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Introduction: superconductivity in metals
Introduction: superconductivity in metals
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H. Kamerlingh Onnes

Tc ~4.2K

In 1911, H. K. Onnes liquefies Helium and discovers
superconductivity in mercury.

When cooled below a critical temperature (e.g. Tc = 7.26 K for lead,
Tc = 3.69 K for tin), many metals become superconductors.

Persistent supercurrents can be induced in superconducting coils.
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BCS theory and Cooper pairs
BCS theory and Cooper pairs

Bardeen Cooper Schrieffer

BCS theory (1957)
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More than 40 years later
arrives the theoretical
 breakthrough!

Cooper pair

Below Tc , electrons form enormous (correlation length ⇠ ⇠ 104Å)
quasi-bosons (Cooper pairs).
The binding interaction results from the screening of the Coulomb
force and the exchange of lattice phonons.
An energy gap develops in the low-lying spectrum.
The Cooper pairs form a condensate
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Some experimental evidence of nuclear superfluidity
Nuclear superfluidity: some experimental evidence

Gap in the spectrum of even–even nuclei associated with the breaking
of a Cooper pair.
Odd–even mass staggering: enhanced binding for even number of
nucleons.
Enhanced two–nucleon transfer reactions due to the coherence of the
Cooper pair wave function.

Bohr, Mottelson and Pines (1958)
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But, metals and nuclei are quite different, aren’t they?

metals nuclei
But, after all, nuclei and metals are di↵erent!
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Some questions arise

Can we observe Cooper pairs in nuclei?

Is there evidence of nuclear superconductivity?

Can we observe the Josephson e↵ect in nuclei?

G. Potel and R. A. Broglia The Nuclear Cooper Pair, Cambridge
University Press, 2022
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questions still arise
• Can we observe Cooper pairs in nuclei?
• How do we make a quantitative 

assessment of pair correlations in 
nuclei? 

• How do we export our knowledge of 
nuclear superfluidity to nuclear 
matter? 
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(t,p) reactions are a specific probe 
of nuclear pairing correlations

questions still arise
• Can we observe Cooper pairs in nuclei?
• How do we make a quantitative 

assessment of pair correlations in 
nuclei? 

• How do we export our knowledge of 
nuclear superfluidity to nuclear 
matter? 
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Rep. Prog. Phys. 76 (2013) 106301 G Potel et al

Figure 10. A schematic chronology of some of the milestones in the development of nuclear Cooper pair transfer as a quantitative tool to
probe pairing correlations in nuclei (theory left, experiment right). In the center, the condensed matter reference events, starting from BCS
theory and ending with a quantitative determination, through Cooper pair tunneling experiments, of the electron–electron and
electron–phonon coupling form factors8.

parity transitions absolute cross-sections. They also studied
the effect of the coupling to unbound states of the deuteron
with the discretized continuum channel method, concluding
that their contribution to the total cross-section is small.
8 Comments to figure 10. While it took the condensed matter community
slightly over a decade from the publication of the BCS paper to make
Cooper pair tunneling a quantitative tool to probe pairing correlations in
metals with uncertainties well below the 10% level, half a century elapsed
after the publication of the BMP paper (reference (b)), which started the
field of nuclear BCS, before the same level of accuracy was achieved with
two-nucleon transfer reactions. A partial explanation of this fact can be
found in the development which took place in the late seventies in which
nuclear reactions were tantamount to heavy ion reactions. Such a situation
discouraged the continuation of studies of two-nucleon transfer to single,
individual states in terms of absolute cross sections and determined the
closing of essentially all of the (t,p) facilities. One could furthermore argue
that within the first community one found the likes of Bardeen, Cooper,
Schrieffer, Josephson, Anderson, Giaver, Pines, Bogolyubov, Frölich, Falicov,
Cohen and Valatin, among others. This is true, as it is also true that among
nuclear practitioners one counted Bohr, Mottelson, Brown, Weißkopf, Fes-
hbach, Nilsson, Winther, Thouless, Arima, Hansen and Nathan, among others.

(a) See [15]. (b) See [2]. (c) See [5]. (d) See [128]. (e) See [129]. (f) See [130].
(g) See [131]. (h) See [6]. (i) See [24]. (j) See [132]. (k) See [133]. (l) See [7].
(m) See [8]. (n) See [38]. (o) See [41]. (p) See [42]. (q) See [39]. (r) See [50].

More recently, two-nucleon transfer reactions have been
analyzed within the CRC formalism, mostly with the computer
code FRESCO [48, 49, 67, 68, 70, 85–88]. In [85], the authors
describe p–6He scattering at very low energy (0.97 MeV in the
CM frame) including explicitly elastic, inelastic and transfer
channels. The interplay of the different channels appears to be
essential for a correct description of the two-neutron transfer
process. Similar conclusions are drawn from the 6He–12C
scattering with a 5.9 MeV He beam [67]. On the other hand,
the analysis of the interference of elastic 6He–4He scattering
with the two-neutron transfer process at 151 MeV [68] showed
a much smaller influence of the excited 2+ state of 6He.
The recent analysis of the 1H(11Li,9Li)3H reaction [49, 50, 89]
showed that data could be reproduced by a two-step DWBA
calculation with a description of the structure of 11Li based

(s) See [71]. (t) See [134]. (u) See [43]. (v) See [44]. (w) See [45]. (x)
See [46]. (y) See [47]. (z) See [48]. (æ) [40]. (ä) [135]. (å) [136]. (ø) [18].
(α) See [117]. (β) See [115]. (γ ) See [118]. (δ) See [110]. (ε) [111]. (ζ )
See [105]. (η) See [112]. (θ ) See [113]. (ι) See [114]. (κ) See [49]. (I)
See [119]. (II) See [120]. (III) See [121]. (IV) See [122]. (V) See [123]. (VI)
See [70]. (VII) See [124]. (VIII) See [125]. (IX) See [126]. (X) See [127].
(XI) See [65]. (XII) See [66]. (XIII) See [51]. (XIV) See [78].
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GP, Idini, Barranco, Vigezzi, Broglia
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The 2 neutron transfer process is very delocalized
Delocalization of the pair transfer process

20 fm

(p,t) reaction
heavy ion reaction
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Delocalization of the pair transfer process

20 fm

(p,t) reaction
heavy ion reaction

insert propagator
here!
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Computing 112Sn(p,t)110Sn in second order DWBA
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Experimental data and shell model wavefunction from Guazzoni et al.
PRC 74 054605 (2006)
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Reaction+Structure theory works well across the nuclear chart 
Rep. Prog. Phys. 76 (2013) 106301 G Potel et al

Figure 5. Absolute cross-sections associated with a number of two-particle transfer reactions. Making use of the two-nucleon spectroscopic
amplitudes and of the optical potentials collected in tables 1 and 2, and of a two-nucleon transfer software developed by Potel [10] within
the framework of second-order DWBA taking into account non-orthogonality corrections, the absolute differential cross-sections associated
with a number of reactions were calculated and are displayed (continuous curves) in comparison with the experimental data (see also table 3).

detail (see in particular figure 4.8(a) at p 54). The conclusion
of this study in a nutshell is that the contribution of the unbound
states of the deuteron in the intermediate states is rather small
regarding the differential cross-sections.

Let us conclude this section by mentioning that throughout
it we have dealt, essentially on equal footing, with light (i.e.
(p,t) and (t,p)) and heavy ion (e.g. (18O,16O)) reactions, without
much further ado. This is in keeping with the fact that the
formalism to treat each of these type of reactions, as well as
to work out the connection and differences between them, is
well-known in the literature (see e.g. [8, 11, 35, 48, 51, 78], and
references therein).

5. Conclusions

With the help of spectroscopic amplitudes which provide an
accurate description of the structure, in particular the pairing
aspects of it, of nuclei covering essentially the whole mass
table, and of empirical, global optical potentials, we have
tested two-nucleon transfer reaction theory. Second-order

DWBA which includes simultaneous and successive transfer
properly corrected with non-orthogonality effects, provides a
quantitative account of the absolute differential cross-sections,
essentially within experimental errors and below the 10% level.
While the physics which is at the basis of this quantitative
analysis of the data is quite interesting and in some cases also
exciting, we restrain here from commenting on it, so as to better
emphasize the sheer technical achievement. The interested
reader is referred to appendix C as well as to the references.
In particular concerning the results reported in figures 5 and 6
and table 3 see [11, 49–51, 61, 62, 71].
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for clarification and access regarding their systematic, state-
of-the-art (p,t) data. RAB wants to acknowledge a lifelong
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Figure 6. Same as figure 5 but for transfer processes involving medium light nuclei (see also table 3).
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Appendix A. Relative importance of successive and
simultaneous transfer and non-orthogonality
corrections

In what follows we discuss the relative importance of
successive and simultaneous two-neutron transfer and of non-
orthogonality corrections associated with the reaction

α ≡ a(= b + 2) + A → b + B(= A + 2) ≡ β, (A1)

in the limits of independent particles and of strongly correlated
Cooper pairs, making use, for simplicity, of the semiclassical
approximation (for details see [35, 53] and references therein).
In this case the two-particle transfer differential cross-section
can be written as,

dσα→β

d$
= Pα→β(t = +∞)

√(
dσα

d$

)

el

√(
dσβ

d$

)

el
, (A2)

where P is the absolute value squared of a quantum mechanical
transition amplitude. It gives the probability that the system at
t = +∞ is found in the final channel. The quantities (dσ/d$)el
are the classical elastic cross-sections in the center of mass
system, calculated in terms of the deflection function, namely
the functional relating the impact parameter and the scattering
angle.

The transfer amplitude can be written as

a(t = +∞) = a(1)(∞) − a(NO)(∞) + ã(2)(∞), (A3)

where ã(2)(∞) labels the successive transfer amplitude
expressed in the post–post representation (see below). The

simultaneous transfer amplitude is given by (see figure 7(I))

a(1)(∞) = 1
ih̄

∫ ∞

−∞
dt (ψbψB, (VbB − ⟨VbB⟩)ψaψA)

×exp
[

i
h̄

(EbB − EaA)t

]

≈ 2
ih̄

∫ ∞

−∞
dt (φB(A)(SB(2n); r⃗1A, r⃗2A),

U(r1b)ei(σ1+σ2)φa(b)(Sa(2n); r⃗1b, r⃗2b))

×exp
[

i
h̄

(EbB − EaA)t + γ (t)

]
, (A4)

where

σ1 + σ2 = 1
h̄

mn

mA

(maAv⃗aA(t) + mbBv⃗bB(t)) · (r⃗1α + r⃗2α),

(A5)

in keeping with the fact that exp(i(σ1 +σ2)) takes care of recoil
effects (Galilean transformation associated with the mismatch
between entrance and exit channels), the phase γ (t) being
related to the effective Q-value of the reaction.

In the above expression, φ indicates an antisymmetrized,
correlated two-particle (Cooper pair) wavefunction, S(2n)

being the two-neutron separation energy (see figure 8),
U(r1b) being the single-particle potential generated by nucleus
b (U(r) =

∫
d3r ′ρb(r ′)v(|r − r ′|)). The contribution

arising from non-orthogonality effects can be written as (see
figure 7(II))

a(NO)(∞) = 1
ih̄

∫ ∞

−∞
dt (ψbψB, (VbB − ⟨VbB⟩)ψf ψF )

×(ψf ψF , ψaψA)exp
[

i
h̄

(EbB − EaA)t

]

11

Sn isotopes (BCS)

Pb ground state and 
excited states (QRPA)

Lithium isotopes (Nuclear Field Theory)
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Abstract
The second-order distorted wave Born approximation implementation of two-particle transfer
direct reactions which includes simultaneous and successive transfer, properly corrected by
non-orthogonality effects, is tested with the help of controlled nuclear structure and reaction
inputs against data spanning the whole mass table, and showed to constitute a quantitative
probe of nuclear pairing correlations.
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1. Introduction

Cooper pairs are the building blocks of pairing correlations
in many-body fermionic systems [1]. In particular in
atomic nuclei (see [2–4] and references therein). As a
consequence, nuclear superfluidity, similarly to condensed
matter superconductivity, can be specifically and quantitatively
probed through Cooper pair tunneling (see [3, 5–8] and
references therein). To do so in the nuclear case, one
should be able to predict, making use of nuclear structure
spectroscopic amplitudes, absolute differential cross-sections,
sole quantities which can be directly compared with the
experimental observations. In what follows we review
some of the central developments which eventually made
this requirement operative. In this quest, which took short

of five decades, many groups have contributed. A broad,
certainly not exhaustive, overview of the developments and
of the contribution of the different practitioners is provided in
appendix C.

Two technical remarks: (a) throughout, light and heavy
ions will be treated essentially on equal footing; (b) for
simplicity, only spherical nuclei will be considered.

In the simultaneous transfer of two nucleons, one nucleon
goes over from target to projectile, or vice versa, under
the influence of the nuclear interaction responsible for the
existence of a mean field potential, while the other follows
suit by profiting of: (1) pairing correlations (simultaneous
transfer); (2) the fact that the single-particle wavefunctions
describing the motion of Cooper pair partners in both
target and projectile are solutions of different single-particle
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Looking for something new in the nuclear spectrum: The Giant 
Pairing Vibration (GPV)
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Pairing vibrations based on the excitation of pairs of particles and holes across major shells are predicted at an ex- 
citation energy of about 70/A1’3 MeV and carrying a cross section which is 20%100% the ground state cross section. 

The existence of a pairing condensate characterizes 
the low energy excitation spectrum of nuclei far away 
from closed shells. This feature is specifically demon- 
strated by the concentration of L = 0 cross section as- 
sociated with two nucleon transfer reactions. In fact, 
the ground state is essentially the only P = O+ state*l 
populated in such processes (cf. e.g. ref. [ 1 ] ). 

The modes generated by fluctuations of the pairing 
field [4,5] play also an important role in the case in 
which particles and holes can be clearly distinguished. 
Thus e.g. in closed shell nuclei [4, 61, where the aver- 
age value of the pairing gap is zero. It is the purpose 
of present note to show that the role of the pairing vi- 
brations in the nuclear spectrum is ubiquous, as the 
distinction between particles and holes can always be 
achieved in terms of excitations across major shells*2. 

We discuss first the case of normal systems. The 
corresponding low-lying pair addition and pair sub- 
traction modes have been extensively studied. They 
display a cross section roughly proportional to the 
pair degeneracy ($,4Z/3) of the corresponding harmon- 
ic oscillator valence shell. Note that it is also possible 
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*t Departures from this systematics can be traced back to 
shell effects (see e.g. refs. [l-3]). 

to create pairing phonons in higher and lower shells. 
Therefore, states with an energy of the order of 2Ao 
and with a cross section similar to the ground state 
cross section are expected to be excited in two-nu- 
cleon transfer processes. 

With the random phase approximation (RPA) the 
energy of the lowest giant pairing mode is given by 
the dispersion relation 

+q= 4hoG 

(2?zw)2 - w2’ 
(1) 

In the above estimate a pairing force with constant 
matrix elements G was utilized. The value of this con- 
stant to be used depends on the number of levels in 
which the interacting particles are allowed to move. 
It has been empirically determined that, for the case 
of three harmonic oscillator shells, G = (17/A) MeV. 
Thus, 

E = 0.84 (2fiw) = (68/A 1/3) MeV. (2) 

The cross section associated with this mode is propor- 
tional to 

*’ Little is known on the distribution of pair transfer strength 
but the for low energy part of the nuclear spectra. This dis- 
tribution should be strongly affected by the existence of 
major nuclear shells such that the inter-shell distance is ap- 
preciably larger than the distance between the levels with- 
in a shell. In such cases a concentration of pairing strength 
in a single state is expected for each major shell. In the 
present note we confine the discussion to the lowest of the 
high lying pairing resonances. 
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(t,p) is an ideal process to populate the elusive Giant Pairing Vibration
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in the 14C and 15C atomic nuclei
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Giant resonances are collective excitation modes for many-body systems of fermions

governed by a mean field, such as the atomic nuclei. The microscopic origin of such modes is

the coherence among elementary particle-hole excitations, where a particle is promoted from

an occupied state below the Fermi level (hole) to an empty one above the Fermi level

(particle). The same coherence is also predicted for the particle–particle and the hole–hole

excitations, because of the basic quantum symmetry between particles and holes. In nuclear

physics, the giant modes have been widely reported for the particle–hole sector but, despite

several attempts, there is no precedent in the particle–particle and hole–hole ones,

thus making questionable the aforementioned symmetry assumption. Here we provide

experimental indications of the Giant Pairing Vibration, which is the leading particle–particle

giant mode. An immediate implication of it is the validation of the particle–hole symmetry.
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same experimental set-up. These bumps do not correspond to any
structures previously reported and are not explained by the
projectile excitation or break-up contribution to the energy
spectra18 (see Methods section and Supplementary Fig. 2).

Absolute cross-section angular distributions. The absolute
cross-section angular distributions were extracted, according to
the procedure described in ref. 19. This allowed an accurate
treatment of key aspects such as the solid angle estimation and
the transport efficiency of the spectrometer20. The background
underneath each peak was modelled by a linear function, and the
possible overlap between close peaks was treated by a least-
squared analysis assuming Gaussian shapes. The background due
to 12C impurities in the 13C target was also taken into account.
The experimental angular distributions for the transitions to the
14C 0þ ground and 3" excited states and for the 15C 5/2" one
are compared with those of the broad bumps at 16.9±0.1 MeV in
14C and 13.7±0.1 MeV in 15C in Fig. 2. The contribution to the
angular distribution of the bumps due to the continuous
background in the spectra was estimated at each angle by a
least-squared approach. The analysis of such a background is
reported in the Supplementary Methods, where different models
for the background subtraction are compared (see Supplementary
Figs 3–5). The obtained results for the centroid and width of the
resonances and also the shape of the angular distributions do not
change within the quoted uncertainties. A cross-section scale
error of approximately±10%, mainly generated by uncertainties
on the target thickness, is common to all the points of the angular
distributions and it is not included in the error bars shown in
Fig. 2. These correspond to other sources of uncertainty such as
the solid angle determination (B2%), the statistical error (B6%)
and the background subtraction. The last-named is the leading
term for the broad bumps overlapping in the continuum
(B30%).

