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Current RNB 
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78Ni,  132Sn, 
beyond  208Pb

Chandra X-ray Observatory image of the gas remnant of a supernova explosion, Cassiopeia A.
Most of our body mass comes from elements created in stars;

exploding stars like this one are the sources of the iron in your blood,
the calcium in your bones, and the oxygen you breathe



R- process       
environments

Canonical model B2FH: 
At τ=0: multiple  n-capture (15 to 30 n)  by the seed nuclei     (15 to 30 n)  by the seed nuclei     

transforms the material to very neutrontransforms the material to very neutron--rich domain;rich domain;

At At σσ((nnγγ)= )= σσ((γγn):n): the rthe r--processprocess “waits“  for “waits“  for ββ--decay  at N=50, 82, 126  taking place;  decay  at N=50, 82, 126  taking place;  

At NnAt Nn 0:    0:    ββ--decay and delayed processesdecay and delayed processes return the material back to stability ; return the material back to stability ; 

Starting from Starting from AAseedseed=50=50--80 , the operation of the r80 , the operation of the r--process needsprocess needs
1010--150 n/per/seed nucleus to form 150 n/per/seed nucleus to form Th,UTh,U, , PuPu in  the in  the ττ ~ sc time.~ sc time.

Which kind of explosive environment can provide such a neutron sWhich kind of explosive environment can provide such a neutron supply?upply?

Hypothetical rHypothetical r--process sites :process sites :

SNII (with postulated SNII (with postulated n/Nseedn/Nseed ratio)ratio)
Neutron star mergers (strong neutron source) Neutron star mergers (strong neutron source) 

NnNn ≥≥ 1010
2020

nn cmcm
--33

T9 > 1T9 > 1
ττnnγγ
<<<<ττββ



Nuclear input data

Reliable predictions of nuclear properties for few thousands
of unknown nuclei far from stability

demand
the self-consistent approach 

based on the universal nuclear density functional.

RNB experiments: validation of the theories.

Ground state properties:   Bnucl (Z,A)        EDF theory

Nuclear masses: define the r-process path on (N,Z) plain.

Nuclear response:            Sβ(ω)          continuum QRPA

Beta-decay rates: set up the total duration of the r-process.

Beta-delayed processes (ββ,n), (ββ,f): define the  production of Th, U,  Pu.



Beta-decay half-life
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The main  ingredient The main  ingredient 
to be known at best.to be known at best.

Distribution ofDistribution of
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NB!NB! Qβ - HFB

ω - QRPA
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The   β-delayed  neutron   emission

A multi-step process: (slow ) beta-decay of the precursor,
(fast ) neutron decay from the states of emitter ( ω≤Qβ -Bn

A,Z A,Z A,Z+1+ eA,Z+1+ e--++υυ^̂



Global approaches to nuclear  β-decay 
1. Empirical systematics,                     K.-L. Kratz et al.                                                               S(w)=const

2. ”Gross-theories”,                           Y.Yamada et al, 1975   T.Tachibana et al.,1992, 1997 S(w)~ ρ

--------------------------------------------------------------------------------------------------------------------------------
3. Schematic  micro-models  with the separable forces

BCS+QRPA                                           H.-V. Klapdor-Kleingrothaus et al., 1992 (GT), 
1996 (unique FF)

BSC+RPA P. Moeller et al.,     1997 (GT),  
2001 (GT-RPA; FF-gross theory)

---------------------------------------------------------------------------------------------------------------------------------
4. Shell- model

SMMC K. Langanke, G. Martinez-Pinedo 1999   (GT)    T1/2  +Pn
-----------------------------------------------------------------------------------------------------------------------------------

5. Self-consistent QRPA models                  (see  I.N.Borzov ,  S. Goriely PEPAN 34 (6), 1376-1435, 2003)

M*/M=1
DF3+CQRPA                                      I.N.Borzov et al., 1995 (GT), 
ETFSI +CQRPA                                           1996  (GT), 

HFB+QRPA                                      W. Nazarewicz et al.  1999 (GT)

DF3+CQRPA I.N.Borzov ,       2003 (GT+FF)                    T1/2
2004  (GT+FF) T1/2+Pn

(DD-ME1*  M*/M=0.76)
HFB+RQPA   T.Nicsic, T.Marketin, D.Vretenar, P. Ring,   2005   T1/2  (GT)



SelfSelf--Consistent ground state (1)Consistent ground state (1)
>≡<≥ HF|H|HF)exact(E],[E effνρ

P.Hohenberg, W.Kohn Phys.Rev. 140 (1964) B864

W.Kohn, L.Sham Phys.Rev. 1409 (1965) A1133
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Self-Consistent Ground State description(2)

Skyrme-HF
S. Goriely, F. Tondeur, J.M. Pearson 
ADNDT 77(2001)311
MSk7- 10 parameters Skyrme force, 4 
parameters δ-function pairing, 2 parameters 
Wigner term. The rms error of the fit to 1988 
masses (Audi-Wapstra 1995) is 0.738 MeV.

