far from the estimate (4). In fact,
making use of the relation d,e= 0.76 Ap2 0.017 existing
between the elementary deformation step in the e variable
and that associated with the P2 variable one obtains from
Eq. (2) D,= (ft /2x2. 9)x(0.017) =S97h MeV
The model is now applied to the calculation of both the

a and heavy particle decays U ' Pb+ Ne and
3 U Hg+ Mg. In these cases, the deformation
field must change the initial, slightly quadrupole deformed
shape of "U at g =0, into a configuration of two touch-
ing spheres at g =1. The decay constant of the process is
then calculated making use of the relation

fPT.
In this equation, P = ~ yo(( =1) ( is the formation proba-
bility of the lighter daughter nucleus (a, Ne, or Mg) at
the nuclear surface, f is its frequency of hitting the bar-
rier, and T is the transmission coefItcient of the barrier.
This last quantity is easily calculated, once we have fixed
the distances and potentials in the external region. To
make an estimate, we shall assume that this region begins
at a touching distance defined by R -1.2(A,'i +A~i ) fm,
where A, is the mass number of the light emitted particle,
and A~ is that of the heavy daughter nucleus. There is
still considerable nuclear attraction at this distance, and
we shall include it using the parametrization of Ref. 10
for the ion-ion potential, along with the Coulomb poten-
tial.
The diA'erence between Eqs. (5) and (6) refiects the

fact that in the case of fission, barrier penetration occurs
not as a particle in the Coulomb field, but by changes of a
many-particle system through a variety of shapes.
To determine the number of steps I/Ag needed to

change the initial ground-state shape of U into two
touching spheres, we constructed a deformation field that
matches the final configuration as close as possible. This
field is expressed as a sum of pure multipole fields, so the
transformation preserves the local density. The coef-
ficients are determined to match all multipoles up to L 8.

TABLE I. Experimental and calculated decay constants, Xezp

and A.th, associated with the four hadronic-decay modes of U.
In the last column the number of steps along the deformation
variable n, t,t, I/Ag needed to bring the system from the initial
to the touching sphere or scission configuration are listed.

Decay

4He
Ne

28Mg
Spontaneous fission

X,„p(s ')
9.0x 10
6.3 x 10
2.0x 10
1.2 x 10 24

x,h(s ')
2.0x 10
1.0x 10
2.0x 10
5.0x 10

nstep

4
19
23
52

~+ =I coul+ I nucl Q ~ (7)

where the Coulomb and nuclear potentials are calculated
at the touching point ((=1), corresponding to R=}.2(P,'i'+Azi3) fm [cf. Figs. 1(a)-1(c)]. This energy
is equal to 8.6, 18.7, and 18.4 MeV for a, Ne, and Mg de-
cays, respectively. The absolute lifetimes for the three
processes can then be calculated. The resulting values are
reported and compared with the experimental data in
Table I.
We conclude that the superfluid tunneling model pro-

vides a unified description of the variety of hadronic de-
cays of 3 U and can, with no free parameter, explain the
absolute lifetimes within 2-3 orders of magnitude.

The generalization of Eq. (3) then gives the number of
steps 5,6, 11

We find 4, 19, and 23 steps in the case of a, Ne, and
Mg decays, respectively. As already observed in the

case of the spontaneous-fission process, this quantity is
rather close to the reduced mass number of the daughter
nuclei. Because 2x I/hg is the number of particles shifted
around in the process, one concludes that about twice the
number of nucleons of the light daughter nucleons are
moved in the diAerent decays. This result seems quite
natural, recognizing that the final shape has A, particles
pushed out from the original surface in a protuberance,
and an equal number out on the other side to preserve the
center of mass position.
Furthermore, to calculate the lifetime we need the po-

tential energy as a function of deformation. We assume
that it varies quadratically with g from the initial shape of
s U ((=0) up to the touching sphere configuration
((=1). At g =0 the energy is taken as Q —2v, where Q is
the Q-value of the reaction, while at g =1 the energy is
taken from the external potential. ' The energy cost to
get to the emission point is

Present address: Departamento de Fisica Aplicada, Escuela
Tecnica Superior de Ingenieros Industriaies (ETSII), Av. da
Reina Mercedes, Sevilla, Spain.

tPresent address: Sezione di Milano, Istituto Nazionale di Fisi-
ca Nucleare (INFN), Via Celoria 16, I-20133 Milano, Italy.
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E. K. Herlet, Phys. Rev. C 36, 2717 (1987).