A clear indication of an oscillating pattern is present only in
the 14C 0þ ground state and in the two broad bumps. An
analysis of the angular distribution shape for the 14C bump is
reported in the Supplementary Methods and Supplementary
Fig. 6. This striking behaviour reveals the dominance of a
resonant state in that energy region, characterized by a well-
defined angular momentum. The properties of such resonances
will be analysed and compared with those expected for the GPV.

Energy of the resonances. A first similarity between the two
resonances is suggested by the Et

x representation (see Fig. 1), in
which they are located at Et

x¼ 19.9±0.1 MeV in 14C
and Ex

t ¼ 20.4±0.1 MeV in 15C. It is worth noticing that in
carbon isotopes the 2s1/2 single-particle orbital (representing a
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Figure 1 | Energy spectra for the 12C(18O,16O) and the 13C(18O,16O) reactions at 84 MeV at forward angles. The linear background models, the fitted
bumps and their sum are shown as the grey area, the black Gaussian and the red continuous line, respectively. In the 14C case, the known resonances at
16.43 and 16.72 MeV are also indicated (green Gaussians).

Table 1 | Main spectroscopic features of the populated
states.

S.No. Excitation energy
(MeV) (present

work)

Excitation energy
(MeV) (values
from ref. 38)

Jp (*)

15C states
1 0.00±0.02 0 1/2þ

2 0.73±0.02 0.7400 5/2þ

3 3.12±0.02 3.103 1/2"

4 4.21±0.02 4.220 5/2"

5 4.65±0.02 4.657 3/2"

6 5.87±0.02 5.866 1/2"

7 6.85±0.02 6.841 7/2"

8 7.36±0.02 7.352 9/2"

9 8.47±0.02 8.47 1/2þ , 3/2þ , 5/2þ

(from ref. 39)
10 9.06±0.02 9.00
11 13.7±0.1 1/2" (present work)

14C states
1 0.00±0.02 0 0þ

2 6.10±0.02 6.0938 1"

3 6.71±0.02 6.7282 3"

4 7.00±0.02 7.0120 2þ

5 7.36±0.02 7.3414 2"

6 8.33±0.02 8.3179 2þ

7 9.81±0.02 9.7460 0þ

8 10.43±0.02 10.425, 10.498 2þ , 3"

9 10.73±0.02 10.736 4þ

10 12.88±0.02 12.963 3"

11 13.96±0.02 14.05
12 16.42±0.02 16.43 6þ (from ref. 40)
13 16.74±0.02 16.715 6" (from ref. 40)
14 16.9±0.1 0þ (present work)

*Values from ref. 38, except those explicitly indicated.
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the 14C 0þ ground state and in the two broad bumps. An
analysis of the angular distribution shape for the 14C bump is
reported in the Supplementary Methods and Supplementary
Fig. 6. This striking behaviour reveals the dominance of a
resonant state in that energy region, characterized by a well-
defined angular momentum. The properties of such resonances
will be analysed and compared with those expected for the GPV.

Energy of the resonances. A first similarity between the two
resonances is suggested by the Et

x representation (see Fig. 1), in
which they are located at Et

x¼ 19.9±0.1 MeV in 14C
and Ex

t ¼ 20.4±0.1 MeV in 15C. It is worth noticing that in
carbon isotopes the 2s1/2 single-particle orbital (representing a
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Figure 1 | Energy spectra for the 12C(18O,16O) and the 13C(18O,16O) reactions at 84 MeV at forward angles. The linear background models, the fitted
bumps and their sum are shown as the grey area, the black Gaussian and the red continuous line, respectively. In the 14C case, the known resonances at
16.43 and 16.72 MeV are also indicated (green Gaussians).

Table 1 | Main spectroscopic features of the populated
states.

S.No. Excitation energy
(MeV) (present

work)

Excitation energy
(MeV) (values
from ref. 38)

Jp (*)

15C states
1 0.00±0.02 0 1/2þ

2 0.73±0.02 0.7400 5/2þ

3 3.12±0.02 3.103 1/2"

4 4.21±0.02 4.220 5/2"

5 4.65±0.02 4.657 3/2"

6 5.87±0.02 5.866 1/2"

7 6.85±0.02 6.841 7/2"

8 7.36±0.02 7.352 9/2"

9 8.47±0.02 8.47 1/2þ , 3/2þ , 5/2þ

(from ref. 39)
10 9.06±0.02 9.00
11 13.7±0.1 1/2" (present work)

14C states
1 0.00±0.02 0 0þ

2 6.10±0.02 6.0938 1"

3 6.71±0.02 6.7282 3"

4 7.00±0.02 7.0120 2þ

5 7.36±0.02 7.3414 2"

6 8.33±0.02 8.3179 2þ

7 9.81±0.02 9.7460 0þ

8 10.43±0.02 10.425, 10.498 2þ , 3"

9 10.73±0.02 10.736 4þ

10 12.88±0.02 12.963 3"

11 13.96±0.02 14.05
12 16.42±0.02 16.43 6þ (from ref. 40)
13 16.74±0.02 16.715 6" (from ref. 40)
14 16.9±0.1 0þ (present work)

*Values from ref. 38, except those explicitly indicated.
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FIG. 2. (a) Monopolar strength functions in 14C, calculated as dis-
cussed in the text. The strength functions have been averaged by a
Lorentzian with FWHM =1 MeV. The experimental energy �S 2n of
14C is indicated by the arrow 0+1 . The positions of the two lowest ex-
cited 0+ states obtained from their respective experimental excitation
energies are indicated by the arrows 0+2 and 0+3 . (b) The PVC pairing
strength function shown in (a) is displayed in the interval between
E = �10 and E = +10 MeV in the main plot and between E = �18
and E = �3 MeV in the inset. The strength is scaled with di↵erent
colours according to the weight of the di↵erent angular momenta l j
in the norm

P
nn0l j[X(k)2

nl jn0l j � Y(k)2
nl jn0l j] of each eigenvector |k >.

MeV), with dominant (d5/2)2 and (s1/2)2 components, and at
E ⇡ �3.5 MeV (E⇤ ⇡ 9.6 MeV), also mostly of sd charac-
ter. The 2+ admixtures in 0+2 and 0+3 are 37% and 33% . In
the recent 12C(18O, 16O)14C transfer experiment, only the 0+3
state was weakly populated at Elab = 84 MeV, while neither
the 0+2 nor the 0+3 state were identified at Elab = 275 MeV [6,
7]. This appears to be in contrast with the present calculation,
that shows a rather large strength for the 0+2 state. On the other
hand, these two excited states have been populated in (t,p)
reactions [28] and the ratios of the measured cross sections
relative to the ground state are in fair agreement with our cal-
culated strength function. Considering now the GPV strength
shifted to higher energy, the PVC produces a bump in the con-
tinuum, which is located in the excitation region E⇤ ⇡ 16-20
MeV, not far from the bump detected in the 12C(18O, 16O)14C
experiment. It is found that several waves contribute to form
this bump besides the sd orbitals. The contribution from the
d3/2 component is not particularly significant, in keeping with
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FIG. 3. Spectrum of the [[pp0]2+ ⌦ 2+]0+ components admixed in
the many-body 0+ states (cf. Eq. (4)). These components result
from the diagonalization of the Hamiltonian H2⌫ with (solid line) and
without (dash-dotted line) the quadrupole pairing interaction among
the valence neutrons.

the fact that the 3/2+ states observed in 13C are either of many-
body character or display a very large width. At variance with
the lower peak, this bump has a large admixture (about 60%)
with configurations of the type [[pp0]2+ ⌦ 2+]0+ involving the
2+ surface vibration. The energy distribution of these compo-
nents, denoted by X(k)pp02+ , is shown in Fig. 3, and is com-
puted similarly to Eq. (3):

S q
k(Rbox) = |

X

pp0
X(k)pp02+

Z
dr p(r) p0 (r) f (r) < jp||Y2|| jp0 > |2

(4)
These components produce a large bump in the continuum,
which is enhanced by the action of the quadrupole pairing in-
teraction. Its width is much smaller than that exhibited by
the monopolar components shown in Fig. 2, in keeping with
the fact that S q involves mostly bound or resonant s- and d-
waves coupled to 2+, because part of the excitation energy
is carried by the 2+ phonon. The nature of this bump points
to the possibility to populate 0+ states in this region by the
combined e↵ect of the inelastic excitation of the 2+ vibration
of the core and the transfer of a pair of neutrons coupled to
2+. This mechanism, would be complementary to the direct
two-nucleon transfer process associated with the monopole
strength function, and would also be consistent with the very
large cross sections observed for transfer to the 2+ state in 14C
[18, 19]. Furthermore, one could argue about the possibility
to detect quadrupole gamma transitions of the order of 4 MeV
in coincidence with transfer, as a signature of the admixture
of the 2+ vibration.

Conclusions We have formulated an extension of the pp-
RPA equations to describe 0+ states in the A+2 system, which
incorporates polarization e↵ects of the core surface via PVC.
The theory has been applied to the pair response in 14C. The
14C ground state has a pronounced (p1/2)2 character, but con-
tains a quadrupole admixture that could be probed by a two-
neutron transfer reaction populating the 2+ vibration of the
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Collective motion is one of the distinctive features of the
atomic nucleus. In particular, collective vibrations represent
one of the most evident manifestations of the coherent mo-
tion of neutrons and protons, displaying transition strengths
that can exceed single-particle estimates by orders of mag-
nitudes. While vibrations associated with particle-hole (ph)
and charge-exchange excitations are those most widely stud-
ied, both experimentally and theoretically, the existence of
low-lying pairing vibrations (PV) involving particle-particle
(pp) or hole-hole (hh) excitations has also been established
for a long time in several mass regions [1–3] . Such PV
have been probed mostly by two-nucleon transfer reactions,
and the resulting cross sections and angular distributions have
been studied theoretically making use of form factors com-
puted in the framework of the particle-particle Random Phase
Approximation (pp-RPA) often neglecting ground state corre-
lations (Tamm-Danco↵Approximation, or pp-TDA). Calcula-
tions based on the pp-TDA have been often used to study pair-
ing correlations in light and weakly bound nuclei [4–7]. The
existence of high-lying PV (with energies of the order of 2~⌦,
where ~⌦ ⇡ 41/A1/3 MeV denotes the distance between ma-
jor shells in spherical nuclei) was proposed theoretically long
ago, on the basis of schematic calculations within the pp-RPA
[8, 9]. These modes have then been studied within bound rep-
resentations [10, 11] and taking the continuum in to account
within the shell model in the Bergreen representation [12] and
within continuum RPA calculations [13–15]. While giant res-
onances (GR) in the ph and charge exchange channels rep-
resent some the most pronounced collective nuclear modes,
the corresponding ’Giant Pairing Vibrations’ (GPV) in the pp
channel have not been clearly identified, in spite of many ex-
perimental attempts carried out in di↵erent mass regions and
with di↵erent probes (see e.g. [16, 17] and refs. therein). Re-
cent transfer experiments between heavy ions populating 14C
and 15C [18–20], however, have identified bumps which have
been proposed to be a signature of the GPV.

It has been argued that one of the reasons underlying the
di�culty in the identification of high-lying pair vibrational
modes lies in the large width that they may acquire. It is well
known that the two main mechanisms producing the damp-

ing of the giant modes obtained in the RPA approximation in
spherical nuclei are the coupling with more complicated con-
figurations and the coupling with the continuum, leading to
particle emission. These e↵ects have been extensively studied
in the case of ph and charge exchange GR in medium mass
and heavy nuclei , and it has been shown that including the
particle vibration coupling (PVC) with the low-lying collec-
tive vibrations of the core leads to considerable improvements
in the calculation of the strength profile and in particular of
the width, in comparison with experimental findings [21–23].
Furthermore, in systems with two valence nucleons the PVC
accounts for the interaction induced by the exchange of one
vibrational quantum. The importance of the induced interac-
tion on superfluidity of infinite neutron matter is well known
[24]. Such interaction renormalises the bare pairing interac-
tion also in finite nuclei, as it has been found in superfluid
systems like 120Sn [25–27], and in light systems like 11Li
[28]. The role of the continuum is particularly important in
the case of high-lying pp modes, in which case both particles
involved in the excitation may be unbound. To our knowledge,
a quantitative microscopic calculation of the strength function
associated with pairing modes going beyond the RPA and in-
cluding continuum e↵ects is not available. This is the aim of
the present work. We will present results for the case of 14C,
which are a prerequisite for a reliable computation of absolute
two-nucleon transfer cross sections.

We will consider the nucleus A + 2 with two valence parti-
cles on top of a A core. The Hamiltonian of the system A+2 is
the sum of the Hamiltonians of each valence particle plus an
interaction term:

H2v = H(1) + H(2) + Vint(1, 2) + Hvib, (1)

where H(i) = K(i) + V(i) + HPVC(i), i = 1, 2. Hvib =P
�µ ~!�[�

†
�µ��µ + 1/2] contains the operators �† and � creat-

ing and annihilating phonons of multipolarity �µ and energy
~!� and deformation parameter ��. The coupling between the
single-particle motion and the core is described by HPVC [29],

HPVC(i) =
X

�µ

�ridV(i)/dri ��Y�µ(i)[�†�µ + (�1)µ��µ]. (2)

monopole strength in 14C

we predict a rather broad 
structure in the continuum
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Giant resonances are collective excitation modes for many-body systems of fermions

governed by a mean field, such as the atomic nuclei. The microscopic origin of such modes is

the coherence among elementary particle-hole excitations, where a particle is promoted from

an occupied state below the Fermi level (hole) to an empty one above the Fermi level

(particle). The same coherence is also predicted for the particle–particle and the hole–hole

excitations, because of the basic quantum symmetry between particles and holes. In nuclear

physics, the giant modes have been widely reported for the particle–hole sector but, despite

several attempts, there is no precedent in the particle–particle and hole–hole ones,

thus making questionable the aforementioned symmetry assumption. Here we provide

experimental indications of the Giant Pairing Vibration, which is the leading particle–particle

giant mode. An immediate implication of it is the validation of the particle–hole symmetry.
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del Sud, I-95125 Catania, Italy. 3 Institut de Physique Nucléaire, Université Paris-Sud-11-CNRS/IN2P3, 91406 Orsay, France. 4 Istituto Nazionale di Fisica
Nucleare, Sezione di Pisa, I-56127 Pisa, Italy. 5 Dipartimento di Fisica e Astronomia, Università di Padova, I-35131 Padova, Italy. 6 Istituto Nazionale di Fisica
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same experimental set-up. These bumps do not correspond to any
structures previously reported and are not explained by the
projectile excitation or break-up contribution to the energy
spectra18 (see Methods section and Supplementary Fig. 2).

Absolute cross-section angular distributions. The absolute
cross-section angular distributions were extracted, according to
the procedure described in ref. 19. This allowed an accurate
treatment of key aspects such as the solid angle estimation and
the transport efficiency of the spectrometer20. The background
underneath each peak was modelled by a linear function, and the
possible overlap between close peaks was treated by a least-
squared analysis assuming Gaussian shapes. The background due
to 12C impurities in the 13C target was also taken into account.
The experimental angular distributions for the transitions to the
14C 0þ ground and 3" excited states and for the 15C 5/2" one
are compared with those of the broad bumps at 16.9±0.1 MeV in
14C and 13.7±0.1 MeV in 15C in Fig. 2. The contribution to the
angular distribution of the bumps due to the continuous
background in the spectra was estimated at each angle by a
least-squared approach. The analysis of such a background is
reported in the Supplementary Methods, where different models
for the background subtraction are compared (see Supplementary
Figs 3–5). The obtained results for the centroid and width of the
resonances and also the shape of the angular distributions do not
change within the quoted uncertainties. A cross-section scale
error of approximately±10%, mainly generated by uncertainties
on the target thickness, is common to all the points of the angular
distributions and it is not included in the error bars shown in
Fig. 2. These correspond to other sources of uncertainty such as
the solid angle determination (B2%), the statistical error (B6%)
and the background subtraction. The last-named is the leading
term for the broad bumps overlapping in the continuum
(B30%).

A clear indication of an oscillating pattern is present only in
the 14C 0þ ground state and in the two broad bumps. An
analysis of the angular distribution shape for the 14C bump is
reported in the Supplementary Methods and Supplementary
Fig. 6. This striking behaviour reveals the dominance of a
resonant state in that energy region, characterized by a well-
defined angular momentum. The properties of such resonances
will be analysed and compared with those expected for the GPV.

Energy of the resonances. A first similarity between the two
resonances is suggested by the Et

x representation (see Fig. 1), in
which they are located at Et

x¼ 19.9±0.1 MeV in 14C
and Ex

t ¼ 20.4±0.1 MeV in 15C. It is worth noticing that in
carbon isotopes the 2s1/2 single-particle orbital (representing a
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Figure 1 | Energy spectra for the 12C(18O,16O) and the 13C(18O,16O) reactions at 84 MeV at forward angles. The linear background models, the fitted
bumps and their sum are shown as the grey area, the black Gaussian and the red continuous line, respectively. In the 14C case, the known resonances at
16.43 and 16.72 MeV are also indicated (green Gaussians).

Table 1 | Main spectroscopic features of the populated
states.

S.No. Excitation energy
(MeV) (present

work)

Excitation energy
(MeV) (values
from ref. 38)

Jp (*)

15C states
1 0.00±0.02 0 1/2þ

2 0.73±0.02 0.7400 5/2þ

3 3.12±0.02 3.103 1/2"

4 4.21±0.02 4.220 5/2"

5 4.65±0.02 4.657 3/2"

6 5.87±0.02 5.866 1/2"

7 6.85±0.02 6.841 7/2"

8 7.36±0.02 7.352 9/2"

9 8.47±0.02 8.47 1/2þ , 3/2þ , 5/2þ

(from ref. 39)
10 9.06±0.02 9.00
11 13.7±0.1 1/2" (present work)

14C states
1 0.00±0.02 0 0þ

2 6.10±0.02 6.0938 1"

3 6.71±0.02 6.7282 3"

4 7.00±0.02 7.0120 2þ

5 7.36±0.02 7.3414 2"

6 8.33±0.02 8.3179 2þ

7 9.81±0.02 9.7460 0þ

8 10.43±0.02 10.425, 10.498 2þ , 3"

9 10.73±0.02 10.736 4þ

10 12.88±0.02 12.963 3"

11 13.96±0.02 14.05
12 16.42±0.02 16.43 6þ (from ref. 40)
13 16.74±0.02 16.715 6" (from ref. 40)
14 16.9±0.1 0þ (present work)

*Values from ref. 38, except those explicitly indicated.
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FIG. 2. (a) Monopolar strength functions in 14C, calculated as dis-
cussed in the text. The strength functions have been averaged by a
Lorentzian with FWHM =1 MeV. The experimental energy �S 2n of
14C is indicated by the arrow 0+1 . The positions of the two lowest ex-
cited 0+ states obtained from their respective experimental excitation
energies are indicated by the arrows 0+2 and 0+3 . (b) The PVC pairing
strength function shown in (a) is displayed in the interval between
E = �10 and E = +10 MeV in the main plot and between E = �18
and E = �3 MeV in the inset. The strength is scaled with di↵erent
colours according to the weight of the di↵erent angular momenta l j
in the norm

P
nn0l j[X(k)2

nl jn0l j � Y(k)2
nl jn0l j] of each eigenvector |k >.