DF3
I.N. Borzov, S.A. Fayans, E. Kromer, D. 
Zawischa Z. Phys. A335(1996) 117 
DF3 – local energy-density functional by 
S.A. Fayans et al. 3 parameters δ-function 
pairing. Fitted to the g.s. properties near 
“magic cross” at 132Sn.

M*/M=1M*/M=1



Nuclear response.
Quasiparticle RPA

ττ
ττ

ξ

ττ
ττ

ω

δνδν
δ

δρδρ
δ EFEF

22

==

Spin-isospin stable ground state 

g’Skyrme ≈ 0.2 g’empirical ≈ 1

QRPA based on the selfQRPA based on the self--consistent ground stateconsistent ground state



Effective NN-interaction  (p-h)Effective NNEffective NN--interaction  (interaction  (pp--hh))
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REPULSION ATTRACTION

)ZN(QS GT −= 32
στ

60 ± 10%
(p,n), Ep=120 MeV
IUCF 1980-1990
Qπ≅Qστ=0.8

93 ± 5%
(p,n), Ep=295 MeV
RСNP   1999
Qπ≅Qστ=0.9

Particle-particle effective interaction (pn T=0)ParticleParticle--particle effective interaction (pn T=0)particle effective interaction (pn T=0)

Fστξ = - 2C0* g’ξ δ(r12)
β--decay half-life  vs. g’ξT1/2

g’ξ

T1/2 (exp)

(n,p), (p,n) spectra 
Ep,n =300 MeV
54Fe, 60Ni ...

g’ξ is fixed from



CQRPA  description of  the pn-excited statesCQRPA  description of  the CQRPA  description of  the pnpn--excited statesexcited states

Propagators:
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no pairing, continuum
pairing, valence space

removes 2-counting.
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pnL
~~
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T=0 A.P. Platonov, E.E. Saperstein, ЯФ 1987;  Nucl.Phys. A486(1988)63.
T=0 N. Van Giai, Nucl. Phys. A482 (1988) 473c. 
|T|=1 I.N. Borzov, E.L. Trykov Izv.AN SSSR 53(1989) 2468: 

I.N. Borzov, S.A.Fayans, E.L. Trykov Sov.J.Nucl.Phys. 52(1990) 33
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 gt                      (a+1f) 
 EDF+CQRPA     (a+1f)
 FRDM+RPA      (a)  
 FRDM+RPA+gt (a+1f)
 BCS+QRPA       (a) 
 exp.data

T 
1/

2  
 (s

)

A

▪▪ Gross theory Gross theory parametrizationparametrization

P.MollerP.Moller at al. (BCS+RPA)at al. (BCS+RPA)
∆∆ -- no ppno pp--interactioninteraction

H.H.--V.KlapdorV.Klapdor et al. (QRPA)et al. (QRPA)
◊◊ -- no FF transitionsno FF transitions

O O –– cQRPAcQRPA ((ph,ppph,pp))

# # -- Exp.dataExp.data

H. DeWitte, A.N. Andreev, I.N. Borzov et al.,
Phys. Rev. C 69 (2004) 044305

Experimental odd-even staggering of the total β-decay half-lives  is  well described within 
the full  QRPA framework. The latter includes  “dynamic paring “ and restores the 
SO(8) symmetry broken in the BCS+RPA approximation.

Isotopic behavior Isotopic behavior 
of the betaof the beta--decay halfdecay half--liveslives



Beta-decay in N=126 region

60 62 64 66 68 70
1

10

100

N=126  

 Ta     Ta+1f   TSM
 T4     T8

T 
, ì

ñ 

Z

I.N. Borzov Phys. Rev. C67 (2003) 025802

High-energy FF transitions substantially 
reduce the total  β-decay half-lives   in N=126 
region..  This results in speeding up the r-
process.