2F. Barranco, R. A. Broglia, and G. F. Bertsch, Phys. Rev. Lett.

60, 507 (1988).
sL. Wilets, Theories of Nuclear Fission (Clarendon, Oxford,
1964).

4M. Brack ei al. , Rev. Mod. Phys. 44, 320 (1972).
56. F. Bertsch, Phys. Lett. 95B, 157 (1980).
G. F. Bertsch, in Frontiers and Borderlines in Many-Particle
Physics, edited by R. A. Broglia and J. R. Schrieffer (North-
Holland, Amsterdam, 1989), p. 41.

α-decay Fission 

F. Barranco, E. Vigezzi, R.A. Broglia, PRC 39 2101 (1989) 

Decay modes 
of 234U 
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Experimental Prospects at LBNL: FIONA 
Low energy (~ few keV), mass-separated isotopes delivered to low-background area 
on a timescale of ~10 ms.  

J.M.Gates, K.E.Gregorich et al., NIM A (to be published). 
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ExB Mass Analyzer 

Trochoid spectrometer: 
Perpendicular electric and magnetic 
fields that are unbalanced → ions take 
trochoidal trajectories 
 
 
 
 
 
 
 
 
 
 
Pitch of each loop is related to A/q 
Different A/q ratios exit with different 
angles and are separated after a short 
flight path 

J.M.Gates, K.E.Gregorich et al., NIM A (to be published). 
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FIONA Status (1/2) 

J.M.Gates, K.E.Gregorich et al., NIM A (to be published). 
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FIONA Status (2/2) 

J.M.Gates, K.E.Gregorich et al., NIM A (to be published). 
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FIONA Commissioning Results 

Experiment: 165Ho(40Ar,4-5n)201-200At, look for alpha decays 
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Science Program with FIONA 

New capability for mass separated 
isotopes delivered to low-background 
counting area on time scale of 10ms 
 
α-γ spectroscopy to study single-particle 
structure and collective behavior in heavy 
and super-heavy element isotopes 
 
Isomer decay spectroscopy searching for 
electromagnetic, alpha, and fission decay 
modes to study stability of SHN 
 
Identification of spontaneous fission activities 
in Z>90 to resolve ambiguities Z and A 
assignments for SF systematics including 
A and TKE distributions. 
 
X-ray – γ coincidence measurements of 
electron-capture decay provides information on 
fission barriers and fission isomers 
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Summary 

Isomer decay studies of the heaviest elements: 
 
-  Alpha decay is probing stability of states in heaviest nuclei 
-  Clear indications of isomers providing extra stability 
-  All ingredients (Qα, L, pairing) essential to understanding 
-  Superfluid Tunneling Model is able to reproduce known data 

-  Fission decay from isomeric states has yet to be confirmed 
-  It will provide a new tool to understand fission process 
-  Pairing (dynamic), Specialization (role of odd particles, K purity) 

-  New experiments with FIONA at LBNL 
-  Decays of mass-separated isotopes in low-background environment 
-  Rare modes will be studied (isomer alpha decay and fission and ECDF...) 



31 
 
 

31 UNIVERSITY OF 
CALIFORNIA 

Office of 
Science Nuclear Science Nuclear Science 

  

Grazie! 
(With special thanks to: Jackie Gates, Ken Gregorich, Juho Rissanen, 
 and Dirk Rudolph) 