MeV), with dominant (d5/2)2 and (s1/2)2 components, and at
E ⇡ �3.5 MeV (E⇤ ⇡ 9.6 MeV), also mostly of sd charac-
ter. The 2+ admixtures in 0+2 and 0+3 are 37% and 33% . In
the recent 12C(18O, 16O)14C transfer experiment, only the 0+3
state was weakly populated at Elab = 84 MeV, while neither
the 0+2 nor the 0+3 state were identified at Elab = 275 MeV [6,
7]. This appears to be in contrast with the present calculation,
that shows a rather large strength for the 0+2 state. On the other
hand, these two excited states have been populated in (t,p)
reactions [28] and the ratios of the measured cross sections
relative to the ground state are in fair agreement with our cal-
culated strength function. Considering now the GPV strength
shifted to higher energy, the PVC produces a bump in the con-
tinuum, which is located in the excitation region E⇤ ⇡ 16-20
MeV, not far from the bump detected in the 12C(18O, 16O)14C
experiment. It is found that several waves contribute to form
this bump besides the sd orbitals. The contribution from the
d3/2 component is not particularly significant, in keeping with
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FIG. 3. Spectrum of the [[pp0]2+ ⌦ 2+]0+ components admixed in
the many-body 0+ states (cf. Eq. (4)). These components result
from the diagonalization of the Hamiltonian H2⌫ with (solid line) and
without (dash-dotted line) the quadrupole pairing interaction among
the valence neutrons.

the fact that the 3/2+ states observed in 13C are either of many-
body character or display a very large width. At variance with
the lower peak, this bump has a large admixture (about 60%)
with configurations of the type [[pp0]2+ ⌦ 2+]0+ involving the
2+ surface vibration. The energy distribution of these compo-
nents, denoted by X(k)pp02+ , is shown in Fig. 3, and is com-
puted similarly to Eq. (3):

S q
k(Rbox) = |

X

pp0
X(k)pp02+

Z
dr p(r) p0 (r) f (r) < jp||Y2|| jp0 > |2

(4)
These components produce a large bump in the continuum,
which is enhanced by the action of the quadrupole pairing in-
teraction. Its width is much smaller than that exhibited by
the monopolar components shown in Fig. 2, in keeping with
the fact that S q involves mostly bound or resonant s- and d-
waves coupled to 2+, because part of the excitation energy
is carried by the 2+ phonon. The nature of this bump points
to the possibility to populate 0+ states in this region by the
combined e↵ect of the inelastic excitation of the 2+ vibration
of the core and the transfer of a pair of neutrons coupled to
2+. This mechanism, would be complementary to the direct
two-nucleon transfer process associated with the monopole
strength function, and would also be consistent with the very
large cross sections observed for transfer to the 2+ state in 14C
[18, 19]. Furthermore, one could argue about the possibility
to detect quadrupole gamma transitions of the order of 4 MeV
in coincidence with transfer, as a signature of the admixture
of the 2+ vibration.

Conclusions We have formulated an extension of the pp-
RPA equations to describe 0+ states in the A+2 system, which
incorporates polarization e↵ects of the core surface via PVC.
The theory has been applied to the pair response in 14C. The
14C ground state has a pronounced (p1/2)2 character, but con-
tains a quadrupole admixture that could be probed by a two-
neutron transfer reaction populating the 2+ vibration of the
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including the well-known low-lying and bound pairing vibration on par with the predicted Giant Pairing Vibra-
tion lying in the continuum. Our formalism includes the coupling to low-energy collective quadrupole modes
of the core, in such a way that both single-particle self-energy e↵ects and the pairing interaction induced by
phonon exchange are accounted for. The theory is applied to the case of the excitation spectrum of 14C, recently
populated by two-neutron transfer reactions.

PACS numbers: 21.60.Jz, 23.40.-s, 26.30.-k

Collective motion is one of the distinctive features of the
atomic nucleus. In particular, collective vibrations represent
one of the most evident manifestations of the coherent mo-
tion of neutrons and protons, displaying transition strengths
that can exceed single-particle estimates by orders of mag-
nitudes. While vibrations associated with particle-hole (ph)
and charge-exchange excitations are those most widely stud-
ied, both experimentally and theoretically, the existence of
low-lying pairing vibrations (PV) involving particle-particle
(pp) or hole-hole (hh) excitations has also been established
for a long time in several mass regions [1–3] . Such PV
have been probed mostly by two-nucleon transfer reactions,
and the resulting cross sections and angular distributions have
been studied theoretically making use of form factors com-
puted in the framework of the particle-particle Random Phase
Approximation (pp-RPA) often neglecting ground state corre-
lations (Tamm-Danco↵Approximation, or pp-TDA). Calcula-
tions based on the pp-TDA have been often used to study pair-
ing correlations in light and weakly bound nuclei [4–7]. The
existence of high-lying PV (with energies of the order of 2~⌦,
where ~⌦ ⇡ 41/A1/3 MeV denotes the distance between ma-
jor shells in spherical nuclei) was proposed theoretically long
ago, on the basis of schematic calculations within the pp-RPA
[8, 9]. These modes have then been studied within bound rep-
resentations [10, 11] and taking the continuum in to account
within the shell model in the Bergreen representation [12] and
within continuum RPA calculations [13–15]. While giant res-
onances (GR) in the ph and charge exchange channels rep-
resent some the most pronounced collective nuclear modes,
the corresponding ’Giant Pairing Vibrations’ (GPV) in the pp
channel have not been clearly identified, in spite of many ex-
perimental attempts carried out in di↵erent mass regions and
with di↵erent probes (see e.g. [16, 17] and refs. therein). Re-
cent transfer experiments between heavy ions populating 14C
and 15C [18–20], however, have identified bumps which have
been proposed to be a signature of the GPV.

It has been argued that one of the reasons underlying the
di�culty in the identification of high-lying pair vibrational
modes lies in the large width that they may acquire. It is well
known that the two main mechanisms producing the damp-

ing of the giant modes obtained in the RPA approximation in
spherical nuclei are the coupling with more complicated con-
figurations and the coupling with the continuum, leading to
particle emission. These e↵ects have been extensively studied
in the case of ph and charge exchange GR in medium mass
and heavy nuclei , and it has been shown that including the
particle vibration coupling (PVC) with the low-lying collec-
tive vibrations of the core leads to considerable improvements
in the calculation of the strength profile and in particular of
the width, in comparison with experimental findings [21–23].
Furthermore, in systems with two valence nucleons the PVC
accounts for the interaction induced by the exchange of one
vibrational quantum. The importance of the induced interac-
tion on superfluidity of infinite neutron matter is well known
[24]. Such interaction renormalises the bare pairing interac-
tion also in finite nuclei, as it has been found in superfluid
systems like 120Sn [25–27], and in light systems like 11Li
[28]. The role of the continuum is particularly important in
the case of high-lying pp modes, in which case both particles
involved in the excitation may be unbound. To our knowledge,
a quantitative microscopic calculation of the strength function
associated with pairing modes going beyond the RPA and in-
cluding continuum e↵ects is not available. This is the aim of
the present work. We will present results for the case of 14C,
which are a prerequisite for a reliable computation of absolute
two-nucleon transfer cross sections.

We will consider the nucleus A + 2 with two valence parti-
cles on top of a A core. The Hamiltonian of the system A+2 is
the sum of the Hamiltonians of each valence particle plus an
interaction term:

H2v = H(1) + H(2) + Vint(1, 2) + Hvib, (1)

where H(i) = K(i) + V(i) + HPVC(i), i = 1, 2. Hvib =P
�µ ~!�[�

†
�µ��µ + 1/2] contains the operators �† and � creat-

ing and annihilating phonons of multipolarity �µ and energy
~!� and deformation parameter ��. The coupling between the
single-particle motion and the core is described by HPVC [29],

HPVC(i) =
X

�µ

�ridV(i)/dri ��Y�µ(i)[�†�µ + (�1)µ��µ]. (2)

monopole strength in 14C

we predict a rather broad 
structure in the continuum

working on a theoretical 
estimate of 12C(t,p)14C(GPV) 
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Fig. 6. Pairing vibrations around 9Li and absolute cross sections associated with removal [41] (see also [42]) and addition [40]
modes. The theoretical absolute differential cross sections for 11Li(p, t)9Li(g.s.) (addition: a) is reported in [31]. The theoretical
absolute differential cross section associated with the reaction 7Li(t, p)9Li(g.s.) (removal: r) was carried out making use of the
wavefunction associated with the RPA solution of the pairing Hamiltonian (see [4, 23] and Appendix A as well as Table 1),
adjusting the coupling constant G to reproduce the correlation energy of the two neutron holes in the core of 9Li (i.e. in the
ground state of 7Li). The optical potential parameters used were taken from [41, 43]. Of notice that throughout in this paper, in
particular in connection with this figure, we report absolute differential cross sections (see also Table 2).

pairing-vibrational spectrum of 9Li and the associ-
ated absolute two-particle transfer differential cross
sections of the pair addition and pair removal modes,
in comparison with the experimental data [40, 41].

In the case of the reaction 11Li(p, t)9Li(g.s.) the
absolute differential cross section was calculated

Table 1. RPA wavefunction of the pair-removal mode of
9Li. Single-particle energies were deduced from exper-
imental binding energy differences, while W1(β = 2) =
= 3.36 MeV, W1(β = −2) = 2.3 MeV. The results ob-
tained making use of a single G or of two pairing cou-
pling constants to take care of the difference of overlaps
between core–core, core–halo, and halo–halo single-
particle wavefunctions are, in the present case, essentially
the same (see Appendix A, in particular Section A.2)

εi, MeV Xr εk, MeV Y r

1s1/2 −16.07 0.058 1p1/2 0.025 0.244

1p3/2 −4.06 1.049 2s1/2 0.5 0.211

making use of the two-nucleon spectroscopic ampli-
tudes obtained from the |0⟩ term of the neutron com-
ponent of the 11Li ground state (≡|0̃⟩ν ⊗ |p3/2(π)⟩,
cf. [33]),

|0̃⟩ν = |0⟩ + α|(p1/2, s1/2)1− ⊗ 1−; 0⟩ + (8)

+ β|(s1/2, d5/2)2+ ⊗ 2+; 0⟩,
with α = 0.7 and β ≈ 0.1, and

|0⟩ = 0.45|s2
1/2(0)⟩ + 0.55|p2

1/2(0)⟩ + (9)

+ 0.04|d2
5/2(0)⟩,

describing the motion of the two halo neutrons around
9Li. Successive, simultaneous and non-orthogonality
contributions to the two-particle-transfer process
were taken into account (see [31, 34, 40] and refer-
ences therein). The optical parameters used to de-
scribe the 11Li + p, 10Li + d, and the 9Li + t channels
were taken from [40, 43].

In the case of 7Li(t, p)9Li(g.s.) reaction, the op-
tical parameters were taken from [41, 43] while
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differential cross section calculated as explained in the text.
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Fig. 6. Pairing vibrations around 9Li and absolute cross sections associated with removal [41] (see also [42]) and addition [40]
modes. The theoretical absolute differential cross sections for 11Li(p, t)9Li(g.s.) (addition: a) is reported in [31]. The theoretical
absolute differential cross section associated with the reaction 7Li(t, p)9Li(g.s.) (removal: r) was carried out making use of the
wavefunction associated with the RPA solution of the pairing Hamiltonian (see [4, 23] and Appendix A as well as Table 1),
adjusting the coupling constant G to reproduce the correlation energy of the two neutron holes in the core of 9Li (i.e. in the
ground state of 7Li). The optical potential parameters used were taken from [41, 43]. Of notice that throughout in this paper, in
particular in connection with this figure, we report absolute differential cross sections (see also Table 2).

pairing-vibrational spectrum of 9Li and the associ-
ated absolute two-particle transfer differential cross
sections of the pair addition and pair removal modes,
in comparison with the experimental data [40, 41].

In the case of the reaction 11Li(p, t)9Li(g.s.) the
absolute differential cross section was calculated

Table 1. RPA wavefunction of the pair-removal mode of
9Li. Single-particle energies were deduced from exper-
imental binding energy differences, while W1(β = 2) =
= 3.36 MeV, W1(β = −2) = 2.3 MeV. The results ob-
tained making use of a single G or of two pairing cou-
pling constants to take care of the difference of overlaps
between core–core, core–halo, and halo–halo single-
particle wavefunctions are, in the present case, essentially
the same (see Appendix A, in particular Section A.2)

εi, MeV Xr εk, MeV Y r

1s1/2 −16.07 0.058 1p1/2 0.025 0.244

1p3/2 −4.06 1.049 2s1/2 0.5 0.211

making use of the two-nucleon spectroscopic ampli-
tudes obtained from the |0⟩ term of the neutron com-
ponent of the 11Li ground state (≡|0̃⟩ν ⊗ |p3/2(π)⟩,
cf. [33]),

|0̃⟩ν = |0⟩ + α|(p1/2, s1/2)1− ⊗ 1−; 0⟩ + (8)

+ β|(s1/2, d5/2)2+ ⊗ 2+; 0⟩,
with α = 0.7 and β ≈ 0.1, and

|0⟩ = 0.45|s2
1/2(0)⟩ + 0.55|p2

1/2(0)⟩ + (9)

+ 0.04|d2
5/2(0)⟩,

describing the motion of the two halo neutrons around
9Li. Successive, simultaneous and non-orthogonality
contributions to the two-particle-transfer process
were taken into account (see [31, 34, 40] and refer-
ences therein). The optical parameters used to de-
scribe the 11Li + p, 10Li + d, and the 9Li + t channels
were taken from [40, 43].

In the case of 7Li(t, p)9Li(g.s.) reaction, the op-
tical parameters were taken from [41, 43] while
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Fig. 13. Pairing vibrational spectrum around 10Be (see also Fig. 21 below) and associated absolute two-nucleon-transfer
differential cross section calculated as explained in the text.
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The Pygmy Dipole Resonance (PDR) as a two-quasiparticle mode

• The PDR is rather well described in the harmonic approximation (RPA, QRPA) as a 
two-quasiparticle mode.

• Therefore, PDR in a nucleus A0 can be better probed with two-quasiparticle fields, 
i.e., particle-hole (ph), particle-particle (pp), and hole-hole (hh) fields.

Coulomb, inelastic, and g-induced 
excitation on A0:
• A0(d,d’)A0(PDR)
• A0(p,p’) A0(PDR)
• A0(a,a’) A0(PDR)

• A0(g,g’) A0(PDR)
• A0(n,n’) A0(PDR)
• A0(X,X’) A0(PDR)

one-nucleon transfer on A0-1:
• A0-1(d,p) A0(PDR)
Spieker et al., PRL (2020)

proposed 
in this talk

ph
two-nucleon transfer on A0-2:

• A0-2(t,p) A0(PDR)

pp

Weinert et al., PRL (2021)
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The Pygmy Dipole Resonance (PDR) as a two-quasiparticle mode

• The PDR is rather well described in the harmonic approximation (RPA, QRPA) as a 
two-quasiparticle mode.

• Therefore, PDR in a nucleus A0 can be better probed with two-quasiparticle fields, 
i.e., particle-hole (ph), particle-particle (pp), and hole-hole (hh) fields.

complementary classification of dipole modes

isovector              isoscalar

ph                      pp
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The Pygmy Dipole Resonance (PDR) as a two-quasiparticle mode

• The PDR is rather well described in the harmonic approximation (RPA, QRPA) as a 
two-quasiparticle mode.

• Therefore, PDR in a nucleus A0 can be better probed with two-quasiparticle fields, 
i.e., particle-hole (ph), particle-particle (pp), and hole-hole (hh) fields.

complementary classification of dipole modes

isovector              isoscalar

ph                      pp

GDR?                  PDR?
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Probing the 11Li PDR with 2-neutron transfer 

Page 4 of 11 Eur. Phys. J. A (2019) 55: 243

)b)a

d)c)

Fig. 3. Absolute two-nucleon differential cross section associated with states representative of the soft dipole mode of 11Li (see
ref. [16]). The total absolute cross section results from the integration of dσ/dΩ in the angular interval (20◦ ≤ θCM ≤ 154.5◦ [10]).

a) b) c)

Fig. 4. (a) Absolute differential cross section associated with the ground state transition. The total absolute cross sections are
calculated as explained in the caption to fig. 3; (b) two-neutron strength function dσ(1−)/dE, (c) EWSR E × d(B(E1))/dE as
a function of the energy up to E = 5 MeV. The same quantity, but now displayed up to 50 MeV, is shown in the inset (RPA
(continuous line), unperturbed (dashed line), see also [16]).

energy, a distribution of single-particle levels all carrying,
exception made for the intruder one, the same parity. In
the case of the neutron drip line nucleus 11Li, the out-
ermost neutrons move with essentially equal amplitude
(≈ 0.7) in the almost degenerate s1/2 and p1/2 halo or-
bitals. Coupling the halo neutrons to angular momentum
and parity 1− leads to a quantal vortex (Cooper pair with
Jπ = 1−) which again skates on the neutron (halo) skin.

Said it differently, the soft E1-mode of 11Li can be viewed
as a example of a quantum vortex in a nucleus5.