DF3+CQRPADF3+CQRPA

a  a  ––allowed GT approximation allowed GT approximation 
a+1f a+1f –– with GT+FF transitionswith GT+FF transitions

SM SM –– ShellShell--ModelModel

G.MartinezG.Martinez--PinedoPinedo Nuc.Phys.A668(2000)357cNuc.Phys.A668(2000)357c

◊◊ -- effective halfeffective half--life for  life for  VeVe__--capture capture 
at T=8 at T=8 MeVMeV

The calculated betaThe calculated beta--rate (GT_FF) is higher rate (GT_FF) is higher 
than than veve__--capture rate at T=4 and 8 capture rate at T=4 and 8 MeVMeV



Competition of the Gamow-Teller (GT)  and  First Forbidden (FF)   
β-decays 

Where ?

In the nuclei with the neutron-excess bigger than one major-shell 

The result.

A suppression  of  the delayed neutron emission

Why?

Due to the high-energy FF transitions 
to the states outside the neutron emission window 



One-quasiparticle levels near Z=28, N≥50
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The energies of the J=0- and 1+ transitions and the Pn-values
(Ni isotopes)
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A≤78  :  no high energy FF transitions         
are open.

© A≥79: the FF transitions dominate in 
the T1/2. No neutron emission from 
these levels is possible as ω ≥ Qβn

I. N. Borzov nucl-th/0409019 (2004)

© A “gap-like” pattern in the the Pn-values

GTGT
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Half-lives and Pn-values for Ni isotopes
The half-lives  for A≤78 are well described in the 

GT approximation (DF3+CQRPA)

(contradicts to P. Moeller –
GT+FF+shell quenching!)

a) MSU-05 ,           P.T.Hosmer et.al.
PRL 94  (2005)  112501

b)   CERN 98

A      Tth, ms   MSU-05,ms
75     340        344+20-24
76     255        238+15-18
77     166        128+27-33
78 133        110+100 -60

© A regular behavior of the T1/2  for A>78 can 
be provided  if the FF transitions are 
included.

© The FF transitions outside the Qβn reduce 
the Pn-values compared to the GT case.I.N. Borzov nucl-th/0409019 (2004)

Phys.ReV. C71(2005)065801
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Beta-decay in
Z>28 region

1. Qβn-value   is high enough.

2. For  N - Z > N0 nuclei, a suppression of the Pn-values 
increases with Z.

3. Predicted suppression of the Pn-values for Zn-Kr will be 
verified in the current RNB – experiments: 
ISOLDE CERN-05,  ALTO-05 …



Half-lives and Pn-values for Ga and As isotopes
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I. N. Borzov nucl-th/0409019 (2004), Phys.Rev. C 71 (2005)



Blocking of   the
π1g9/2- orbit
Z ≥ 50

2f5/2_____-0.178405
1i13/2____-0.401318 
3p1/2_____-1.190718 
3p3/2_____-1.647261
(89)
2f7/2_____-3.005841

1h9/2_____-2.554888 
2f7/2_____-3.849374 

High-energy FF
2d3/2_____-8.342601
1h11/2____-8.506376
3s1/2_____-8.561251 3s1/2_____-9.800342
1g7/2_____-9.485152 1h11/2____-9.953683 
2d5/2_____-10.608117 2d3/2_____-10.500951

1g7/2_____-11.862026
2d5/2_____-12.219019

High-energy GT is  blocked for Z≥50

(50)
1g9/2=====-16.136593 (50)
2p3/2_____-17.461984 1g9/2=====-17.460671
1f5/2_____-18.541047
1f7/2_____-18.627284 . . .
2s1/2_____-23.212086
1d3/2_____-26.403980 Qβ = 11.2 MeV
1d5/2_____-29.665062
1p1/2_____-34.398556
1p3/2_____-35.450826
1s1/2_____-40.561425

Neutrons 139Sn Protons

J=0J=0

J=1J=1



48 Cd 130-136   
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I.N.BorzovI.N.Borzov, , Nucl.PhysNucl.Phys. A , 2005. A , 2005
(Special Volume (Special Volume ““Nuclear AstrophysicsNuclear Astrophysics””,  invited paper, in print),  invited paper, in print)

Experimental data : Experimental data : M. M. HannawaldHannawald et al. 2000, Phys. et al. 2000, Phys. ReVReV. C62, 054301. C62, 054301



The isotopes  at Z ≥ 50
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I.N.B,    I.N.B,    Nucl.PhysNucl.Phys. (. (npanpa 10142, 2005)                                     Experimental d10142, 2005)                                     Experimental data :ata :
G. G. RudstamRudstam et al. 1993, ADNDT 53, 1et al. 1993, ADNDT 53, 1
R. R. ShergurShergur et al. 2002,Phys. et al. 2002,Phys. ReVReV. C  65, 034313. C  65, 034313
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Suppression of the Pn-values

In the nuclei with the 
neutron-excess bigger than one 
major-shell, the Pn ––valuesvalues

are suppressedare suppressed

due to thedue to the high-energy first-
forbidden decays to the states 
outside the Qβ – Bn-window.

