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Gamow-Teller	transition

operator

Transition	probability

Transition	strength	S
=	smoothed		B	

ΔS=1	ΔL=0	ΔT=1	

• Gamow-Teller	Resonance

• β-decay		dominated	by	low-energy	GT	transition

Gamow-Teller	Resonance	and	β-decay

Wakasa,	et	al.,	PRC	85,	064606	(2012)

Strong

weak



Calculation	of	half-life
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• Half-life

• Phase	Volume

D=	6163	s
gA =	1



Johnson, Koonin, et al., 1992; Koonin et al., 1997) allows
calculation of nuclear properties as thermal averages,
employing the Hubbard-Stratonovich transformation to
rewrite the two-body parts of the residual interaction by
integrals over fluctuating auxiliary fields. The integra-
tions are performed by Monte Carlo techniques, making
the SMMC method available for basically unrestricted
model spaces. While the strength of the SMMC method
is the study of nuclear properties at finite temperature, it
does not allow for detailed nuclear spectroscopy.

The evaluation of nuclear matrix elements for the
Fermi operator is straightforward. The Gamow-Teller
operator connects Slater determinants within a model
space spanned by a single harmonic-oscillator shell (0!"
space). The shell model is then the method of choice for
calculating the nuclear states involved in weak-
interaction processes dominated by allowed transitions,
as complete or sufficiently converged truncated calcula-
tions are now possible for such 0!" model spaces. The
practical calculation of the Gamow-Teller distribution is
achieved by adopting the Lanczos method (Wilkinson,
1965), as proposed by Whitehead (1980; see also Langa-
nke and Poves, 2000; Poves and Nowacki, 2001).

The calculation of forbidden transitions, however, in-
volves nuclear transitions between different harmonic-
oscillator shells and thus requires multi-!" model
spaces. These are currently feasible only for light nuclei
where ab initio shell-model calculations are possible
(Navrátil et al., 2000; Caurier et al., 2001). Such multi-!"
calculations have been used for the calculation of neu-
trino scattering from 12C (Hayes and Towner, 2000;
Volpe et al., 2000). However, for heavier nuclei one has
to rely on more strongly truncated nuclear models. As
the kinematics of stellar weak-interaction processes are
often such that forbidden transitions are dominated by
the collective response of the nucleus, the random-phase
approximation (RPA; Rowe, 1968) is usually the method

of choice (Fig. 2). Another advantage of this method is
that, in contrast to the shell model, it allows for global
calculations of these processes for the many nuclei often
involved in nuclear networks. An illustrative example is
the evaluation of nuclear half-lives based on the calcu-
lation of the Gamow-Teller strength function within the
quasiparticle RPA model (Krumlinde and Möller, 1984;
Möller and Randrup, 1990). The RPA method considers
the residual correlations among nucleons via one-
particle/one-hole (1p-1h) excitations in large multi-!"
model spaces. The neglect of higher-order correlations
renders the RPA method inferior to the shell model, for
matrix elements between individual, noncollective
states. A prominent example is the Gamow-Teller tran-
sition from the 12C ground state to the T!1 triad in the
A!12 nuclei (see, for example, Engel et al., 1996).
While the shell model is able to reproduce the Gamow-
Teller matrix element between these states (Cohen and
Kurath, 1965; Warburton and Brown, 1992), RPA calcu-
lations miss an important part of the nucleon correla-
tions and overestimate these matrix elements by about a
factor of 2 (Kolbe et al., 1994; Engel et al., 1996). Recent
developments have extended the RPA method to in-
clude the complete set of 2p-2h excitations in a given
model space (Drożdż et al., 1990). Such 2p-2h RPA
models have, however, not yet been applied to semilep-
tonic weak processes in stars. Moreover, the RPA allows
for the proper treatment of the momentum dependence
in the different multipole operators, as it can be impor-
tant in certain stellar neutrino-nucleus processes (see be-
low), and for the inclusion of the continuum (Buballa
et al., 1991). Detailed studies indicate that standard and
continuum RPA calculations yield nearly the same re-
sults for total semileptonic cross sections (Kolbe et al.,
2000). This is related to the fact that both RPA versions
obey the same sum rules. The RPA has also been ex-
tended to deal with partial occupation of the orbits so
that configuration mixing in the same shell is included
schematically (Rowe, 1968; Kolbe, Langanke, and Vo-
gel, 1999).