Let us now think in terms of a quantum superfluid.
The ground state of 11Li can be expressed as |gs(11Li)⟩ =
|Ψ ⊗1p3/2(π)⟩, where Ψ =

√
α′

0e
iφ parallels the Ginzburg-

5 This result provides also an answer to Nambu’s last ques-
tion in section Conclusions and speculations of [27].
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the particle-particle components of the modes, in terms of absolute differential cross sections which take
properly into account successive and simultaneous transfer mechanisms corrected for non-orthogonality,
able to reproduce the experimental findings at the 10% level. The process 9Li(t, p)11Li(1−) is discussed,
and absolute cross sections predicted.

1 Background for subject and title

Almost two decades ago the paper entitled The halo of the
exotic nucleus 11Li: A single Cooper pair we (FB, RAB,
EV and G. Colò) wrote with Pier Francesco Bortignon
was published (Eur. Phys. J. A 11, 385 (2001)). Since
we started, few years before, thinking on this unstable,
exotic nucleus, we became mesmerized by the possibili-
ties the system offered, as a femtometer many-body lab-
oratory to learn about the origin of pairing in nuclei. In
particular, in connection with the E1-soft mode acting as
the tailored glue of the two halo neutrons1. Also to test

⋆ Contribution to the Topical Issue “Giant, Pygmy, Pairing
Resonances and Related Topics” edited by Nicolas Alamanos,
Ricardo A. Broglia, Enrico Vigezzi.

a e-mail: potel@nscl.msu.edu
1 The paper had been completed a year before, passed the

Editorial desk of Nature, and was rejected by the referee, him-
self a major figure in the field of nuclear structure, as I learned
when he walked to me and referred, after my (RAB) presen-
tation at the Conference “Bologna 2000 Structure of Nuclei at
the Dawn of the Century”, few months later, that the reason
for the rejection had been the misunderstanding concerning
whether we had taken into account the bare NN-1S0 pairing
interaction. Interaction which is, in 11Li, subcritical to bind
the two halo neutrons to the core 9Li. An outcome which Pier

the flexibility of nuclear field theory (NFT) to treat on
equal footing both (strongly and weakly) bound as well
as continuum states. Furthermore to assess NFT abilities
to lead to convergent results when simultaneously con-
fronted with weak (induced interaction) and strong (self-
energy and parity inversion) particle-vibration coupling
vertices2. Our infatuation with the halo nuclei “labora-
tory” did not falter with the years, and the last paper we
(the authors plus A. Idini) published with Pier Francesco
on the subject, this time with the title Unified descrip-
tion of structure and reactions: Implementing the nuclear
field theory, Phys. Scr. 91 063012 (2016), presented an
extension of NFT to simultaneously deal with structure
and reactions, but also to spell in detail renormalization.
Pier Francesco’s efforts to connect these developments to
well established results from the literature making use of
his profound insight concerning the concepts and tech-
niques of many-body physics, constituted a major inspi-
ration. Pier Francesco’s voice still rings in my (RAB) ears

Francesco, who had dedicated much time and effort to peer
review activity, being himself a superb practitioner of this dif-
ficult but necessary “art” could accept but not understand. He
felt, in a deep sense, responsible of bringing the “truth” out of
each paper he accepted to review.

2 A main contribution of Pier Francesco’s lifelong work in
NFT (see e.g. [1,2])
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Dipartimento di Fisica, Università degli Studi Milano, Via Celoria 16, I-20133 Milano, Italy

6
Physics Division, Argonne National Laboratory, Argonne, IL 60439, USA

7
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California

94720, USA

8
Instituto Galego de F́ısica de Altas Enerx́ıas, University of Santiago de Compostela, E-15782

Santiago de Compostela, Spain

9
Departamento de F́ısica Aplicada III, Escuela Superior de Ingenieros, Universidad de Sevilla,

Camino de los Descubrimientos,Sevilla, Spain

10
Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824,

U.S.A.

11
KU Leuven, Instituut voor Kern- en Stralingsfysica, Celestijnenlaan 200d, 3001 Leuven,

Belgium

12
School of Physics and Astronomy, University of Manchester, Manchester M13 9PL, UK

13
University of Liverpool, Liverpool L69 7ZE, United Kingdom

14
Saint Mary’s University, Halifax, Nova Scotia, Canada

15
Instituto de Estructura de la Materia, CSIC, E-28006 Madrid, Spain

16
Department of Physics, University of Connecticut, Storrs, CT 06269, USA

Spokesperson: Y. Ayyad (ayyadlim@nscl.msu.edu)
Co-spokesperson: E. Vigezzi (enrico.vigezzi@mi.infn.it)
Contact person: B. Olaizola (bruno.olaizola@cern.ch)

1

experiment approved at ISOLDE facility 
(CERN). Spokepersons: Ayyad, Vigezzi



29
LLNL-PRES-xxxxxx

Two neutron transfer, a novel probe for the PDR?

Is the PDR a bona fide collective mode, distinct from GDR?

multi-messenger approach
in order to characterize PDR

standard probes: (α,α'), (p,p')
(γ,γ')

populating the 11Li PDR
with (t,p)

N. Nakatsuka et al.
  Physics Letters B
 768 (2017) 387

Broglia et al. Eur. Phys. J. A 
(2019) 55: 243

particle-particle correlations might be a distinctive feature of PDRs

East Lansing? May 8 2020 slide 8/12

the 11Li PDR has the structure of an elementary quantum vortex

structure of a multipolar  (1-) Cooper pair: 
elementary quantum vortex 

9Li core

L = 1h̄

halo neutrons



30
LLNL-PRES-xxxxxx

Two neutron transfer, a novel probe for the PDR?

Is the PDR a bona fide collective mode, distinct from GDR?

multi-messenger approach
in order to characterize PDR

standard probes: (α,α'), (p,p')
(γ,γ')

populating the 11Li PDR
with (t,p)

N. Nakatsuka et al.
  Physics Letters B
 768 (2017) 387

Broglia et al. Eur. Phys. J. A 
(2019) 55: 243

particle-particle correlations might be a distinctive feature of PDRs

East Lansing? May 8 2020 slide 8/12

the 11Li PDR has the structure of an elementary quantum vortex

structure of a multipolar  (1-) Cooper pair: 
elementary quantum vortex 

9Li core

L = 1h̄

halo neutrons

of the QPM predictions with the experimental findings
permits a rather unique interpretation of the PDR struc-
ture features. In Fig. 3 we present the summed transition
charge density of proton (dashed lines) and neutron (solid
lines) excitations for the group of 1! states between 7 and
8 MeV (representative for the PDR) in comparison to the
one for 1! states above 8 MeV (the GDR). While for the
GDR, protons and neutrons oscillate out of phase as
expected, the behavior of the PDR charge transition
density is different: in the nuclear interior protons and
neutrons move in phase representing a predominantly iso-
scalar nature of the excitation while at the surface only
neutrons contribute, in line with the conclusions of
[5,6,15]. However, the latter part dominates the B"E1#
strength for the PDR states as the contribution of the
isoscalar part is about 8 times smaller. It is therefore
suggested that the nature of the pygmy resonance in
208Pb can be interpreted as an oscillation of a neutron
skin [28] against a N $ Z core.

Quantitatively, large differences are observed between
the predictions of [5,6,15]. The schematic approach of [5]
overestimates the strength by a factor of 20 and the
prediction of [6] gives the right strength but an energy
of about 9 MeV, while the results of [15] are reasonably
close to the data. Of course, none of the models aim at a
description of the fine structure provided by the QPM.

Further insight into the nature of the low-energy E1
resonance in 208Pb is provided by Fig. 4 which shows a
‘‘snapshot’’ of the velocity distributions for the transi-
tions to the 1! states in the energy region 6,5–10.5 MeV
(left part) and for larger Ex (right part). The velocity
fields extracted from the transition currents are plotted
in cylindrical coordinates and the length of the vectors is
a relative measure of the velocity at a given point. Again,
significant differences are visible. The nuclear current of
the high-energy mode is directed practically parallel to

the z axis. It corresponds to the back-and-forth oscillation
of the proton distribution characteristic for the GDR. In
contrast, the low-energy mode is dominated by vortex
collective motion. Such a toroidal dipole resonance [7,16]
corresponds to a transverse ‘‘zero sound’’ wave where the
bulk behavior of nuclear matter is that of an elastic
medium. Its experimental observation invalidates a hy-
drodynamical picture [2,3] since no restoring force for
such modes exists in an ideal fluid.

A quantitative measure for the role of transverse cur-
rents is given by the vorticity strength distribution !L,

!L %
Z 1

0
rL&4!LL"r#dr: (1)

It is calculated from the transition vorticity current !LL
introduced in [29]

!LL"r# %
!!!!!!!!!!!!!!!

2L& 1

L

r "
d
dr

& L& 2

r

#

jLL&1"r#; (2)

which is determined by the nuclear transition current
density jLL&1"r# for a given multipolarity L. In hydro-
dynamic collective motion !LL is strictly zero. Figure 5
displays the normalized vorticity strength distribution as
a function of excitation energy. The main concentration is
found around 1 !h!, while contributions in the GDR ex-
citation region are small. Contrary to the B"E1# strength
distribution, the energy centroid of the vorticity is practi-
cally independent of the strength of the residual interac-
tion. A peak of the vorticity distribution is found at the
energy of the PDR, but it clearly does not exhaust the full
strength of the toroidal dipole mode.

To summarize, the g.s. dipole response in 208Pb has
been studied in a high-resolution "";"0# experiment.
Combined with the available information on partial neu-
tron and total decay widths, the complete E1 response
could be extracted up to an excitation energy of 8 MeV. It
exhibits a resonance structure centered at the neutron
emission threshold and exhausts about 2% of the total
B"E1# strength or 4.5% of the #!2 photoabsorption cross

FIG. 3. The averaged transition charge densities of protons
(dashed lines) and neutrons (solid lines) for the PDR (upper
part) in comparison to those for the GDR (lower part).

FIG. 4. The QPM prediction for the velocity distributions
of E1 excitations at Ex % 6:5–10:5 MeV (left) and Ex >
10:5 MeV (right) in 208Pb.

VOLUME 89, NUMBER 27 P H Y S I C A L R E V I E W L E T T E R S 30 DECEMBER 2002

272502-3 272502-3

velocity field of 208Pb dipole states
Ex=6.5-10.5 MeV Ex>10.5 MeV

Ryezayeva et al. PRL 89 (2002) 272502 

• Is vorticity a signature of PDR?
• Is there an experimental signature 

for it?
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• Reaction theory needed to determine spin distribution
• Green’s Function Transfer (GFT) formalism used to 

describe reaction process



37
LLNL-PRES-xxxxxx

Using the SRM to infer A+1X(n,g)A+2X from AX(t,pg)A+2X

E

Sn

O

A+1

Desired reaction: neutron 
capture on target A+1 



38
LLNL-PRES-xxxxxx

Using the SRM to infer A+1X(n,g)A+2X from AX(t,pg)A+2X

E

Sn

O

A+1

Desired reaction: neutron 
capture on target A+1 



39
LLNL-PRES-xxxxxx

Using the SRM to infer A+1X(n,g)A+2X from AX(t,pg)A+2X

E

Sn

O

A+2

Desired reaction: neutron 
capture on target A+1 



40
LLNL-PRES-xxxxxx

Using the SRM to infer A+1X(n,g)A+2X from AX(t,pg)A+2X

E

Sn

O

A

Surrogate: (t,p) reaction on 
target A+1 

t



41
LLNL-PRES-xxxxxx

Using the SRM to infer A+1X(n,g)A+2X from AX(t,pg)A+2X

E

Sn

O

A

Surrogate: (t,p) reaction on 
target A+1 

p



42
LLNL-PRES-xxxxxx

Using the SRM to infer A+1X(n,g)A+2X from AX(t,pg)A+2X

E

Sn

O

A+2

p

Surrogate: (t,p) reaction on 
target A+1 (A. Richards talk) 

Extension of GFT to (t,p) reactions



43
LLNL-PRES-xxxxxx

Using the SRM to infer A+1X(n,g)A+2X from AX(t,pg)A+2X

E

Sn

O

A+2

p

Surrogate: (t,p) reaction on 
target A+1 

Extension of GFT to (t,p) reactions

Possible extension to (t,pf)
(talks by Devlin and Bulgac)



44
LLNL-PRES-xxxxxx

An opportunity to thoroughly benchmark the SRM with 95Mo(n,g)
The 95Mo (d , p�) experiment

10 2 10 1 100 101

Neutron Energy (MeV)
10 3

10 2

10 1

100

Cr
os

s 
Se

ct
io

n 
(b

)

Kapchigashev (1964)
De L. Musgrove (1976)
Weisskopf-Ewing Approximation
95Mo(d, p) Surrogate Data (this work)

4 6 8 10 12 14
Excitation Energy (MeV)

0

5

10

15

20

25

30

35

40

d
CN

/d
E 

(m
b/

M
eV

)

Total
Total EB
Total NEB
NEB for =0
NEB for =1
NEB for =2
NEB for =3
NEB for >  3

6 7 8 9 10 11
Excitation Energy (MeV)

10 3

10 2

10 1

100

Pr
ob

ab
ili

ty

fitting
range

2+
1 0+

g. s. : 778 keV
2+

2 2+
1 : 720 keV

6+
1 4+

1 : 812 keV (× 0.5)
4+

2 2+
1 : 1091 keV (× 1.5)

3+
1 2+

1 : 1200 keV

95Mo (d,pγ) with 12.5 MeV deuterons
at Texas A&M

decay fit by J. Escher 
Ratkiewicz, Cizewski, Escher, GP, et al. Phys. Rev. Lett. 122052502 (2019)  

spin distribution

Excellent agreement with (n, �) data.

The fitted Hauser-Feshbach decay is used to infer (n, �) rates.

No previous knowledge of D0, and/or h��i is needed.
No need for separate determination of NLD and �SF.

Oslo, May 28 2019 slide 9/55
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No previous knowledge of D0, and/or h��i is needed.
No need for separate determination of NLD and �SF.
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(t,p) (p,t)

(d,p) (p,d)
(p,p’)

• 94-98Mo are all stable
• 95Mo(n,g) is known
•  95Mo(d,pg) and 95Mo(p,p’g) have been 

measured
• Opportunity to benchmark many SRM 

techniques (A. McIntosh talk) 
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Is there a pygmy resonance in 11Li? What’s its structure?

270 J. Tanaka et al. / Physics Letters B 774 (2017) 268–272

Fig. 3. Excitation-energy spectra of 11Li(p, p′) in coincidence with 9Li at different scattering angles. The red solid lines show the fitted spectrum with a Breit–Wigner function 
folded with the excitation-energy resolution of the detector system. The original Breit–Wigner function is shown by the blue dash-dotted lines and starts at the two-neutron 
break-up threshold. The Breit–Wigner functional forms have been corrected for the detection efficiency as function of excitation energy as shown in the insets. The dotted 
lines are the results of the four-body phase-space calculations, expected as continuum spectra. The solid black curves show the total fits, i.e. sums of red solid curves and 
blue dash-dotted curves. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

than the mass of 9Li. On the other hand, the 9Li from the direct 
breakup of 11Li due to interaction with the proton target will in 
general not necessarily be emitted in the same direction as 11Li, 
which is determined by the four-body final-state phase space.

The obtained excitation-energy spectra with their energy-
dependent detection efficiencies are shown in Fig. 3. These efficien-
cies were calculated by taking into account both the coincidence-
gate efficiency and the coplanarity-gate efficiency resulting from 
the detector geometry and the angular spread from the decay of 
11Li to 9Li. The 11Li(p, p′) spectra at the different angles were fit-
ted to obtain the resonant energy, the width and the differential 
cross sections. A Breit–Wigner function F (Er) with an energy-
dependent width !(Er) was employed to fit the spectra assuming 
a resonant state near the particle decay threshold. The function 
F (Er) is expressed as,

F (Er) = !(Er)

(Ex − E0)2 + !2(Er)/4
, (1)

where Er is the relative energy of decay particles and E0 is the 
excitation energy of the resonant peak observed in 11Li. The re-
lationship between these variables is Ex = Es + Er , where Es is 
the 2n separation energy. The width !(Er) is a function of en-
ergy defined as !(Er) ≡ g

√
Er , where g is a fitting parameter. The 

experimental energy resolution was taken into account by fold-
ing the Breit–Wigner function with a Gaussian of σ = 170 keV, 
which was obtained from fitting the elastic scattering peak in the 
11Li excitation-energy spectrum. The peak position and the reso-
nant width were determined consistently by fitting all the spectra 
at the different scattering angles to be E0 = 0.80 ± 0.02 MeV and 
!(Er) = 1.15 ± 0.06 MeV.

Differential cross sections of the elastic scattering obtained 
from the detection of either protons or 11Li are plotted in Fig. 4. In 
addition to the statistical uncertainties of the data, the total sys-
tematic uncertainties were estimated to be ±7%. The contributions 
to the systematic uncertainties consist of 4.8% coming from the tar-
get thickness and 5.0% coming from the absolute counting of the 
incident beam.

The optical potentials were obtained from the proton elastic 
scattering data assuming the following form:

U (r) = −V v f (r, rv ,av) + 4
(

h̄
mπ c

)2 1
r

d
dr

{V so f (r, rso,aso)}l · s

+ V C (rC ) + i4as
d
dr

{W s f (r, rs,as)}
− iW w f (r, rw ,aw) (2)

Fig. 4. The differential cross sections of the 11Li+ p elastic scattering at 66 MeV. The 
blue open circles are the experimental data from 11Li detection. The red filled circles 
are from proton detection. Fitted results with Set S and Set V are shown by the 
black solid line and dotted line, respectively. The experimental angular resolution 
was included in the calculations. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

where the Woods–Saxon potential shape f (r, ri, ai) =
{

1 +
e(r−ri A1/3)/ai

}−1
was used.

The obtained optical potential parameter sets with the imagi-
nary part having only the volume term (Set V) and with only the 
surface imaginary term (Set S) are listed in Table 1.