.

Qβ

A,ZA,Z
precursorprecursor

A-1, Z+1
product

-ωif

A, Z+1
emitter

En

Eγ
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22
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GT + FFGT + FF
The  effect should be taken into account The  effect should be taken into account 
in the rin the r--process calculationsprocess calculations



The self-consistent DF+CQRPA approach
is used to improve the β–decay characteristics for the r-

process relevant nuclei at N=50,82,126

Perspectives

Deformed DF+QRPA

T1/2, Pn
Beta-delayed fission

Neutrino-induced fission



Conclusions (I)

Experimental odd-even staggering of the total β-decay half-lives  is  well 
described within the full  QRPA framework. 

The latter includes  “dynamic paring “  and restores the 
SO(8) symmetry broken in the BCS+RPA approximation.

High-energy FF transitions substantially reduce the total 
β-decay half-lives  for Z ≥ 50, N ≥ 82  nuclei and in N=126 region. 
This results in speeding up the r-process.



-----
Beyond  the
Gamow-Teller 
transitions 

approximation.

??

T1/2,  Pn
Far from stability…



Driving operators of First-Forbidden Decay
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I.N. Borzov Phys. Rev. C67 (2003) 025802



Gamow-Teller Strength,  ∆T= ± 1

The pp-strength was constrained using (p,n) and (n,p) reactions spectra TRIUMF, 1989-1998, (1998 data on Fe,Ni
isotopes ≤ 180 MeV.fm3). Tested in the calculations of the β+-strength of neutron-deficient nuclei and on the β−-decay 
half-lives of neutron-rich nuclei.

(n,p) & (p,n)
reactions spectra at E~ 300 MeV

2C0*g’ξ = 120–180 MeV*fm3

δ2
σ/
δW

δE
, м

бн
/с
р

Ех, МэВ

I.N.Borzov, E.L.Trykov Sov.J.Nucl.Phys. 52 (1990) 33
I.N.Borzov, F.A.Gareev, S.N.Ershov et.al.  Sov.J. Nucl.Phys.55 (1992) 60   DWIA 

5454
FeFe



Conclusions
Nuclei  far  from  stability 

The half-lives and  A-behavior of the Pn-values  deviate 
from the one predicted within the  GT  decay approximation

High-energy first-forbidden  transitions to the states outside 
the Qβn- window  suppress the Pn-values .

The r-process nucleosynthesis
FF transitions lead to shorter time-scale.
The existing T1/2, Pn-libraries have to be revised.

RNB-experiments  in the region of  78Ni, 

Predicted suppression of the Pn-values for  Zn-Kr will be verified 
in the RNB – experiments:  ISOLDE CERN-05, 

ALTO - 05, 
MSU - 05…  
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Gamow-Teller decay
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G. Rudstam et al.,  1993 compilation
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35 Br 87 - 94
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 GT+FF,   Borzov 05
       Rudstam e.a. 93
          Bernas e.a. 97

T1/2, s                          T1/2, s                          PnPn %                gr.%                gr.
Exp.             Th.         Exp.             Th.Exp.             Th.         Exp.             Th.

87 Br    55,6(0,13)   47,7      0,20(0.04)    0,15       (I)87 Br    55,6(0,13)   47,7      0,20(0.04)    0,15       (I)

90 Br      1,91(0,01)   1,77      25,2(0,9)     17,5       (IV)90 Br      1,91(0,01)   1,77      25,2(0,9)     17,5       (IV)



Beta-decay in N=82 region

122 124 126 128 130 132 134 136

0,1

1

Cd-isotopes

T1
/2

, s

A
133 134 135 136 137 138

1

10

Sn 

 FRDM+RPA, GT
 EDF+CQRPA, GT+FF
 EXP.DATA, CERN

          Shergur et al. 2002

T1
/2

, c

A

Z<50
Z=50

I.N. Borzov Phys. Rev. C67 (2003) 025802



Light nuclei

1.   CMB consistent  modeling of the BBN

2.   Related  α – r – process  (3000 isotopes)

α :     4He(αn,γ)9Be(α,γ)  …
r:      4He(αn,γ)9Be(n, γ)10Be(α,γ)14C(n, γ)15C …

(n, γ), (α,n) branching points: 18C, 24O,36M

3.    β-delayed emission brings additional branchings.