III. HYDROGEN BURNING AND SOLAR NEUTRINOS

The tale of the solar neutrinos and their ‘‘famous’’
problem took an exciting turn from its original goal of
measuring the central temperature of the sun to provid-
ing convincing evidence for neutrino oscillations, thus
opening the door to physics beyond the standard model
of the weak interaction. In 1946, Pontecorvo suggested
(Pontecorvo, 1946, 1991; later independently proposed
by Álvarez, 1949) that chlorine would be a good detec-
tor material for neutrinos. Subsequently, in the 1950s,
Davis built a radiochemical neutrino detector which ob-
served reactor neutrinos via the 37Cl(#e ,e")37Ar reac-
tion (Davis, 1955). After the 3He($ ,%)7Be cross section
at low energies had been found to be significantly larger
than expected (Holmgren and Johnston, 1958) and,
slightly later, the 7Be(p ,%)8B cross section at low ener-
gies had been measured (Kavanagh, 1960), it became
clear that the Sun should also operate by what are now

FIG. 2. (Color in online edition) The most commonly used
nuclear models for the calculation of weak processes in stars
are the random-phase aproximation (RPA) and the shell
model (SM). In the RPA, the basis states are characterized by
particle-hole excitations around a given configuration (typi-
cally a closed-shell nucleus). In the shell model, all the possible
two-body correlations in a given valence space are considered.
Excitations from the core or outside the model space are ne-
glected, but this effect can be included perturbatively using
effective interactions and operators.

823K. Langanke and G. Martı́nez-Pinedo: Nuclear weak-interaction processes in stars

Rev. Mod. Phys., Vol. 75, No. 3, July 2003

Theoretical	Investigations
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• ab	initio	approach:	for	very	light	nuclei Barrett,	et	al.,	PPNP	69,	131	2013	

• shell	model:	up	to	A=60 or	around	magic	regions
Langanke et	al.,	ADNDT	79,	1	2001;	Suzuki,	et	al.,	PRC	85,	015802,	2012;	Li	and	Ren,	JPG	41,	105102,
2014;	Zhi,	et	al.,	PRC	87,	025803	(2013)

• Quasiparticle Random	Phase	Approximation	(QRPA)
ü Spherical		

o Non-self-consistent	
• FRDM	+	Quasiparticle RPA	(QRPA)	

Moller,	et	al.,	ADNDT	66,	131	1997
o Self-consistent

• Skyrme QRPA
Engel,	et	al.,	PRC	60,	014302,	1999

• Relativistic	QRPA	
Marketin,	et	al.,	PRC	93,	025805,	2016;	
Niu,	et	al.,	PLB	723,	172,	2013.

ü Quadrupole deformation
• deformed	QRPA	with	realistic	force	Ni	and	Ren,	PRC	89,	064320,	2014
• Skyrme deformed	QRPA Sarriguren,	et	al.,	PRC	81,	064314	(2013);	Yoshida,	JPS	

CP,	6,	020017,	2015;	Mustonen and	Engel,	PRC	93,	014304	(2016)	
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could easily scatter the nucleons from 1g7/2 orbital to new orbitals like 2d5/2,190

2d3/2 and 3s1/2, in the case around N = 50 shell, as well as the nucleons
from 1h11/2 orbital to new orbitals like 2f7/2, 2f5/2, 3p13/2, and 1h9/2, in the
case around N = 82 shell. In this case, new transitions like ν2d3/2 → π2d5/2
(N = 50) or ν1h9/2 → π1h11/2 (N = 82) will appear.

Figure 3: (Color online) The single-particle spectra of protons and neutrons in 80Ni and 134Sn
obtained in HFB calculation with Skyrme interaction SkM*.