The inelastic-scattering differential cross sections (empty red 
squares with error bars) were compared to DWBA predictions us-
ing the code, CHUCK3 [21]. This is shown in Fig. 5. Different form 
factors were used for different multipolarities of transition $L be-
tween the ground state and the observed excited state. The op-
tical potential for the exit channel was assumed to be the same 
as for the entrance channel. For the very low bombarding en-
ergy and the low-Z of the hydrogen target, Coulomb excitation of 
isovector dipole strength, in particular, is expected to be negligi-
ble at the backward center-of-mass angle at which measurements 
were made in this experiment. Furthermore, the isoscalar excita-
tion was expected to be dominant in case of the present low-
energy 11Li(p, p′) experiment [22]. For $L = 2 (quadrupole) and 
$L = 3 (octupole), the form factors obtained in the surface vibra-
tional model [23] were used. In such models, the nuclear shape 
vibrates according to quadrupole or octupole deformations without 
changing the density. For $L = 0, the breathing-mode form factor 
was used [24]. It changes the nuclear size and the density changes 
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Table 1
The optical potential parameters Set V and Set S obtained by fitting of the elastic scattering data.

Vv
(MeV)

rv
(fm)

av
(fm)

Vso
(MeV)

rso
(fm)

aso
(fm)

rC
(fm)

Ww
(MeV)

rw
(fm)

aw
(fm)

Ws
(MeV)

rs
(fm)

as
(fm)

χ2
red.

Set V 54.2 1.16 0.75 6.23 1.16 0.75 1.16 14.3 0.61 1.98 0.0 – – 1.81
Set S 35.2 1.71 0.92 7.95 1.71 0.92 1.71 0.0 – – 14.4 1.49 0.54 1.05

Fig. 5. The measured differential cross sections of inelastic scattering in comparison 
with the DWBA calculations with optical potential Set V (top) and Set S (bottom). 
The black dotted lines are for "L = 0. The red dashed lines are for "L = 1 with the 
Harakeh–Dieperink form factor. The red solid lines are for "L = 1 with the Orlan-
dini form factor. The blue dash-dotted lines are for "L = 2. The green long-dashed 
lines are for "L = 3. (For interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of this article.)

by conserving the number of nucleons. For "L = 1, the Harakeh–
Dieperink form factor [25] and the Orlandini form factor [26] were 
used. These form factors for "L = 1 were introduced to describe 
the isoscalar E1 excitations with the e

2 r3Y1 operator. The Harakeh–
Dieperink form factor is obtained from a sum-rule approach model 
(doorway dominance model) and is most appropriate for the col-
lective 3h̄ω compression mode exhausting the largest fraction of 
the isoscalar dipole EWSR. Alternatively the Orlandini form factor 
is determined to describe 1h̄ω excitations with a very small frac-
tion of the isoscalar E1 EWSR.

The DWBA calculations were performed for both optical param-
eter sets V and S. The results of the calculations are summarized 
in Table 2. The absolute value was normalized to fit the experi-
mental data. The "L = 0, 2, 3 angular distributions show negative 
slopes at θC M ∼ 90◦ , which are different from the data. Only the 
"L = 1 calculations show distributions that are in closest agree-
ment with the data. The calculation using the volume imaginary 
potential provides the best fit to the data, both using the Harakeh–
Dieperink (H–D) and Orlandini (O) form factors.

The transition strength was evaluated from the best-fit ampli-
tude of the DWBA calculations. The transition strength to the 0.80 
MeV state was extremely large amounting to 30 ∼ 296 Weisskopf 
units (W.u.) and 2.2% ∼ 21% of the isoscalar E1 EWSR.

Table 2
Strengths of the isoscalar E1 excitation B(E1(IS)) following the prescription written 
in [25]; comparison of the strength with the Weisskopf unit BW(E1(IS)) and the 
EWSR value S(E1(IS)). The last row is the strength estimated with the assumption 
of a di-neutron wave function in the square-well potential model.

Optical 
potential

Form 
factor

B(E1(IS)) 
(e2fm6)

B(E1(IS))
BW(E1(IS))
(W.u.)

S(E1(IS)) 
(%)

Set V H–D 2.6 × 102 48 3.4 ± 1.2
Set V O 1.6 × 102 30 2.2 ± 0.7
Set S H–D 1.3 × 103 241 17.4 ± 6.1
Set S O 1.6 × 103 296 21.4 ± 7.5

Di-neutron model 1.5 × 103 280 20.3

This large strength can be qualitatively understood as the fea-
ture of the isoscalar E1 operator e

2 r3Y1 together with the spatially 
extended neutron-halo structure. The strength enhanced by this ef-
fect is well estimated by introducing a di-neutron weakly bound in 
the square-well potential. Using the extended halo distribution, it 
was found that the transition strength is ∼280 W.u., which is of a 
similar order of magnitude as the present experimental result. In 
the actual calculation, the operator e

2

{
r3 − 5

3 ⟨r2⟩ r
}

Y1, corrected 
for the center-of-mass motion, was used to calculate the transition 
rate. This simple model estimation shows that the strength comes 
from the low-density halo far outside of the square-well potential.

The observed peak in the 11Li(p, p′) spectrum is slightly lower 
in energy and a bit wider than the one found in the 11Li(d, d′) ex-
periment. Dipole transitions from the 3/2− ground state of 11Li 
can lead to states with spins of 1/2+ , 3/2+ and 5/2+ . If two or 
more of these states are populated through this soft-dipole excita-
tion in the (p, p′) reaction, and if they are relatively closely spaced, 
the observed state in the (p, p′) experiment could include two un-
resolved dipole states. This may account for the small difference in 
peak position seen compared to (d, d′).

In summary, a low-energy dipole excitation state at 0.80 MeV 
in 11Li has been identified in low-energy proton inelastic scattering 
off 11Li. The measured angular distribution of the differential cross 
sections is consistent with predictions using the form factor for 
an isoscalar E1 excitation mode. A very large isoscalar E1 transi-
tion probability of (0.16 ∼ 1.6) ×103 e2fm6 is deduced, exhausting 
2.2 ∼ 21% of the isoscalar E1 EWSR. This large dipole strength is 
found to originate from the halo and is consistent with a simple 
di-neutron model for 11Li. The results bring new information on 
the soft-dipole excitation. The current derivation of E1 strength as-
sumes that the observed peak is described only by an isoscalar 
excitation. While it is true that the (p, p′) reaction can excite both 
isoscalar and isovector modes, as described above, the isoscalar ex-
citation may by expected to be dominant here. However, future 
theoretical developments considering both isoscalar and isovector 
descriptions for the soft-dipole excitation should lead to a deeper 
understanding, which is beyond the scope of this article.

The experiment was partly supported by the grant-in-aid pro-
gram of the Japanese government under the contract number 
23224008 and 14J03935. The work is supported by NSERC, Canada 
foundation for innovation and Nova Scotia Research and Innova-
tion Trust. TRIUMF receives funding via a contribution through the 
National Research Council Canada. The support of the PR China 
government and Beihang University under the Thousand Talent 
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Fig. 1. The reported level schemes of 11Li and particle decay thresholds [10,11]. The grey hatched bars are uncertainties in excitation energy. The references for the reaction 
data are denoted.

cated a peak at lower energy ∼0.6 MeV that was interpreted as 
a soft-dipole excitation. The isovector B(E1) value integrated over 
Erel < 3 MeV was obtained to be 1.42(18) e2fm2, which was the 
largest E1 strength observed so far for a low-lying dipole state. 
However, since the direct breakup mechanism is dominant for 
such Coulomb dissociation measurements, as discussed for 11Be 
[9], it was considered that this low-energy E1 peak reported in 
Ref. [8] corresponds to a direct breakup to the continuum. Though 
the prediction of COSM model is a resonant excited state, the en-
hancement observed in Coulomb dissociation arises from the small 
separation energy in 11Li as predicted in Ref. [2].

On the other hand, in the missing-mass method nuclear ex-
citations are best observed at backward scattering angles, where 
the effects due to the Coulomb dissociation process are negligi-
ble. There, a resonant state, if it exists, should be observed more 
clearly in the missing-mass spectrum due to the absence of a large 
E1 breakup effect. The excitation energies for 11Li obtained from 
several reactions are summarized in Fig. 1.

A pion-induced double-charge-exchange 11B(π−, π+) reaction 
[12], a pion-capture reaction 14C(π−, pd) [13,14] and 11Li(p, p′)
[15,16] experiments reported an excited state at around 1 MeV. 
However, the 10Be(14C, 13N) and 14C(14C, 17F) experiments showed 
that there is a state at an excitation energy of 2.47 MeV [17]. Some 
of these experiments were performed with very poor resolution, 
and some had low statistics. Reliable information on the width and 
the transition strength has not been obtained so far. In order to 
study the resonant structure and its strength, high-statistics data 
with good resolution are therefore required.

The recent 11Li(d, d′) experiment showed a clear peak structure 
at around 1 MeV excitation energy [18]. The angular distribution 
indicated that the excitation is due to an isoscalar E1 transition.

The leading order operator for the isoscalar-dipole excitation 
is the operator e

2 r3Y1 [19]. In stable nuclei, the strength con-
nected with this operator is relatively small compared with these 
of other types of multipole excitation partly because the e

2 r3Y1
matrix element is suppressed by the rapid fall off of the density 
at large radial distances. However, since a halo nucleus has a long 
density-distribution tail, a strong isoscalar E1 transition strength is 
expected to come from a combined effect of the large r (radius) 
and the r3 factor in the operator. This strong transition strength 
would be a good indication that the low-lying state results from 
the excitation of the halo. Since a similar low-lying dipole reso-
nance is not observed in 9Li, then the two-neutron halo in 11Li 
is the origin of this resonance. Proton inelastic scattering at low 
incident energy is the simplest reaction for extracting the dipole 
transition strength. In addition, (p, p′) is a complementary reac-
tion to (d, d′) that is necessary to establish the dipole resonance. 
For solving the long-standing controversy regarding the low-lying 
dipole resonances in 11Li, we performed a high statistics and high 
resolution 11Li(p, p′) measurement to determine the strength of 
the soft-dipole resonance.

Fig. 2. (a) The experimental setup at IRIS. "E − E particle identification spectra for 
(b) hydrogen isotopes and (c) Li isotopes. E represents total energy of the particles.

The experiment was performed at the IRIS facility at TRIUMF in 
Canada. A high-quality 11Li beam at 6 MeV/u from the ISAC II fa-
cility was incident on a solid hydrogen target with a thickness of 
∼150 µm. The target is formed on a 5 µm Ag foil backing with 
the foil facing the incoming beam. Therefore, the scattered pro-
tons from the H2 target reach the detectors unhindered. Using a 
"E − E detector system consisting of a Si-strip detector array and 
CsI(Tl) detectors, an excitation energy resolution of 170 keV (σ ) 
was achieved under a low-background condition. Fig. 2 shows a 
schematic drawing of the experimental setup and the measured 
spectra for particle identification of hydrogen and Li isotopes. The 
recoil protons were detected by Telescope A, consisting of 100 µm 
thick annular Si-strip detectors [20] and annular-CsI(Tl) detectors. 
Inelastically scattered 11Li*(excited state of 11Li) decays into 9Li 
and two neutrons. 9Li ions are detected by Telescope B, consist-
ing of two layers of 60 µm thick and 500 µm thick annular Si-strip 
detectors.

By using the energies and polar angle information of the re-
coil protons, the 11Li missing-mass spectrum was obtained. The 
coincident measurement with 9Li, emitted after the 11Li decay, im-
proves the selection of the 11Li(p, p′) reaction channel. Moreover, 
a coplanarity gate on the relative azimuthal angle between proton 
and 9Li, which was defined by φ11Li−p = 180◦ ± 22.5◦ , decreased 
the background from the non-resonant decay events. After a two-
body reaction of inelastic scattering, the 9Li decay residue from 
the excited state of 11Li is emitted in almost the same direction as 
the excited 11Li nucleus because the decay energy is much smaller 

(p,p’)

effective three-body force is also included to reproduce the
experimental two-neutron separation energy. This gives a
ground state wave function with a root mean square (rms)
radius of 3.28 fm, assuming a rms of 2.44 fm for the 9Li
core [20]. Continuum states with J!nn ¼ 0þ, 1#, 2þ and 3#

were included, and grouped into energy intervals, up to a
maximum energy of 5 MeV, following the average binning
method [17]. As found in other theoretical models [12–14],
this three-body model predicts the existence of a low-lying
dipole resonance at low excitation energies, but its position
depends critically on the choice of the three-body effective
interaction. Thus, for the 1# states the strength of the three-
body potential is adjusted in order to reproduce in the best
possible way the breakup cross section obtained in this
experiment. This gives a resonance energy of "x $
0:69 MeV (i.e., 0.32 MeV above the breakup threshold).
This value is consistent with the prediction of Ref. [13].
The breakup probability corresponding to this calculation
is shown in Fig. 2 (solid line). Note that the calculation
refers to the scattering angle of the c.m. of 11Li fragments,
though we have checked that the effect of taking this angle
instead of the experimentally determined 9Li scattering
angle is negligible, mainly for scattering angles below
50%. This calculation reproduces the data for the whole
angular range and at the two measured energies. The
corresponding BðE1Þ distribution is shown in Fig. 3 (solid
line). It is found to be very large in the vicinity of the
threshold, being even larger than the experimental distri-
bution obtained from the latest exclusive experiment [6],
also shown in this figure by circles.

Although our four-body CDCC calculations include 11Li
continuum states with total angular momentum up to
J!nn ¼ 3# and projectile-target couplings with multipoles
up to " ¼ 3, we have verified that, for small scattering

angles, the breakup is due mainly to the dipole Coulomb
couplings. This fact, along with the large value of the
Sommerfeld parameter at these collision energies, suggests
that these probabilities can be also described by the first-
order semiclassical Coulomb excitation theory [21]. This is
the so-called equivalent photon method (EPM). For a pure
dipole excitation, the breakup probability in this model is
given by

Pbuð#Þ ¼
!
Zte

ao@v
"
2 2!

9

Z 1

"b

d"
dBðE1; "Þ

d"
ðI211 þ I21#1Þ;

(1)

where I1(1ð#; "Þ are the Coulomb integrals [21]. The only
structure input required by these calculations is the BðE1Þ
distribution. In Fig. 2 we present the calculations obtained
with Eq. (1), using two different prescriptions for the
BðE1Þ. The dashed line is the EPM calculation based on
the theoretical BðE1Þ distribution corresponding to the
three-body model used in the four-body CDCC calcula-
tions (solid line in Fig. 3). This calculation agrees very well
with the full CDCC calculation for scattering angles up to
#lab $ 60% (#lab $ 50%) for Elab ¼ 24:3 MeV (29.8 MeV).
This agreement confirms the validity of the first-order
semiclassical approximation and the dominance of the
E1 couplings at forward angles. The second EPM calcu-
lation shown in Fig. 2 (dot-dashed line) uses the experi-
mental BðE1Þ distribution inferred from the exclusive
breakup experiment at RIKEN [6]. This calculation fol-
lows the correct trend of the data, but underestimates its
magnitude at small angles, where we expect the EPM
model to be valid. Note that, if the experimental distribu-
tions of Refs. [8,9] were used, the underestimation would
be even larger, since these distributions give a smaller
BðE1Þ close to the threshold. Consequently, the analysis
of the present inclusive data suggests that, close to the
breakup threshold, the BðE1Þ strength in 11Li could be
even larger than the experimental strength reported in
Ref. [6].
It is worth noting that, unlike the experimental breakup

probability, the theoretical breakup probability given by
Eq. (1) can be larger than unity. This is because this
formula corresponds to a first-order calculation, and uni-
tarity is not guaranteed. In fact, it can be seen in Fig. 2 that
the EPM calculation for Elab ¼ 29 MeV becomes larger
than unity at large scattering angles. At these angles, how-
ever, this model is not reliable since it neglects nuclear
couplings and higher order effects.
In general, the breakup probability depends on the in-

trinsic properties of the projectile nucleus (11Li in our case)
as well as on the characteristics of the reaction (target,
energy of the collision, scattering angle, nuclear and
Coulomb forces). Thus, disentangling structure informa-
tion, such as the BðE1Þ distribution, from the measured
cross section is a difficult task. In the following, we present
a novel procedure which permits the extraction of valuable
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RIKEN data
Three-body model (εres=0.69 MeV)
B(E1) from inclusive breakup data

FIG. 3 (color online). BðE1Þ distributions of 11Li as a function
of the excitation energy. The circles represent the experimental
data from Ref. [6]. The solid line corresponds to a three-body
model calculation of 11Li, assuming the existence of a dipole
resonance at " ¼ 0:69 MeV above the ground state (0.32 MeV
above the breakup threshold). The shaded region is the BðE1Þ
distribution obtained from our breakup data, using the linear
approximation (5). See text for details.
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served in the Coulomb breakup of 11Be [12], there is strong
enhancement of the 11Li breakup yield at very forward
angles. We have selected the angular region with !cm !
!cut"# 1:46$%, corresponding to b & 20 fm, where first-
order E1 Coulomb breakup dominates. The agreement
with a pure E1 excitation calculation, shown by the solid
curve, supports this assumption.

The B"E1% value is obtained, for these angle-selected
data, by using the equivalent photon method [32,33] de-
scribed by

 

d2"
d!cmdErel

# 16#3

9@c
dNE1"!cm; Ex%

d!cm

dB"E1%
dErel

; (1)

where NE1"!cm; Ex% denotes the number of virtual photons
with photon energy Ex at scattering angle !cm. Apply-
ing this relation, with the photon number integrated over
the selected angular range, the resulting B"E1% distribu-
tion is shown by the solid circles in Fig. 3. In this proce-
dure, the integration included the experimental angular
resolution of 0.44$ (1"). To obtain the photon energy Ex
(#Erel ' S2n), we adopted S2n # 300 keV from the 2003
mass evaluation [34]. Using the preliminary but more
precise value of S2n # 376( 5 keV [35], the B"E1% value
is enhanced by about 6%.

Figure 3 compares the present B"E1% distribution with
the previous three data sets. Our new result reveals sub-
stantial E1 strength that peaks at very low relative energies
around 0.3 MeV. This feature is in sharp contrast to the
previous data, which showed more reduced strength at low

energies. The present result also exhibits considerable
strength extending to the higher energy region of a few
MeV. This behavior of the B"E1% distribution leads to a
large energy-integrated B"E1% strength of 1:42(
0:18 e2 fm2 [4.5(6) Weisskopf units], for Erel ! 3 MeV,
which is the largest soft E1 strength ever observed for
atomic nuclei.