BBN   (IBM)BBN   (IBM)
0.010.01≤≤ ΩΩ BBhh22≤≤ 0.050.05

CMBCMB
ΩΩBB=0.044+0.03=0.044+0.03--0.020.02

αα-- rr--process  (SNprocess  (SN--II)II)



C isotopes
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N isotopes
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O isotopes
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Z=21, N>34

Quasiparticle levels 
57 Sc
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Z ≈ 20 shell
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?

1. Neutron source for the r-process

2. Уточнения по сравнению с 80гг

а) Self-consisitent cQRPA :   pairing, ph, pp.  
Hеобходимj для описания четно-нечетного эффекта в T1/2

b) GT+FF



Exotic flowers



Half-lives and Pn-values for Ga isotopes
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A≤81 :  no high energy FF transitions         

© A≥82: the contribution of thecontribution of the FF 
transitions dominates in the T1/2. 

I. N. Borzov nucl-th/0409019 (2004)

© A≥82: due to the FF transitions 
to the states outside the  Qβn-window,  the 
Pn-values are suppressed.

The exp. data  a,b,c)  -Rudstam et al 1993
for A=83  differ  significantly.



33 As 84-89
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Эффект подавления Pn

1. B ядрах с нейтронным избытком, превышающем одну главную 
оболочку, высокоэнергетические запрещенные бета-переходы в 
состояния вне окна нейтронной эмиссии приводят к уменьшению 
полной вероятности бета-задержанной эмиссии нейтронов (Pn).

2. Для таких ядер расчеты Pn в приближении разрешенных переходов 
некорректны.

Schematic  micro-models  with the separable forces
Separable forces are not fitted for non-unique first-forbidden transitions (FF)

BCS+QRPA               H.-V. Klapdor-Kleingrothaus et al., 1992    (GT), 
1996    (unique FF)

BSC+RPA P. Moeller et al., 1997     (GT),  
2001      (GT-RPA; FF-gross theory)



Short-lived β-unstable nuclei  (s  - ms)

▼ Structural  evolution  far  from  stability   
▼ Supernovae explosion modeling  (N=50, 82, 126)

▼ Current RNB experiments:  78Ni,  132Sn, east of  208Pb  
▼ Technological applications: reactor physics (7-8 gr) …

▲  β-decay observables:        T1/2,  Pn
(An insight into  the  β-strength function)

▲ Beyond the allowed β-decay approximation 
(Competition of the Gamow-Teller (GT)  and   First Forbidden (FF)                  
decay channels far from stability)

09.0409.0409.04---222



Pn (Z=const, A)
Allowed Transitions Approximation
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Decay to the GT-pygmy resonance dominates. 
(The so-called back spin-flip & core-polarized states in the emitter nucleus.)
Pn tends to 100%  once the GT-pygmy resonance enters the Qβn- window
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First-Forbidden Decay
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Периоды β-распада ядер с N=82
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I.N. Borzov Phys. Rev. C67 (2003) 025802



N=126
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Skyrme-like EDF
2

2
1 ρρρ )(VaE SkSk +=
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δρ
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At εFermi → FSk → Landau-Migdal interaction :
( ) )(GNF LM 2121

1
0

1
0 ττσσστ −=

Skyrme forces give a spin-stable 
ground state at g’<0.45

)]tt(ptt[NGNg ''
21

30
0000 8244

−−+−==
ρ

g0
’ << g0

’(empirical) ≅ 1.8 – 2.0

S. Krewald et al,Nucl.Phys.A281(1977) 166.
J. Engel et al.Phys.ReV. C60 (1999) 14302, 

Spin-isospin interaction is-introduced independently : 

)r('gF,)r('gF ppph
12120 δρπδ ξστστ =++→

I. Borzov, S.Fayans et al. Z.Phys. A335(1996) 117
I. Borzov Phys.Rev. C67 (2003) 025802

Spin-Isospin InteractionSpinSpin--IsospinIsospin InteractionInteraction



Self-Consistent Ground State 

Skyrme-HF
S. Goriely, F. Tondeur, J.M. Pearson ADNDT 
77(2001)311
MSk7- 10 parameters Skyrme force, 4 parameters δ-
function pairing, 2 parameters Wigner term. The rms
error of the fit to 1988 masses (Audi-Wapstra 1995) is 
0.738 MeV.

EDF
I.N. Borzov, S.A. Fayans, E. Kromer, D. Zawischa Z. 
Phys. A335(1996) 117 
DF3 – local energy-density functional by S.A. Fayans et al. 
3 parameters δ-function pairing. 
Fitted to the g.s. properties near “magic cross” at 132Sn.
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Beta-decay half-life
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