As we have seen, the QRPA calculations overestimate greatly the half-lives195

in both isotopes, so we further include the QPVC effect, and show the QR-
PA+QPVC results again with different isovector pairing strength in panel (c)
and (d). With the inclusion of QPVC effect, the half-lives are reduced system-
atically. The experimental half-lives of Ni isotopes are reproduced well, while
the half-lives of Sn isotopes are still overestimated. We shall keep in mind that200

we haven’t included isoscalar pairing for the moment. At the QPVC level, we
find that the effect of isovector pairing is greatly reduced, and as a result, the
half-lives are similar without and with the inclusion of isovector pairing corre-
lations with different pairing strength. We will explore the reason in Fig. 4 by
taking 70Ni as an example.205

In Fig. 4, the GT strength distributions (with respect to the daughter nu-
cleus), the cumulative sums of the strengths, and the cumulative sums of 1/T1/2

[that is, the values obtained from Eq. (5) when Qβ is replaced by a running
E in the upper limit of the integral in the denominator] of 70Ni are presented.
The QRPA and QRPA+QPVC results without isovector pairing correlations210

(fiv = 0.0) and with different isovector pairing strength (fiv = 1.0 and 1.1) are
plotted in panel (a) and panel (d) for comparison. In panel (a), the arrows in-
dicate the experimental energies of the measured 1+ states. In the QRPA level,
one can observe three discrete peaks for fiv = 0, 1.0 and 1.1 respectively. The
QRPA excitation energy is increased as the pairing strength increases, which215

leads to an increase of half-life. The QRPA excitation energy is much higher
than the experimental 1+ state energies, resulting the overestimation of the ex-
perimental half-life. With the inclusion of QPVC, the QRPA peak is shifted
downwards in general for different pairing strengths. However, the shift for the

8



QRPA	calculations	tend	to	overestimate	lifetimes
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• Skyrme	HFB+QRPA• RHB+QRPA

Engel,	et	al.,	PRC	60,	014302	(1999)

78Ni

.

Niksic,	et	al.,	PRC	71,	014308	(2005)

78Ni



Limits	of	(Q)RPA	Description
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RPA	

• (Q)RPA	cannot	describe	the	
spreading	width		

• Spreading	Width	(Damping	Width)

• Correlations	beyond	RPA

http://www.physics.louisville.edu/

energy	and	angular	momentum	of	
coherent	vibrations
→	more	complicated	states	of	2p-
2h,	3p-3h,	…	character



Independent	Particle Collective	Phonon

Hartree-Fock	mean	Field Random	Phase	Approximation

Elementary	modes	of	excitation		

Particle-vibration	
coupling

PVC



R(θ,φ)=	Ro	(1	+	∑ αλμY*λμ(θ,φ))

HPVC=	- Ro	dU/dr		∑ αλμY*λμ(θ,φ)

Vjj'λ :	<j||HPVC||j’λ>	=		

βλ(2λ+1)-1/2<j||Ro	dU/dr Yλ||j’> (uj uj’ – vj vj’) (2j+1)-1/2

U(r)=	-Uo/(1	+	exp(r-Ro)/a)

βλ	 is	extracted	from	experimental	B(Eλ),
inelastic	cross	sections, …

Coupling	of	single-particle	states	to	surface	modes
A	reminder	of	basic	concepts	and	notation

αλμ =	βλ(2λ+1)-1/2 (O+
λμ +	Oλμ)

Wjj'λ	: <j(j'λ)j||HPVC||gs>	=			βλ(2λ+1)-1/2<j||Ro	dU/dr	Yλ||j’> (uj vj’ +	uj vj’) (2j+1)-1/2

j

j

j'

j'

λ

Forward scattering vertex

Backward scattering vertex

Mean Field

Deformed Surface

Change in the mean field

Quantize surface oscillations



Fragmentation	of	states	in	odd	and	even	systems	(schematic)

Spectroscopic	factors	Sk(ν)
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Single-particle	structure		
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Response
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Solution:	RPA	+	PVC
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Low-lying	vibration	
phonons	|N>

RPA	

• Second	RPA		drozdz et	al.,	PR	197,	1	(1990)
Gambacurta et	al.,	PRC	81,	054312	(2010)

• RPA	+	PVC	(particle	vibration	coupling)

• RPA+PVC	model	based	on	Skyrme DFT	
Colo et	al.,	PRC	50,	1496	(1994);		Niu et	al.,	PRC	85,	034314	(2012)

• RPA+PVC	model	based	on	relativistic	DFT		Litvinova et	al.,	PRC	75,064308	(2007)		



RPA+PVC:	Gamow-Teller	Resonance
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ü Develop	a	spreading	width
ü Reproduce	resonance	lineshape