The difference of the present B"E1% distribution from
those of earlier analyses is attributed to our enhanced
sensitivity to low relative energies below Erel # 0:5 MeV
compared to previous experiments, as is indicated in the
efficiency curves of the current and GSI experiments [15]
in Fig. 1(right). Inefficiency at low relative energies was
also suggested for the previous RIKEN data where a cut for
low 9Li-n relative velocities was necessary due to non-
availability of a magnetic spectrometer at that time [14].
As for the MSU result, there is no obvious reason for
inefficiency at low relative energies, although much re-
duced efficiencies are apparent at Erel above 2 MeV, as
shown in Fig. 1(right). A possible explanation of the re-
duced strength below Erel # 0:5 MeV from the MSU data
may be the importance of higher-order effects at the lower
incident energy used, as suggested in Ref. [21]. We also
note that the second bump observed in Zinser et al. is not
seen in the spectrum with experimental significance.

In Fig. 3, the present B"E1% distribution is also compared
with a calculation using the three-body model description
of Esbensen and Bertsch [20], where the energy resolution
(1") of "E # 0:17

!!!!!!!!
Erel
p

MeV in d"=dErel is taken into
consideration. The model, which includes the two-neutron
correlations in the initial and final states, is shown to
reproduce the data very well without normalization adjust-
ment. The agreement of both the spectral shape and abso-

FIG. 3. The B"E1% distribution obtained in the present work
(solid circles) is compared with those from previous measure-
ments [dotted-dashed line [13], solid histogram [14], dashed
lines (zone) [15]]. The present data are also compared with the
calculation (solid line) [20] which included the full n-n corre-
lation.

FIG. 2. Breakup cross sections for 11Li' Pb at
70 MeV=nucleon as a function of the three-body relative energy
for data with !cm ! 5$. Inset: Angular distribution of 11Li (the
9Li' n' n c:m:) scattered by the Pb target in the range 0 !
Erel ! 4 MeV. !gr denotes the grazing angle (2.34$). The cal-
culation using the equivalent photon method is shown by the
solid curve.
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Coulomb breakup
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252502 (2006)
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142701 (2013)

1.03 MeV excited state. Figure 3(b) shows that the angular
distribution normalized to the data is consistent with an
L ¼ 1 excitation, thereby establishing the dipole character of
the resonance state. The minimum χ2 for L ¼ 0 and 2
distributions are more than 2 standard deviations higher than
that for L ¼ 1. Deuteron inelastic scattering will excite only
isoscalar dipole resonance(s), since the deuteron is an iso-
scalar probe (T ¼ 0). Therefore, this observation provides the
first clear evidence of the isoscalar soft dipole excitation
character of this resonance state. The vibration of the halo
neutrons against the core is associated to an in-phasevibration
of core protons and neutrons giving rise to the isoscalar dipole
mode. A dipole transition opens the possibility of the
resonance state having a spin of 1=2þ, 3=2þ, or 5=2þ.
Figure 4 compares various theoretical predictions with

the data. The first predictions based on a hybrid model by
Ikeda [4] is shown as model 11. The lowest resonance is
quite close to the data, but as discussed in Ref. [4]
improvements in this model are needed for a more realistic
comparison to the experiment. In this Letter, we present
three new calculations that are discussed below.

Shell model calculations with dipole operators were
performed by using the SFO [26] and SFO-tls [27] inter-
actions with p-sd configurations including up to 3ℏω
excitations. The SFO-tls interaction with the single particle
energyof the s orbital lowered tomatch the 11Be levels is used.
The probabilities for p2- and sd2 (s2)-shell configurations in
11Li are 38.9% and 61.1% (33.6%), respectively, for the SFO
interaction. The SFO-tls interaction leads to the configuration
components of 56.1% and 43.4% (21.7%), respectively. The
p-shell part of the SFO Hamiltonian is obtained from the
Cohen-Kurath Hamiltonian [28], and the p − sd part is from
the Millener-Kurath interaction [29]. The SFO-tls interaction
has an improved spin-orbit and tensor component in the p-sd
cross-shell part that is consistent with the π þ ρ meson
exchange potential. This leads to an enlarged tensor compo-
nent. Figure 4 shows that differences between the SFO (model
2) and SFO-tls (model 3) interactions have significant impact
on the energy of the dipole resonances. The larger tensor and
spin-orbit contribution inSFO-tls greatly lowers the excitation
energy. The result of the SFO-tls interaction (Fig. 4, model 3)
for the lowest resonance is found to be in good agreementwith
the experimental data, thereby showing the importance of the
monopole part of tensor interaction in 11Li.
In another framework, the 11Li nucleus is described with

the 9Liþ nþ n three-bodymodel. An inert 9Li core plus two
halo neutrons with an isovector dipole transition operator
predicts low-lyingdipole resonances.The results are shown in
Fig. 4 (models 5–7). The excitation energies of the 3=2þ and
5=2þ dipole resonances are predicted to have a strong
dependence on the s2 component in the wave function of
11Li. On the other hand, in the tensor-optimized shell model
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dotted line).

0

0.5

1

1.5

2

2.5

3

3.5

0 1 2 3 4 5 6 7 8 9 10 11 12

E
xc

ita
tio

n
en

er
gy

(M
eV

)

Models

3/2+

5/2+

1/2+

Ex
p.

SF
O

-tl
s.

C
ou

p.
C

lu
s.

SF
O

(s
-1

0%
)

(s
-3

0%
)

(s
- 5

0 %
)

R
ef

.[3
2 ]

,2
-

R
ef

.[3
2]

,1
-

R
ef

.[ 3
1 ]

R
e f

.[4
]

FIG. 4 (color online). The experimental excitation energy
compared with different theoretical model predictions: (1) exper-
imental data; shell model with (2) SFO and (3) SFO-tls
interactions; (4) coupled cluster; (5)–(7) three-body model with
2s1=2, 10%, 30%, and 50%, respectively; (8) Ref. [24] with
10Lið2−Þ; (9) Ref. [24] with 10Lið1−Þ; (10) Ref. [25]; and
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(triangles) lines represent states with spin 3=2þ, 5=2þ, and
1=2þ, respectively.
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week ending
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(d,d’)

Kanungo et al. PRL 114, 
192502 (2015) 

• How do we 
characterize the PDR?

• Is it distinct from the 
GDR?

• How does it compare 
with theory? 

some questions to address:
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Structure of 10Li in nuclear field theory (NFT): the precursor of 11Li
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Structure of 10Li in nuclear field theory (NFT): the precursor of 11Li
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RPA quadrupole 
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energy contribution

(F. Barranco talk yesterday)
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Structure of 10Li in nuclear field theory (NFT): the precursor of 11Li
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Structure of 10Li in nuclear field theory (NFT): the precursor of 11Li
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Two neutron transfer, a novel probe for the PDR?

Is the PDR a bona fide collective mode, distinct from GDR?

multi-messenger approach
in order to characterize PDR

standard probes: (α,α'), (p,p')
(γ,γ')

populating the 11Li PDR
with (t,p)

N. Nakatsuka et al.
  Physics Letters B
 768 (2017) 387

Broglia et al. Eur. Phys. J. A 
(2019) 55: 243

particle-particle correlations might be a distinctive feature of PDRs

East Lansing? May 8 2020 slide 8/12
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Structure of 10Li in nuclear field theory (NFT): the precursor of 11Li
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BARRANCO, POTEL, VIGEZZI, AND BROGLIA PHYSICAL REVIEW C 101, 031305(R) (2020)

FIG. 3. (a) Theoretical prediction (continuous thick solid curve)
of the 10Li strength function for the d ( 9Li, p) 10Li reaction at
100-MeV incident energy and θc.m. = [5.5◦, 16.5◦] in comparison
with the experimental data (solid dots with errors) [62]. The con-
tributions associated with states of different angular momenta are
also shown; (b) corresponding angular distributions associated with
the states in the energy interval 0.2–1 MeV in comparison with the
experimental data; (c) predicted strength function integrated in the
angular range of θc.m. = [50◦, 180◦], compared to the result obtained
neglecting the contributions from the s-wave (1− and 2− states);
(d) predicted angular distributions integrated in the energy interval
of 0–0.2 MeV.

description of the experimental findings (Fig. 4). Summing
up, the results shown in Figs. 3 and 4 dissipate the possible
doubts concerning the presence of a virtual s1/2 state in the
low-energy continuum spectrum of 10Li and confirm the
soundness of the picture at the basis of the description of 11Li
provided in Refs. [55,61] (see also, Ref. [42]). Within this
scenario, Figs. 3(c) and 3(d) constitute the absolute strength
function and differential cross-section predictions with an
estimated error of 10%.

5̃/2+ and 3̃/2− waves. Theory predicts the existence of a
resonant many-body 5̃/2+ state with a centroid at ≈3.5 MeV

FIG. 4. (a) Theoretical prediction (continuous solid curve) of the
10Li strength function for the d ( 9Li, p) 10Li reaction at 21.4-MeV
incident energy and θc.m. = [98◦, 134◦] in comparison with the ex-
perimental data (solid dots with errors) [26]. The data expressed as
counts/MeV in Ref. [26] have been converted into mb/MeV using
the appropriate acceptance function [84]. (b) Corresponding angular
distributions associated with the states in the energy interval 0 to 1
MeV in comparison with the experimental data.

FIG. 5. Theoretical prediction (continuous solid curve) of the
10Li strength function for the d ( 9Li, p) 10Li reaction at 100-MeV
incident energy and θc.m. = [5.5◦, 16.5◦] in comparison with the
experimental data (solid dots with errors) [62] [see also, Fig. 3(a)].

which splits into four states [5̃/2
+ ⊗ 1p3/2(π )]1−−4− spanning

the energy interval of 2–6 MeV. In the measured energy in-
terval, the main contribution originates from the 4− state. The
calculation gives an overall account of the strength function as
shown in Fig. 5. The 5̃/2+ resonance state has a pronounced
many-body character, similar to the virtual 1̃/2+ and resonant
1̃/2− states discussed above. In particular, configurations
including two quadrupole phonons and associated anharmonic
effects play an important role in the renormalization of all
three states but especially in the 5̃/2+ case and have been
calculated as outlined in Ref. [19] (see also the Supplemental
Material [66] and Ref. [83]). These anharmonicities have been
found to be more important in the present case in connection
with the 5̃/2+ and, in turn, for the 1̃/2+ and 1̃/2− states than in
the case of 11Be. This is because the energy of the 5̃/2+ reso-
nance in 10Li lies closer to the 1̃/2+ ⊗ 2+ configuration than
in 11Be. Theory also predicts the presence of a 3/2− com-
ponent, which splits into four states [3̃/2

− ⊗ 1p3/2(π )]0+–3+

with energies within the range of 3–6 MeV. This component,
however, only produces a small and smooth background,
included in Figs. 3 and 5. Another 3/2− contribution, not
included in our calculation, is expected at ≈5.4 MeV, based
on state |(p−1

3/2 ⊗ 0+
a )3/2−⟩ where |0+

a ⟩ = |gs(11Li)⟩ is the pair
addition mode of the core 9Li, that is, the ground state
of 11Li.

We estimate the coupling between the 3/2− resonances
to occur mainly through the (p1/2 ⊗ 2+)3/2− configuration
and to be weak. Within this context, we recall a similar
situation, this time for bound states, concerning the two 3/2+

states found in connection with the study of the septuplet
of states |h9/2 ⊗ 3−(208Pb); I⟩ (I = 3/2+, 5/2+, . . . , 15/2+)
of 209Bi, the second 3/2+ being connected with the
2p − 1h state |d−1

3/2 ⊗ gs(210Po); 3/2+⟩ (see Ref. [85] and
references therein). In this case, the mixing between the two
states is much larger due mainly to the fact that the unper-
turbed energies of the two 3/2+ states are almost degenerate.

031305-4

theoretical description validated by 
experiment

Cavallaro et al., PRL 118, 012701 (2017)
Barranco, GP, Vigezzi, Broglia PRC 101, 031305(R) (2020)

9Li(d,p)
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Nuclear field theory (NFT) highlights the role of the PDR in 11Li 
structure
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Nuclear field theory (NFT) highlights the role of the PDR in 11Li 
structure
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Nuclear field theory (NFT) highlights the role of the PDR in 11Li 
structure
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among p and s orbitals 
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pairing correlations induced by short-range, 
bare interaction not enough to bind 11Li
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Nuclear field theory (NFT) highlights the role of the PDR in 11Li 
structure
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Nuclear field theory (NFT) highlights the role of the PDR in 11Li 
structure
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Nuclear field theory (NFT) highlights the role of the PDR in 11Li 
structure
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Nuclear field theory (NFT) highlights the role of the PDR in 11Li 
structure
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half (0.72=0.5) of the ground 
state wavefunction is coupled 
to the PDR

• the PDR plays a central role in 
providing the glue to bind 11Li

• symbiotic relationship between 
halo and PDR: the halo provides 
the PDR scenario, and the PDR 
holds the halo together

2 low-angular momentum 
sates of opposite parity at 
threshold: ideal scenario for 
PDR
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theory confirmed by 11Li(p,t)9Li(gs;Ex=2.69 MeV 1/2-)
Transition to the ground state of

9
Li
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1H(11Li,9Li)3H at 33 MeV. Data from Tanihata et.al. (2008).
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di↵erential cross section calculated with
the Barranco et. al. (2001) 11Li ground
state wavefunction, compared with
experimental data. According to this
model, the 9Li excited state is found
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1H(11Li,9Li⇤(2.69 MeV))3H at 33 MeV. Data from Tanihata et.al. (2008).

TUNL, July 1st, 2014 slide 24/48

0.45|s21/2(0)⟩+ 0.55|p21/2(0)⟩+ 0.04|d25/2(0)⟩

+ 0.7 |( p1/2, s1/2)1− ⊗ 1−; 0⟩

+ 0.1 |( s1/2, d5/2)2+ ⊗ 2+; 0⟩

9Li(Ex=2.69 MeV 1/2-)

9Li(gs)

reaction calculation in 2-
order DWBA, dominated by 
successive transfer of the 2 
neutrons (E. Vigezzi talk 
yesterday )

GP, Barranco, Vigezzi, Broglia 
PRL 105 172502 (2010)
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9Li(Ex=2.69 MeV 1/2-)

9Li(gs)

GP, Barranco, Vigezzi, Broglia 
PRL 105 172502 (2010)

theory confirmed by 11Li(p,t)9Li(gs;Ex=2.69 MeV 1/2-)
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Transition to the ground state of
9
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GP, Barranco, Vigezzi, Broglia 
PRL 105 172502 (2010)

theory confirmed by 11Li(p,t)9Li(gs;Ex=2.69 MeV 1/2-)
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Transition to the ground state of
9
Li
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9Li(Ex=2.69 MeV 1/2-)

9Li(gs)

depletion of pp 
strength due to 
coupling with PDR

GP, Barranco, Vigezzi, Broglia 
PRL 105 172502 (2010)

theory confirmed by 11Li(p,t)9Li(gs;Ex=2.69 MeV 1/2-)
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state wavefunction, compared with
experimental data. According to this
model, the 9Li excited state is found
after the transfer reaction because it is
already present in the 11Li ground state.

1H(11Li,9Li⇤(2.69 MeV))3H at 33 MeV. Data from Tanihata et.al. (2008).
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9Li(Ex=2.69 MeV 1/2-)

9Li(gs)

depletion of pp 
strength due to 
coupling with PDR

theory confirmed by 11Li(p,t)9Li(gs;Ex=2.69 MeV 1/2-)
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The PDR as a two-quasiparticle mode

• The PDR is rather well described in the harmonic approximation (RPA, QRPA) as a 
two-quasiparticle mode.

• Therefore, PDR in a nucleus A0 can be better probed with two-quasiparticle fields, 
i.e., particle-hole (ph), particle-particle (pp), and hole-hole (hh) fields.

Coulomb, inelastic, and g-induced 
excitation on A0:
• A0(d,d’)A0(PDR)
• A0(p,p’) A0(PDR)
• A0(a,a’) A0(PDR)

• A0(g,g’) A0(PDR)
• A0(n,n’) A0(PDR)
• A0(X,X’) A0(PDR)

one-nucleon transfer on A0-1:
• A0-1(d,p) A0(PDR)
(Spieker, Weinert, and 
Khumalo talks) proposed 

in this talk(Vandebrouck talk)

ph
two-nucleon transfer on A0-2:

• A0-2(t,p) A0(PDR)

pp



69
LLNL-PRES-xxxxxx

The PDR as a two-quasiparticle mode

• The PDR is rather well described in the harmonic approximation (RPA, QRPA) as a 
two-quasiparticle mode.

• Therefore, PDR in a nucleus A0 can be better probed with two-quasiparticle fields, 
i.e., particle-hole (ph), particle-particle (pp), and hole-hole (hh) fields.

complementary classification of dipole modes

isovector              isoscalar

ph                      pp
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The PDR as a two-quasiparticle mode

• The PDR is rather well described in the harmonic approximation (RPA, QRPA) as a 
two-quasiparticle mode.

• Therefore, PDR in a nucleus A0 can be better probed with two-quasiparticle fields, 
i.e., particle-hole (ph), particle-particle (pp), and hole-hole (hh) fields.

complementary classification of dipole modes

isovector              isoscalar

ph                      pp

GDR?                  PDR?
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we compute the 11Li PDR structure in RPA

numbers β=±1. RPA ( ( )∣˜bG = ñ =a 0 0 0v , ( )† bG = =a 0
( )†å G + GX Yki ki ki ki ki , † †G = a aki k i, [ ]† †wG = Ga a aH, ) for

collective particle–hole-like vibrations, as well as for pairing
vibrations ( ( )∣˜bG =  ñ =a 2 0 0pv , ( )† †bG = + = å G +a X2 k k k

å GYi i i, where † †
˜
†G = a ak k k and †

˜
†G = a ai i i , and similarly for

( )† bG = -a 2 ). Thus, the nuclear ground state can, within the
subspace of these modes (also called collective coordinates in
other fields of many-body research) and to a good approximation,
be written as

∣˜ ∣ ∣˜ ∣˜ñ = ñ Ä ñ Ä ñHF0 0 0 ,v pv

in the case of nuclei displaying double or single closed shells and
as (intrinsic system)

∣˜ ∣ ( ) ∣˜ ∣˜ñ = ñ Ä ñ Ä ñb gHFB0 Nilsson 0 0 ,pv,

in the case of quadrupole deformed superfluid open shell nuclei
displaying β-and pairing-vibrations (K= 0) which mix, and γ-
vibrations (K= 1) [14]. Elementary modes of excitation contain a
large fraction of the nuclear correlations, their interweaving being
amenable to a field theoretical treatment (see [129–133] and refs.
therein). Within this scenario one can posit that in order that two
different bona fide elementary modes of excitation with the same
quantum numbers and thus ground state, like e.g. the giant dipole
and the pigmy dipole resonances (see [92–95] and refers. therein)
can coexist is that they are essentially build out of single-particle
wavefunctions and of particle–hole excitations which display a
small overlap  1).