Y.	F.	Niu, G.	Colo,	and	E.	Vigezzi,	PRC	90,	054328	(2014)

• Improved	description	of	GT	resonance	in	208Pb
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and produces a less collective GTR, providing a much
shorter half-life. The parameter sets SAMi, SGII [40],
SkM* [41], and SIII [42] overestimate the half-life, while
the interactions SLy5 and Skx [43] are in agreement with
the experiment at the RPA level.
The inclusion of PVC effects reduces the half-lives for all

interactions systematically. The reduction factor R is larger
for SAMi (R ≈ 42) and SGII (R ≈ 10) while it is equal to
about 4 for the other four interactions. Within RPAþ PVC,
the half-life obtained with the sets SkM* and SIII falls
within the experimental error. It has to be stressed that the

Skyrme force SkM* not only reproduces well β-decay
half-life but also the giant resonance line shape in 208Pb and
56Ni at the PVC level [34,35].
In order to understand the reasons for the systematic

decrease of the half-lives after the inclusion of phonon
coupling, we display in Fig. 2 the GT strength distributions
(with respect to the daughter nucleus), the cumulative sums
of the strengths, and the cumulative sums of 1=T1=2 [that is,
the values obtained from Eq. (4) when Qβ is replaced by a
running E in the upper limit of the integral in the
denominator]. Generally speaking, for all nuclei under
study, the GT peaks are shifted downwards when going
from RPA to RPAþ PVC. In 132Sn, two 1þ states
are observed experimentally below Qβ, at E ¼ 1.325 and
2.268 MeV. The latter has, however, a small decay
branching ratio (I ¼ 0.87%). The lowest RPA state lies
at E ¼ 3.6 MeV, above the Qβ window [Fig. 2(a)], so that
the nucleus is stable. In RPAþ PVC, the strength is about
the same but the lowest state is shifted within the Qβ

window so that we predict a finite value of the half-life.
While this is a qualitative improvement compared to RPA,
the observed lowest 1þ state is not reproduced and the half-
life is overestimated [Fig. 2(c)]. In the case of 68Ni, RPA
predicts a state within the β-decay window, but its energy
is higher than experiment [Fig. 2(d)] and the half-life is
overestimated [the contribution of this state to 1=T1=2 is
very small and is multiplied by a factor 10 in Fig. 2(f)].

FIG. 1 (color online). β-decay half-life of 78Ni, calculated by
RPA and RPAþ PVC approaches with several different Skyrme
interactions, in comparison with the experimental value [44].

FIG. 2 (color online). Experimental data related to β decay from nuclei 132Sn, 68Ni, 34Si, and 78Ni are compared with theoretical results
obtained with the SkM* interaction. In these panels, the excitation energies EM calculated with respect to the mother nucleus are
transformed to E, the excitation energies referred to the ground state of daughter nucleus, using experimental binding energy difference
(see the text); accordingly, the vertical dotted lines show the experimental value of Qβ [45]. Top panels: GT− low-lying strength
associated with the discrete RPA peaks BðGT−Þ (dashed lines) and with the continuous RPAþ PVC strength distributions SðGT−Þ
(solid lines). The arrows indicate the experimental energies of the measured 1þ states [45]. Middle panels: cumulative sum of the RPA
and RPAþ PVC strength shown in the top panels. Bottom panels: cumulative sum of 1=T1=2. The experimental values of 1=T1=2 [45]
for each nucleus are indicated by the stars. The strength of the lowest RPA and RPAþ PVC peaks in panel (g) and the RPA 1=T1=2 in
panel (f) have been multiplied by a factor of 100 and 10, respectively.

PRL 114, 142501 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

10 APRIL 2015

142501-3

With the inclusion of PVC, the RPA peak at 1.5 MeV is
moved even slightly below the experimental ground-state
energy. This state then gives a very large contribution
to 1=T1=2 because of the increased phase-space factor,
although its strength is not changed much by PVC
[Fig. 2(e)], and the half-life is smaller than in experiment.
In the case of 34Si, in RPA one finds three peaks located
atE ¼ −0.86; 3.1, and 4.2MeV. The first one lies below the
experimental ground state and determines the value of
1=T1=2 [Fig. 2(i)]. This peak carries a very small value of
the strength, and therefore the experimental lifetime is
largely overestimated. With inclusion of the PVC, the
strength becomes fragmented [Fig. 2(g)]. One can identify
five peaks at E ¼ −2.2; 1.0; 1.7; 2.6, and 3.1 MeV, contrib-
uting respectively 15%,49%,24%,3%, and 9% of the total
value of 1=T1=2, which becomes much larger than that
in RPA, substantially improving the agreement with the
experimental lifetime. For the nucleus 78Ni, the small
strength at E ¼ 5.6 MeV gives almost all the contribution
to 1=T1=2 in the RPA model [Fig. 2(l)], which under-
estimates the experimental value. With PVC, the state at
E ¼ 5.6 MeV keeps its strength but is shifted to 4.0 MeV
[Fig. 2(j)] so that its contribution to 1=T1=2 becomes about
3.4 times larger [Fig. 2(l)]. The strength distribution above
this peak contributes 22% of the total 1=T1=2.
The resulting calculated lifetimes for these four nuclei

are compared with experiment in Fig. 3. The RPA results
generally markedly overestimate the half-lives for all
nuclei. An exception is represented by the interaction

Skx, in which case one obtains a good agreement with
data at the RPA level; this is associated with the fact that
the properties of 132Sn, 68Ni, and 34Si as well as the single-
particle levels of 132Sn and 34Si have been used to fit the
parameters of this force [43]. The effect of the PVC
decreases the values of T1=2 by large factors compared
to RPA, substantially improving the agreement with exper-
imental data, except for Skx and (partially) for SLy5. With
the inclusion of the PVC effect, the interactions SkM* and
SIII give the best agreement with data. More in detail, in the
case of SkM*, the lifetime is still large in 132Sn and small in
68Ni, in keeping with the errors in the position of the lowest
1þ state (cf. Fig. 2). Theory agrees, instead, very well with
data in the case of 34Si and 78Ni.
In conclusion, we have shown that, starting fromRPA, the

coupling between particles and vibrations causes a signifi-
cant downward shift in the GT strength function of these
four nuclei 132Sn, 68Ni, 34Si, and 78Ni (treated asmagic). The
β-decay half-life is more sensitive to the position of the 1þ

states rather than to the strength, which is not much changed
in going from RPA to RPAþ PVC. This is due to the strong
increase of the decay phase space factor as the energy
decreases. As a consequence, the lifetime is reduced in the
case of RPAþ PVC, and the agreement between theory and
experiment is in general substantially improved. In particu-
lar, the interaction SkM* that had been previously shown
to perform well in magic nuclei as far as the line shape of
the GT resonance is concerned [35] leads to overall good
agreement with β-decay data.
We can expect that including the effect of PVC will also

be helpful in the case of other weak interaction processes,
such as electron capture. PVC is expected to help with the
overestimation of the threshold energy [46]. The study of
open-shell nuclei by including pairing correlations is
envisaged. Then the model can be employed to predict
the half-lives of r-process bottleneck nuclei with N ¼ 82,
which play an important role for the duration of the r
process and, hence, can help to understand the origin of
heavy elements in the universe.
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FIG. 3 (color online). The β-decay half-lives of 132Sn, 68Ni,
34Si, and 78Ni, calculated by RPA and RPAþ PVC approaches,
respectively, in comparison with experimental values [45]. The
arrows denote half-lives longer than 106 s.
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Y.F.	Niu,	Z.	M.	Niu,	G.	Colo,	and	E.	Vigezzi,	PRL	114,	142501	(2015).

RPA+PVC:	β-Decay	Half-Lives



How	PVC	reduces	half-lives?
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Exp.:	Xu,	et	al.,	PRL	113,	032505,	2014

• Half-life

• Phase	Volume



(L = S = 0)J = 0,T =1 ⇒ ( j = j ' )J = 0,T =1

(L = 0,S =1)J =1,T = 0 ⇒

a (l = l ' j = j ' )J =1,T = 0 + b ((l = l ' ) j, j ' = j ±1)J =1,T = 0

T=1,	S=0	pair

T=0,	S=1	pair

The	total	wave	function	should	be	anti-symmetric	in	spin-isospin-
relative	angular	momentum	quantum	space.