5. Microscopic description of the soft E1-mode
of 11Li

Let us now work out the microscopic wavefunction of the soft
E1-mode of 11Li, within the framework of QRPA. To be able
to do so we have to to calculate the U, V occupation factors
which, in the present case, as we explain below, is a rather
subtle requirement.

Observations indicate that the mean square radius of 11Li
is á ñ = r 3.55 0.1 fm2 1 2 [53]. Thus:

( ) ( )= á ñ = R rLi 5 3 4.58 0.13 fm. 111 2 1 2

Making use of the radius expression =R A1.2 fm0
1 3

obtained from systematics of nuclei along the stability valley
leads to R0=2.7 fm (A= 11), while the value R=4.58 fm
corresponds to an effective mass number ≈56, five times
larger than the actual value.

The above result testifies to the very large isotropic radial
deformation of 11Li. Let us parametrize the radius of 11Li as

( )b= +R R Y10 0 00 [14] (see equation (3.14) of [48]). Thus

( )b p= - »4 1 2.5R
R0

0
, which testifies to the extreme

exoticity of the phenomenon, associated with a neutron skin
(halo) thickness of the order of ( ) ( )- =R RLi Li11

0
9

( )( ) ( )( )
( ) - »R RLi 1 0.8 LiR

R0
9 Li

Li 0
911

0
9 , where ( ) =R Li 2.5 fm0

9

is the radius of the N=6 closed shell core 9Li. In other
words, 11Li can be viewed as built out of a normal 9Li core
and of a skin made out of two neutrons moving around the
core in a spherical shell of a range of the order 80% the core
radius. As a result one is dealing with a rarefied neutron

Table 1. Main RPA components of the wavefunction of states associated with the soft dipole mode of 11Li, of excitation energy 0.65, 1.21
and 2.00 MeV respectively.

i j Xij Yij i j Xij Yij i j Xij Yij

ν 2s1/2 1p1/2 −0.780 0.078 ν 2s1/2 1p1/2 −0.119 0.048 ν 3s1/2 1p1/2 −0.118 0.040
ν 3s1/2 1p1/2 0.479 0.108 ν 3s1/2 1p1/2 −0.748 0.074 ν 4s1/2 1p1/2 −0.821 0.046
ν 4s1/2 1p1/2 0.220 0.106 ν 4s1/2 1p1/2 0.410 0.080 ν 5s1/2 1p1/2 0.250 0.046
ν 5s1/2 1p1/2 0.144 0.093 ν 5s1/2 1p1/2 0.181 0.075 ν 6s1/2 1p1/2 0.116 0.043
ν 6s1/2 1p1/2 0.106 0.080 ν 6s1/2 1p1/2 0.117 0.067 ν 1p3/2 4d5/2 0.144 0.081
ν 1p3/2 4d5/2 0.166 0.139 ν 1p3/2 4d5/2 0.170 0.121 ν 1p3/2 5d5/2 0.201 0.125
ν 1p3/2 5d5/2 0.241 0.208 ν 1p3/2 5d5/2 0.243 0.183 ν 1p3/2 6d5/2 0.201 0.135
ν 1p3/2 6d5/2 0.250 0.221 ν 1p3/2 6d5/2 0.249 0.196 ν 1p3/2 7d5/2 0.156 0.112
ν 1p3/2 7d5/2 0.199 0.180 ν 1p3/2 7d5/2 0.196 0.161 ν 1p3/2 8d5/2 0.113 0.085
ν 1p3/2 8d5/2 0.148 0.135 ν 1p3/2 8d5/2 0.144 0.122 ν 1p1/2 9d3/2 −0.126 0.014
ν 1p3/2 9d5/2 0.110 0.102 ν 1p3/2 9d5/2 0.107 0.093 ν 1p1/2 10d3/2 0.187 0.026
ν 1p1/2 4d3/2 0.103 0.075 ν 1p1/2 2d3/2 0.168 0.024 ν 1p1/2 11d3/2 0.121 0.040
ν 1p1/2 5d3/2 0.119 0.095 ν 1p1/2 3d3/2 0.114 0.043 ν 1p1/2 12d3/2 0.113 0.053
ν 1p1/2 6d3/2 0.128 0.108 ν 1p1/2 4d3/2 0.117 0.063 ν 1p1/2 13d3/2 0.111 0.064
ν 1p1/2 7d3/2 0.128 0.112 ν 1p1/2 5d3/2 0.126 0.081 ν 1p1/2 14d3/2 0.104 0.068
ν 1p1/2 8d3/2 0.117 0.106 ν 1p1/2 6d3/2 0.131 0.094 π 1p3/2 1d5/2 0.245 0.210
π 2s1/2 1p3/2 −0.136 −0.131 ν 1p1/2 7d3/2 0.128 0.099
π 1p3/2 1d5/2 0.337 0.322 ν 1p1/2 8d3/2 0.116 0.094

π 2s1/2 1p3/2 −0.130 −0.12
π 1p3/2 1d5/2 0.322 0.294
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Abstract
The centroid, width and percentage of energy weighted sum rule of dipole resonances can be
strongly affected by dynamical fluctuations and static deformations of the nuclear surface,
deformations and fluctuations which, in turn, depend on pairing, and thus on Cooper pairs.
Because of angular momentum conservation, such insight is restricted, to lowest order, to
fluctuations/deformations of quadrupole and monopole type. The latter being closely connected
with the neutron (excess) skin and thus with soft dipole modes. From the values (N−Z)/
A≈0.18, 0.21, and 0.45 for the nuclei 122Sn, 208Pb, and 11Li, it is expected that the latter system,
which is weakly bound by pairing effects (spatially extended single Cooper pair and odd proton
acting as spectator), constitutes an attractive laboratory to study the properties of soft E1-modes
and thus of isospin nuclear deformation. From the calculation of the full dipole response function
in QRPA, discretizing the continuum in a spherical box of radius of 40 fm, one finds a GDR with
centroid Ex≈24MeV, width Γ ≈11MeV and carrying 90% of the EWSR, and a low-lying
collective resonance characterized by EX=0.75MeV, Γ=0.5MeV and 6.2% EWSR. The wave
function of the latter resonance is built out of about fifteen components (both protons and
neutrons), typical of a collective mode. The transition densities indicate this soft E1-mode to be
generated by surface density oscillation of the neutron (halo) skin (Δrnp≈1.71 fm) relative to an
approximately isospin-saturated core. Through a detailed study of the full dipole response of 11Li
we will draw a comparison between the soft E1-mode of this halo nucleus and the PDR of heavy
stable nuclei, pointing to the physical similarities and also to the basic differences.

Keywords: nuclear structure, nuclear reactions, pygmy resonance, nuclear deformation, nuclear
field theory

(Some figures may appear in colour only in the online journal)

1. Introduction

Dipole modes are affected by deformations. In particular
quadrupole deformations of the nuclear surface (measured by
β2). But also deformations taking place in other, more abstract,
spaces like gauge (pairing, measured by the number of Cooper
pairs α0) and isospace. This last case being closely connected

with the neutron skin (measured byD = á ñ - á ñr r rnp n p
2 1 2 2 1 2),

and the appearance of soft E1-modes.
The main purpose of the present paper, is that of using the

properties of the soft E1-mode of 11Li in trying to achieve a
quantitative understanding of the mechanism at the basis of the
origin and dynamics of the neutron (halo) skin of this nucleus,
and thus of the associated low-lying dipole mode. This aim is
similar to that which saw the nuclear physics community [1–5]
provide a consistent picture of the many-body aspects of the
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we compute the 11Li PDR structure in RPA

numbers β=±1. RPA ( ( )∣˜bG = ñ =a 0 0 0v , ( )† bG = =a 0
( )†å G + GX Yki ki ki ki ki , † †G = a aki k i, [ ]† †wG = Ga a aH, ) for

collective particle–hole-like vibrations, as well as for pairing
vibrations ( ( )∣˜bG =  ñ =a 2 0 0pv , ( )† †bG = + = å G +a X2 k k k

å GYi i i, where † †
˜
†G = a ak k k and †

˜
†G = a ai i i , and similarly for

( )† bG = -a 2 ). Thus, the nuclear ground state can, within the
subspace of these modes (also called collective coordinates in
other fields of many-body research) and to a good approximation,
be written as

∣˜ ∣ ∣˜ ∣˜ñ = ñ Ä ñ Ä ñHF0 0 0 ,v pv

in the case of nuclei displaying double or single closed shells and
as (intrinsic system)

∣˜ ∣ ( ) ∣˜ ∣˜ñ = ñ Ä ñ Ä ñb gHFB0 Nilsson 0 0 ,pv,

in the case of quadrupole deformed superfluid open shell nuclei
displaying β-and pairing-vibrations (K= 0) which mix, and γ-
vibrations (K= 1) [14]. Elementary modes of excitation contain a
large fraction of the nuclear correlations, their interweaving being
amenable to a field theoretical treatment (see [129–133] and refs.
therein). Within this scenario one can posit that in order that two
different bona fide elementary modes of excitation with the same
quantum numbers and thus ground state, like e.g. the giant dipole
and the pigmy dipole resonances (see [92–95] and refers. therein)
can coexist is that they are essentially build out of single-particle
wavefunctions and of particle–hole excitations which display a
small overlap  1).

5. Microscopic description of the soft E1-mode
of 11Li

Let us now work out the microscopic wavefunction of the soft
E1-mode of 11Li, within the framework of QRPA. To be able
to do so we have to to calculate the U, V occupation factors
which, in the present case, as we explain below, is a rather
subtle requirement.

Observations indicate that the mean square radius of 11Li
is á ñ = r 3.55 0.1 fm2 1 2 [53]. Thus:

( ) ( )= á ñ = R rLi 5 3 4.58 0.13 fm. 111 2 1 2

Making use of the radius expression =R A1.2 fm0
1 3

obtained from systematics of nuclei along the stability valley
leads to R0=2.7 fm (A= 11), while the value R=4.58 fm
corresponds to an effective mass number ≈56, five times
larger than the actual value.

The above result testifies to the very large isotropic radial
deformation of 11Li. Let us parametrize the radius of 11Li as

( )b= +R R Y10 0 00 [14] (see equation (3.14) of [48]). Thus

( )b p= - »4 1 2.5R
R0

0
, which testifies to the extreme

exoticity of the phenomenon, associated with a neutron skin
(halo) thickness of the order of ( ) ( )- =R RLi Li11

0
9

( )( ) ( )( )
( ) - »R RLi 1 0.8 LiR

R0
9 Li

Li 0
911

0
9 , where ( ) =R Li 2.5 fm0

9

is the radius of the N=6 closed shell core 9Li. In other
words, 11Li can be viewed as built out of a normal 9Li core
and of a skin made out of two neutrons moving around the
core in a spherical shell of a range of the order 80% the core
radius. As a result one is dealing with a rarefied neutron

Table 1. Main RPA components of the wavefunction of states associated with the soft dipole mode of 11Li, of excitation energy 0.65, 1.21
and 2.00 MeV respectively.

i j Xij Yij i j Xij Yij i j Xij Yij

ν 2s1/2 1p1/2 −0.780 0.078 ν 2s1/2 1p1/2 −0.119 0.048 ν 3s1/2 1p1/2 −0.118 0.040
ν 3s1/2 1p1/2 0.479 0.108 ν 3s1/2 1p1/2 −0.748 0.074 ν 4s1/2 1p1/2 −0.821 0.046
ν 4s1/2 1p1/2 0.220 0.106 ν 4s1/2 1p1/2 0.410 0.080 ν 5s1/2 1p1/2 0.250 0.046
ν 5s1/2 1p1/2 0.144 0.093 ν 5s1/2 1p1/2 0.181 0.075 ν 6s1/2 1p1/2 0.116 0.043
ν 6s1/2 1p1/2 0.106 0.080 ν 6s1/2 1p1/2 0.117 0.067 ν 1p3/2 4d5/2 0.144 0.081
ν 1p3/2 4d5/2 0.166 0.139 ν 1p3/2 4d5/2 0.170 0.121 ν 1p3/2 5d5/2 0.201 0.125
ν 1p3/2 5d5/2 0.241 0.208 ν 1p3/2 5d5/2 0.243 0.183 ν 1p3/2 6d5/2 0.201 0.135
ν 1p3/2 6d5/2 0.250 0.221 ν 1p3/2 6d5/2 0.249 0.196 ν 1p3/2 7d5/2 0.156 0.112
ν 1p3/2 7d5/2 0.199 0.180 ν 1p3/2 7d5/2 0.196 0.161 ν 1p3/2 8d5/2 0.113 0.085
ν 1p3/2 8d5/2 0.148 0.135 ν 1p3/2 8d5/2 0.144 0.122 ν 1p1/2 9d3/2 −0.126 0.014
ν 1p3/2 9d5/2 0.110 0.102 ν 1p3/2 9d5/2 0.107 0.093 ν 1p1/2 10d3/2 0.187 0.026
ν 1p1/2 4d3/2 0.103 0.075 ν 1p1/2 2d3/2 0.168 0.024 ν 1p1/2 11d3/2 0.121 0.040
ν 1p1/2 5d3/2 0.119 0.095 ν 1p1/2 3d3/2 0.114 0.043 ν 1p1/2 12d3/2 0.113 0.053
ν 1p1/2 6d3/2 0.128 0.108 ν 1p1/2 4d3/2 0.117 0.063 ν 1p1/2 13d3/2 0.111 0.064
ν 1p1/2 7d3/2 0.128 0.112 ν 1p1/2 5d3/2 0.126 0.081 ν 1p1/2 14d3/2 0.104 0.068
ν 1p1/2 8d3/2 0.117 0.106 ν 1p1/2 6d3/2 0.131 0.094 π 1p3/2 1d5/2 0.245 0.210
π 2s1/2 1p3/2 −0.136 −0.131 ν 1p1/2 7d3/2 0.128 0.099
π 1p3/2 1d5/2 0.337 0.322 ν 1p1/2 8d3/2 0.116 0.094

π 2s1/2 1p3/2 −0.130 −0.12
π 1p3/2 1d5/2 0.322 0.294
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Abstract
The centroid, width and percentage of energy weighted sum rule of dipole resonances can be
strongly affected by dynamical fluctuations and static deformations of the nuclear surface,
deformations and fluctuations which, in turn, depend on pairing, and thus on Cooper pairs.
Because of angular momentum conservation, such insight is restricted, to lowest order, to
fluctuations/deformations of quadrupole and monopole type. The latter being closely connected
with the neutron (excess) skin and thus with soft dipole modes. From the values (N−Z)/
A≈0.18, 0.21, and 0.45 for the nuclei 122Sn, 208Pb, and 11Li, it is expected that the latter system,
which is weakly bound by pairing effects (spatially extended single Cooper pair and odd proton
acting as spectator), constitutes an attractive laboratory to study the properties of soft E1-modes
and thus of isospin nuclear deformation. From the calculation of the full dipole response function
in QRPA, discretizing the continuum in a spherical box of radius of 40 fm, one finds a GDR with
centroid Ex≈24MeV, width Γ ≈11MeV and carrying 90% of the EWSR, and a low-lying
collective resonance characterized by EX=0.75MeV, Γ=0.5MeV and 6.2% EWSR. The wave
function of the latter resonance is built out of about fifteen components (both protons and
neutrons), typical of a collective mode. The transition densities indicate this soft E1-mode to be
generated by surface density oscillation of the neutron (halo) skin (Δrnp≈1.71 fm) relative to an
approximately isospin-saturated core. Through a detailed study of the full dipole response of 11Li
we will draw a comparison between the soft E1-mode of this halo nucleus and the PDR of heavy
stable nuclei, pointing to the physical similarities and also to the basic differences.

Keywords: nuclear structure, nuclear reactions, pygmy resonance, nuclear deformation, nuclear
field theory

(Some figures may appear in colour only in the online journal)

1. Introduction

Dipole modes are affected by deformations. In particular
quadrupole deformations of the nuclear surface (measured by
β2). But also deformations taking place in other, more abstract,
spaces like gauge (pairing, measured by the number of Cooper
pairs α0) and isospace. This last case being closely connected

with the neutron skin (measured byD = á ñ - á ñr r rnp n p
2 1 2 2 1 2),

and the appearance of soft E1-modes.
The main purpose of the present paper, is that of using the

properties of the soft E1-mode of 11Li in trying to achieve a
quantitative understanding of the mechanism at the basis of the
origin and dynamics of the neutron (halo) skin of this nucleus,
and thus of the associated low-lying dipole mode. This aim is
similar to that which saw the nuclear physics community [1–5]
provide a consistent picture of the many-body aspects of the
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the PDR exhausts about 8% of the EWSR

absolute differential cross sections. A subject touched upon in
connection with figure 11.

6. Hindsight

The origin of the pigmy resonance in light halo nuclei,
namely, parity inversion, is a many-body effect going beyond
mean field as testified by the large particle-vibration coupling
vertices between the quadrupole vibration of the core and the
halo neutrons s1/2 (≈−3MeV) and p1/2 (≈−3.9 MeV) and
by the population of the lowest 1/2−member of the multiplet
( Ä+ p2 3 2) of 9Li in the reaction 11Li(p, t)9Li ( -1 2 ;
2.69MeV) [4, 5] and of the quadrupole vibration in 10Be in
the reaction 11Be(p, d)10Be(2+; 3.33 MeV) [117, 118].
Let alone by the results of the QRPA calculation presented
here, namely of the GDR, of the soft E1-mode and of a dipole
state at zero energy, comprehensively exhausting the TRK

sum rule, these last two states carrying 6% ( ( ))» B E1 1W and
0% of it respectively) (within this context, see [135, 137]).