Two	particle	system

p(n) p(n)

p n

Single-particle	wave	function:		j=l+s
!
j =
!
l + !s



Isoscalar Pairing
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f =	0	:		without	isoscalar pairing
f =	1	:		with	isoscalar pairing

Effect	of	isoscalar pairing

• QRPA	level
• Increase	the	low-lying	strength
• Decrease	the	splitting	between	two

high-lying	states

• QRPA+QPVC	level
• Increase	the	low-lying	strength
• Similar	profile	
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could easily scatter the nucleons from 1g7/2 orbital to new orbitals like 2d5/2,190

2d3/2 and 3s1/2, in the case around N = 50 shell, as well as the nucleons
from 1h11/2 orbital to new orbitals like 2f7/2, 2f5/2, 3p13/2, and 1h9/2, in the
case around N = 82 shell. In this case, new transitions like ν2d3/2 → π2d5/2
(N = 50) or ν1h9/2 → π1h11/2 (N = 82) will appear.

Figure 3: (Color online) The single-particle spectra of protons and neutrons in 80Ni and 134Sn
obtained in HFB calculation with Skyrme interaction SkM*.

As we have seen, the QRPA calculations overestimate greatly the half-lives195

in both isotopes, so we further include the QPVC effect, and show the QR-
PA+QPVC results again with different isovector pairing strength in panel (c)
and (d). With the inclusion of QPVC effect, the half-lives are reduced system-
atically. The experimental half-lives of Ni isotopes are reproduced well, while
the half-lives of Sn isotopes are still overestimated. We shall keep in mind that200

we haven’t included isoscalar pairing for the moment. At the QPVC level, we
find that the effect of isovector pairing is greatly reduced, and as a result, the
half-lives are similar without and with the inclusion of isovector pairing corre-
lations with different pairing strength. We will explore the reason in Fig. 4 by
taking 70Ni as an example.205

In Fig. 4, the GT strength distributions (with respect to the daughter nu-
cleus), the cumulative sums of the strengths, and the cumulative sums of 1/T1/2

[that is, the values obtained from Eq. (5) when Qβ is replaced by a running
E in the upper limit of the integral in the denominator] of 70Ni are presented.
The QRPA and QRPA+QPVC results without isovector pairing correlations210

(fiv = 0.0) and with different isovector pairing strength (fiv = 1.0 and 1.1) are
plotted in panel (a) and panel (d) for comparison. In panel (a), the arrows in-
dicate the experimental energies of the measured 1+ states. In the QRPA level,
one can observe three discrete peaks for fiv = 0, 1.0 and 1.1 respectively. The
QRPA excitation energy is increased as the pairing strength increases, which215

leads to an increase of half-life. The QRPA excitation energy is much higher
than the experimental 1+ state energies, resulting the overestimation of the ex-
perimental half-life. With the inclusion of QPVC, the QRPA peak is shifted
downwards in general for different pairing strengths. However, the shift for the

8
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Effect of	T=0	pairing on	β-decay	half-lives	in	Sn	isotopes
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HS,	Y.	Tanimura and	K.	Hagino,	PRC87,	034310	(2013)

Even	with	large	spin-orbit	
splitting	for	f	-orbits,	the	
spin-triplet	correlations	will	
be	larger	than	the	spin-
singlet	one	for	f>1.5

Pairing	correlation	energy	
of	(J,T)=(0,1)	and	(1,0)	
states	in	pf shell



Summary	and	Perspectives
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Summary	

We	have	developed	self-consistent	Quasiparticle RPA	(QRPA)	+	
quasiparticle vibration	coupling	(QPVC)	based	on	Skyrme density	
functional
• We	studied	the	Gamow-Teller	resonance	in	120Sn

ü the	effect	of	isoscalar pairing
ü QPVC	develops	a		spreading	width	

• We	studied	the	β-decay	half-lives	in	Ni	and	Sn	isotopes
ü QPVC	reduces	half-lives	in	Ni	isotopes
ü QPVC	+	isoscalar pairing	reduce	half-lives	in	Sn	isotopes

Perspectives	
• QRPA+QPVC:	systematic	study	of	isotopic	chain
• QRPA+QPVC:	other	weak	interaction	processes
• QRPA+QPVC:	giant	dipole	resonances,	pygmy	dipole	resonances	



ELI-NP
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Extreme	Light	Infrastructure	– Nuclear	Physics		(ELI-NP)

• High	power	laser	system:		10	PW	laser	->	intensity	of	1023	W/cm2

• Most	brilliant	tunable	gamma	beam:		up	to	energy	19.5	MeV

Open	positions:	PhD,	Post-Doc,	Researchers	
http://www.eli-np.ro/jobs.php



Thank you!
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How	were	the	heavy	elements	made?
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Question	3
How	were	the	heavy	elements	
from	iron	to	uranium	made?

rapid	neutron	capture	process
(r-process)

nuclear	physics	inputs:	
mass,	β-decay	half-lives,	…	

setting	the	time-scale	of	r-process

The	11	greatest	unanswered	questions	of	physics



Experimental	Investigations
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• Development	of	radioactive	ion-beam	facilities	=>		important	advances
• 78Ni	and	around		Hosmer,	et	al.,	PRL	94,	112501,	2005;	Xu,	et	al.,	PRL	113,	032505,	2014
• very	neutron	rich	Kr	to	Tc	isotopes	Nishimura,	et	al.,	PRL	106,	052502,	2011
• Zn	Ga	isotopes		Madurga et	al.,	PRL	109,	112501,	2012
• 110	neutron-rich	nuclei	across	N=82	shell	gap	Lorusso,	et	al.,	PRL	114,	192501,2015
• 94	neutron-rich	nuclei	from	Z=55-67	Wu,	et	al.,	PRL	118,	072701,	2017
• N=126	r-process	nuclei?		Not	reached	yet.		Important	goal	at	ELI-NP		laser	driven	nuclear	physics

• provide	a	good	test	ground	for	theoretical	models



Taken	from	Nature	News	&	Views	465	2010	

Quasiparticle RPA	+	quasiparticle vibration	coupling	
(QRPA)																				+	(QPVC)	
ü for	the	study	of	Gamow-Teller	resonance	in	superfluid	nuclei
ü for	the	study	of	β-decay	half-lives	of	the	whole	isotopic	chain

ØTo	include	pairing	correlations	for	superfluid nuclei

26

RPA+PVC:	only	for	magic	nuclei…



QRPA+QPVC	model
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The	QRPA+QPVC	equation	reads	

Step	1:		HFB+QRPA	calculation	(charge-exchange)										=>		Gamow-Teller	response	in	QRPA	level	
HFB+QRPA	calculation	(non-charge-exchange)	=>		vibrational	phonons	1-,	2+,	3-,	4+,	5-

Step	2:		QPVC	calculation	=>	Gamow-Teller	response	in	QRPA+QPVC	level

The	QRPA	equation	will	give	the	energy									,	and	wavefunction

where																								,	and	the									matrices	contain	the	spreading	contributions,	e.g.,	

Particle-particle	interaction

The	GT	strength	function	



Spreading	Terms
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The	matrix	elements	of	the	spreading	term	in	the	quasiparticle basis

where																																								represents	a	doorway	state,	and	a,	b	are	quasi-particle	states.	

The	vertex		reduced	matrix	element:	



GT	Strength	Distribution
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• (p,n)	data:		normalized	by	unit	cross	section			
Sasano,	et	al.,	PRC	79,	024602	(2009)

ü QRPA	+	QPVC
• Develop	a	width	of	5.3	MeV		(6.4	MeV	from	exp.),		reproduce	exp.	profile	in	GTR	
• Overestimate	the	low-lying	strength



Cumulative	Sum
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• f=0	->	f=1
ü low-lying	strength	is	increased	for	both	QRPA	and	QRPA	+	QPVC

• QRPA	->	QRPA+QPVC:	
ü better	reproduces	the	exp.	profile
ü cumulative	strength	is	quenched	by	10%	at	E=25	MeV	
ü QRPA+QPVC	strength	✕ 0.75	=	exp.	strength	((p,n)	data)	at	E=25	MeV

Cumulative	sum	 Cumulative	sum	with	normalized	data

Niu,	Colo,	Vigezzi,	Bai,	Sagawa,	PRC 94,	064328	(2016)
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Figure 4: (Color online) The GT strength distribution [panel (a) and (d)], the cumulative sum
of GT strength [panel (b) and (e)], and the cumulative sum of 1/T1/2 [panel (c) and (f)] of 70Ni
calculated by QRPA and QRPA+QPVC model using Skyrme interaction SkM* with different
IV pairing strengths. The isoscalar pairing is not included in the calculations. In panel (a),
the arrows indicate the experimental energies of the measured 1+ states [43]. In panel (c),
the experimental value of 1/T1/2 is indicated by the star [42]. In these panels, the excitation
energies calculated with respect to the mother nucleus are transformed to E, the excitation
energies referred to the ground state of daughter nucleus, using experimental binding energy
difference (see the text); accordingly, the vertical dotted lines show the experimental value of
Qβ .

case without pairing correlations is about 2 MeV, while the shift for the case220

with pairing strength fiv = 1.0 and 1.1 is about 2.8 MeV. The different shift in
energy minimizes the difference in excitation energy in QRPA+QPVC level for
the case without and with pairing correlations. This smaller shift for the case
without pairing correlations can result from the overestimation of the low-lying
phonon energies due to the lack of pairing correlations. With the inclusion of225

QPVC effect, for the case of the standard IV pairing strength fiv = 1.0, the
theoretical results almost reproduce all the measured 1+ states accurately, and
this is manifested in well reproducing the half-life.

In panel (e), with increasing pairing strength, the GT strength is decreased at
the QRPA level. In panel (b), with the inclusion of QPVC, due to the decrease230

of excitation energies, the total GT strength below the Qβ value at QPVC
level is increased compared to the corresponding QRPA case. The results with
and without isovector pairing correlations give similar total strength below the
Qβ value at QPVC level. In panel (c) and (f), it shows that the position of
lowest GT peak plays a crucial role in determining the half-life. At QPVC level,235

although the lowest GT energy is slightly lower for the case with fiv = 1.0 than
that with fiv = 0.0, it finally gives a slightly longer half-life due to the smaller
GT strength.

We continue to explore the role of isoscalar pairing in Fig. 5, where the β-
decay half-lives of Ni and Sn isotopes calculated by QRPA and QRPA+QPVC240

model without isoscalar pairing (f = 0.0) and with different isoscalar pairing
strengths (f = 1.0, 1.2, and 1.4) are shown and compared with experimental

9



β-Decay	Half-Lives	in	Ni	isotopes
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• Isoscalar Pairing:		
not	so	effective	for	Ni	isotopes
(nuclei	before	N=50	closed	shell)

• QPVC:	
reduce	the	half-lives



RPA+PVC:	β-Decay	Half-Lives
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ü Reproduce	β-decay	half-lives	ü Reduce	half-lives	systematically

Y.F.	Niu,	Z.	M.	Niu,	G.	Colo,	and	E.	Vigezzi,	PRL	114,	142501	(2015).

• Improved	description	of	β-decay	half-lives
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Allowed	GT		approximation	Engel	PRC	60,	Niu plB 723,	De	Shalit

Why	isoscalar pairing	is	sensitive	to	spin	orbit

Why	isoscalar pairing	has	a	strong	impact	on	strength	
Distribution	as	son	as	a	level	becomes	occupied
In	Niksic et	al	prc 71	014308,	they	discuss	the	effect	of	isoscalar pairing	on	p.	12-13,	and
say	that	‘Because	the	neutron	vu	1h_9/2	has	low	occupancy,	the	T=0	pairing	has
a	strong	effect	 and	reduces	the	calculated	half-lives	to	the	experimental	values.
Actually,	the	lifetime	of	134	Sn	is	reduced	by	two	orders	of	magnitude	when	they	add
isoscalar pairing.
What	I	don’t	understand	very	well,	is	how	we	we	go	from	a	situation	where	v^2	=0	and	the
lifetime	is	10^2	s,	to	the	case	where	v^2	is	only	0.024	(their	Table	V)	and	the	lifetime	is
1	s.	



Numerical	Check
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Numerical	Details	
• HFB		Bennaceur,	et	al.,	CPC,	168	96	(2005)

• solved	in	coordinate	space	R	=	20	fm rstep =	0.1	fm
• Surface	pairing,	which	reproduces	the	exp.	pairing	gap	1.34	MeV

• QRPA	
• Ecut =	100	MeV,	uv >	0.001	for	quasiparticle configuration	space



Sum	Rule
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• Fulfillment	of	Ikeda	Sum	Rule	for	Gamow-Teller	response	at	QRPA+QPVC	level	

Ikeda	Sum	Rule	
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Phonon	Properties