Origin also documented by the experimental values of
the inelastic 11Li(d, d′)11Li(1−; 1 MeV) [10] and 11Li(p, p′)
11Li(1−; 0.80MeV) [55] cross sections, as well as of the
decay strength ( )- +B E1; 1 2 1 2 between the parity
inverted first excited ∣ ñ

~-
1 2 (0.18MeV) and the ground state

∣ ñ
~+
1 2 states of 11Be [138], both quantities corresponding to
≈1 BW(E1) (≈0.1 e2 fm2). Within this context it is important
to remember the subtle relation existing between collective
and single-particle motion. Assuming the full TRK sum rule

( ) =S E1 14.8NZ
A

e2 fm2 to be concentrated in the GDR
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the PDR exhausts about 8% of the EWSR

absolute differential cross sections. A subject touched upon in
connection with figure 11.
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the whole dipole response with (p,p’). 
Spokepersons: Ayyad, Zamora
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Two neutron transfer, a novel probe for the PDR?

Is the PDR a bona fide collective mode, distinct from GDR?

multi-messenger approach
in order to characterize PDR

standard probes: (α,α'), (p,p')
(γ,γ')

populating the 11Li PDR
with (t,p)

N. Nakatsuka et al.
  Physics Letters B
 768 (2017) 387

Broglia et al. Eur. Phys. J. A 
(2019) 55: 243

particle-particle correlations might be a distinctive feature of PDRs

East Lansing? May 8 2020 slide 8/12

the PDR has the structure of an elementary quantum vortex

structure of a multipolar  (1-) Cooper pair: 
elementary quantum vortex 

9Li core

L = 1h̄

halo neutrons

of the QPM predictions with the experimental findings
permits a rather unique interpretation of the PDR struc-
ture features. In Fig. 3 we present the summed transition
charge density of proton (dashed lines) and neutron (solid
lines) excitations for the group of 1! states between 7 and
8 MeV (representative for the PDR) in comparison to the
one for 1! states above 8 MeV (the GDR). While for the
GDR, protons and neutrons oscillate out of phase as
expected, the behavior of the PDR charge transition
density is different: in the nuclear interior protons and
neutrons move in phase representing a predominantly iso-
scalar nature of the excitation while at the surface only
neutrons contribute, in line with the conclusions of
[5,6,15]. However, the latter part dominates the B"E1#
strength for the PDR states as the contribution of the
isoscalar part is about 8 times smaller. It is therefore
suggested that the nature of the pygmy resonance in
208Pb can be interpreted as an oscillation of a neutron
skin [28] against a N $ Z core.

Quantitatively, large differences are observed between
the predictions of [5,6,15]. The schematic approach of [5]
overestimates the strength by a factor of 20 and the
prediction of [6] gives the right strength but an energy
of about 9 MeV, while the results of [15] are reasonably
close to the data. Of course, none of the models aim at a
description of the fine structure provided by the QPM.

Further insight into the nature of the low-energy E1
resonance in 208Pb is provided by Fig. 4 which shows a
‘‘snapshot’’ of the velocity distributions for the transi-
tions to the 1! states in the energy region 6,5–10.5 MeV
(left part) and for larger Ex (right part). The velocity
fields extracted from the transition currents are plotted
in cylindrical coordinates and the length of the vectors is
a relative measure of the velocity at a given point. Again,
significant differences are visible. The nuclear current of
the high-energy mode is directed practically parallel to

the z axis. It corresponds to the back-and-forth oscillation
of the proton distribution characteristic for the GDR. In
contrast, the low-energy mode is dominated by vortex
collective motion. Such a toroidal dipole resonance [7,16]
corresponds to a transverse ‘‘zero sound’’ wave where the
bulk behavior of nuclear matter is that of an elastic
medium. Its experimental observation invalidates a hy-
drodynamical picture [2,3] since no restoring force for
such modes exists in an ideal fluid.

A quantitative measure for the role of transverse cur-
rents is given by the vorticity strength distribution !L,

!L %
Z 1

0
rL&4!LL"r#dr: (1)

It is calculated from the transition vorticity current !LL
introduced in [29]

!LL"r# %
!!!!!!!!!!!!!!!

2L& 1

L

r "
d
dr

& L& 2

r

#

jLL&1"r#; (2)

which is determined by the nuclear transition current
density jLL&1"r# for a given multipolarity L. In hydro-
dynamic collective motion !LL is strictly zero. Figure 5
displays the normalized vorticity strength distribution as
a function of excitation energy. The main concentration is
found around 1 !h!, while contributions in the GDR ex-
citation region are small. Contrary to the B"E1# strength
distribution, the energy centroid of the vorticity is practi-
cally independent of the strength of the residual interac-
tion. A peak of the vorticity distribution is found at the
energy of the PDR, but it clearly does not exhaust the full
strength of the toroidal dipole mode.

To summarize, the g.s. dipole response in 208Pb has
been studied in a high-resolution "";"0# experiment.
Combined with the available information on partial neu-
tron and total decay widths, the complete E1 response
could be extracted up to an excitation energy of 8 MeV. It
exhibits a resonance structure centered at the neutron
emission threshold and exhausts about 2% of the total
B"E1# strength or 4.5% of the #!2 photoabsorption cross

FIG. 3. The averaged transition charge densities of protons
(dashed lines) and neutrons (solid lines) for the PDR (upper
part) in comparison to those for the GDR (lower part).

FIG. 4. The QPM prediction for the velocity distributions
of E1 excitations at Ex % 6:5–10:5 MeV (left) and Ex >
10:5 MeV (right) in 208Pb.

VOLUME 89, NUMBER 27 P H Y S I C A L R E V I E W L E T T E R S 30 DECEMBER 2002

272502-3 272502-3

velocity field of 208Pb dipole states
Ex=6.5-10.5 MeV Ex>10.5 MeV

Ryezayeva et al. PRL 89 (2002) 272502 

• Is vorticity a signature of PDR?
• Is there an experimental signature 

for it?
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Probing the 11Li PDR with 2-neutron transfer 

Page 4 of 11 Eur. Phys. J. A (2019) 55: 243

)b)a

d)c)

Fig. 3. Absolute two-nucleon differential cross section associated with states representative of the soft dipole mode of 11Li (see
ref. [16]). The total absolute cross section results from the integration of dσ/dΩ in the angular interval (20◦ ≤ θCM ≤ 154.5◦ [10]).

a) b) c)

Fig. 4. (a) Absolute differential cross section associated with the ground state transition. The total absolute cross sections are
calculated as explained in the caption to fig. 3; (b) two-neutron strength function dσ(1−)/dE, (c) EWSR E × d(B(E1))/dE as
a function of the energy up to E = 5 MeV. The same quantity, but now displayed up to 50 MeV, is shown in the inset (RPA
(continuous line), unperturbed (dashed line), see also [16]).

energy, a distribution of single-particle levels all carrying,
exception made for the intruder one, the same parity. In
the case of the neutron drip line nucleus 11Li, the out-
ermost neutrons move with essentially equal amplitude
(≈ 0.7) in the almost degenerate s1/2 and p1/2 halo or-
bitals. Coupling the halo neutrons to angular momentum
and parity 1− leads to a quantal vortex (Cooper pair with
Jπ = 1−) which again skates on the neutron (halo) skin.

Said it differently, the soft E1-mode of 11Li can be viewed
as a example of a quantum vortex in a nucleus5.

Let us now think in terms of a quantum superfluid.
The ground state of 11Li can be expressed as |gs(11Li)⟩ =
|Ψ ⊗1p3/2(π)⟩, where Ψ =

√
α′

0e
iφ parallels the Ginzburg-

5 This result provides also an answer to Nambu’s last ques-
tion in section Conclusions and speculations of [27].
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Abstract. The properties of the two-quasiparticle-like soft E1-modes and Pygmy Dipole Resonances (PDR)
have been and are systematically studied with the help of inelastic and electromagnetic experiments which
essentially probe the particle-hole components of these vibrations. It is shown that further insight in their
characterisation can be achieved with the help of two-nucleon transfer reactions, in particular concerning
the particle-particle components of the modes, in terms of absolute differential cross sections which take
properly into account successive and simultaneous transfer mechanisms corrected for non-orthogonality,
able to reproduce the experimental findings at the 10% level. The process 9Li(t, p)11Li(1−) is discussed,
and absolute cross sections predicted.

1 Background for subject and title

Almost two decades ago the paper entitled The halo of the
exotic nucleus 11Li: A single Cooper pair we (FB, RAB,
EV and G. Colò) wrote with Pier Francesco Bortignon
was published (Eur. Phys. J. A 11, 385 (2001)). Since
we started, few years before, thinking on this unstable,
exotic nucleus, we became mesmerized by the possibili-
ties the system offered, as a femtometer many-body lab-
oratory to learn about the origin of pairing in nuclei. In
particular, in connection with the E1-soft mode acting as
the tailored glue of the two halo neutrons1. Also to test

⋆ Contribution to the Topical Issue “Giant, Pygmy, Pairing
Resonances and Related Topics” edited by Nicolas Alamanos,
Ricardo A. Broglia, Enrico Vigezzi.

a e-mail: potel@nscl.msu.edu
1 The paper had been completed a year before, passed the

Editorial desk of Nature, and was rejected by the referee, him-
self a major figure in the field of nuclear structure, as I learned
when he walked to me and referred, after my (RAB) presen-
tation at the Conference “Bologna 2000 Structure of Nuclei at
the Dawn of the Century”, few months later, that the reason
for the rejection had been the misunderstanding concerning
whether we had taken into account the bare NN-1S0 pairing
interaction. Interaction which is, in 11Li, subcritical to bind
the two halo neutrons to the core 9Li. An outcome which Pier

the flexibility of nuclear field theory (NFT) to treat on
equal footing both (strongly and weakly) bound as well
as continuum states. Furthermore to assess NFT abilities
to lead to convergent results when simultaneously con-
fronted with weak (induced interaction) and strong (self-
energy and parity inversion) particle-vibration coupling
vertices2. Our infatuation with the halo nuclei “labora-
tory” did not falter with the years, and the last paper we
(the authors plus A. Idini) published with Pier Francesco
on the subject, this time with the title Unified descrip-
tion of structure and reactions: Implementing the nuclear
field theory, Phys. Scr. 91 063012 (2016), presented an
extension of NFT to simultaneously deal with structure
and reactions, but also to spell in detail renormalization.
Pier Francesco’s efforts to connect these developments to
well established results from the literature making use of
his profound insight concerning the concepts and tech-
niques of many-body physics, constituted a major inspi-
ration. Pier Francesco’s voice still rings in my (RAB) ears

Francesco, who had dedicated much time and effort to peer
review activity, being himself a superb practitioner of this dif-
ficult but necessary “art” could accept but not understand. He
felt, in a deep sense, responsible of bringing the “truth” out of
each paper he accepted to review.

2 A main contribution of Pier Francesco’s lifelong work in
NFT (see e.g. [1,2])
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9Li(t,p)11Li(PDR)
Et=15 MeV

dipole response

• we predict the population of the PDR with 
the 2-neutron transfer reaction 
9Li(t,p)11Li(PDR), with cross section s=0.3mb

• shape of differential cross section very 
similar to that of the dipole response

• absolute value of cross section is a measure 
of the pp nature of the PDR
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Fig. 3. Absolute two-nucleon differential cross section associated with states representative of the soft dipole mode of 11Li (see
ref. [16]). The total absolute cross section results from the integration of dσ/dΩ in the angular interval (20◦ ≤ θCM ≤ 154.5◦ [10]).

a) b) c)

Fig. 4. (a) Absolute differential cross section associated with the ground state transition. The total absolute cross sections are
calculated as explained in the caption to fig. 3; (b) two-neutron strength function dσ(1−)/dE, (c) EWSR E × d(B(E1))/dE as
a function of the energy up to E = 5 MeV. The same quantity, but now displayed up to 50 MeV, is shown in the inset (RPA
(continuous line), unperturbed (dashed line), see also [16]).

energy, a distribution of single-particle levels all carrying,
exception made for the intruder one, the same parity. In
the case of the neutron drip line nucleus 11Li, the out-
ermost neutrons move with essentially equal amplitude
(≈ 0.7) in the almost degenerate s1/2 and p1/2 halo or-
bitals. Coupling the halo neutrons to angular momentum
and parity 1− leads to a quantal vortex (Cooper pair with
Jπ = 1−) which again skates on the neutron (halo) skin.

Said it differently, the soft E1-mode of 11Li can be viewed
as a example of a quantum vortex in a nucleus5.

Let us now think in terms of a quantum superfluid.
The ground state of 11Li can be expressed as |gs(11Li)⟩ =
|Ψ ⊗1p3/2(π)⟩, where Ψ =

√
α′

0e
iφ parallels the Ginzburg-

5 This result provides also an answer to Nambu’s last ques-
tion in section Conclusions and speculations of [27].
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Dipartimento di Fisica, Università degli Studi Milano, Via Celoria 16, I-20133 Milano, Italy

6
Physics Division, Argonne National Laboratory, Argonne, IL 60439, USA

7
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California

94720, USA

8
Instituto Galego de F́ısica de Altas Enerx́ıas, University of Santiago de Compostela, E-15782

Santiago de Compostela, Spain

9
Departamento de F́ısica Aplicada III, Escuela Superior de Ingenieros, Universidad de Sevilla,

Camino de los Descubrimientos,Sevilla, Spain

10
Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824,

U.S.A.

11
KU Leuven, Instituut voor Kern- en Stralingsfysica, Celestijnenlaan 200d, 3001 Leuven,

Belgium

12
School of Physics and Astronomy, University of Manchester, Manchester M13 9PL, UK

13
University of Liverpool, Liverpool L69 7ZE, United Kingdom

14
Saint Mary’s University, Halifax, Nova Scotia, Canada

15
Instituto de Estructura de la Materia, CSIC, E-28006 Madrid, Spain

16
Department of Physics, University of Connecticut, Storrs, CT 06269, USA

Spokesperson: Y. Ayyad (ayyadlim@nscl.msu.edu)
Co-spokesperson: E. Vigezzi (enrico.vigezzi@mi.infn.it)
Contact person: B. Olaizola (bruno.olaizola@cern.ch)

1

experiment approved at ISOLDE facility 
(CERN). Spokepersons: Ayyad, Vigezzi



79
LLNL-PRES-xxxxxx

Conclusions

• the PDR plays an important role in the structure of the exotic two-neutron halo nucleus 11Li: halo-
PDR symbiotic nature

• our calculations point to a strong pp component of the PDR, as opposed to the more ph nature of 
the GDR

complementary classification of dipole modes

isovector          isoscalar
ph                pp

GDR?              PDR?

• PDR of 11Li as a vortical excitation of the halo. Extrapolable to neutron skins?
• Approved experiments: 11Li(p,p’)11Li* @ FRIB, and  9Li(t,p)11Li(PDR) @ ISOLDE

• along with (d,p) and (n,n’), (t,p) to join the ranks of novel probes to the PDR
• personal wish: (t,p) measurements on nuclei with neutron skin. Maybe with new  FSU triton 

beam?

talks by Vandebrouck, 
Spieker, Weinert, 
Khumalo
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we compute the 11Li PDR structure and the 9Li (t,p)11Li(PDR) 
cross section

numbers β=±1. RPA ( ( )∣˜bG = ñ =a 0 0 0v , ( )† bG = =a 0
( )†å G + GX Yki ki ki ki ki , † †G = a aki k i, [ ]† †wG = Ga a aH, ) for

collective particle–hole-like vibrations, as well as for pairing
vibrations ( ( )∣˜bG =  ñ =a 2 0 0pv , ( )† †bG = + = å G +a X2 k k k

å GYi i i, where † †
˜
†G = a ak k k and †

˜
†G = a ai i i , and similarly for

( )† bG = -a 2 ). Thus, the nuclear ground state can, within the
subspace of these modes (also called collective coordinates in
other fields of many-body research) and to a good approximation,
be written as

∣˜ ∣ ∣˜ ∣˜ñ = ñ Ä ñ Ä ñHF0 0 0 ,v pv

in the case of nuclei displaying double or single closed shells and
as (intrinsic system)

∣˜ ∣ ( ) ∣˜ ∣˜ñ = ñ Ä ñ Ä ñb gHFB0 Nilsson 0 0 ,pv,

in the case of quadrupole deformed superfluid open shell nuclei
displaying β-and pairing-vibrations (K= 0) which mix, and γ-
vibrations (K= 1) [14]. Elementary modes of excitation contain a
large fraction of the nuclear correlations, their interweaving being
amenable to a field theoretical treatment (see [129–133] and refs.
therein). Within this scenario one can posit that in order that two
different bona fide elementary modes of excitation with the same
quantum numbers and thus ground state, like e.g. the giant dipole
and the pigmy dipole resonances (see [92–95] and refers. therein)
can coexist is that they are essentially build out of single-particle
wavefunctions and of particle–hole excitations which display a
small overlap  1).

5. Microscopic description of the soft E1-mode
of 11Li

Let us now work out the microscopic wavefunction of the soft
E1-mode of 11Li, within the framework of QRPA. To be able
to do so we have to to calculate the U, V occupation factors
which, in the present case, as we explain below, is a rather
subtle requirement.

Observations indicate that the mean square radius of 11Li
is á ñ = r 3.55 0.1 fm2 1 2 [53]. Thus:

( ) ( )= á ñ = R rLi 5 3 4.58 0.13 fm. 111 2 1 2

Making use of the radius expression =R A1.2 fm0
1 3

obtained from systematics of nuclei along the stability valley
leads to R0=2.7 fm (A= 11), while the value R=4.58 fm
corresponds to an effective mass number ≈56, five times
larger than the actual value.

The above result testifies to the very large isotropic radial
deformation of 11Li. Let us parametrize the radius of 11Li as

( )b= +R R Y10 0 00 [14] (see equation (3.14) of [48]). Thus

( )b p= - »4 1 2.5R
R0

0
, which testifies to the extreme

exoticity of the phenomenon, associated with a neutron skin
(halo) thickness of the order of ( ) ( )- =R RLi Li11

0
9

( )( ) ( )( )
( ) - »R RLi 1 0.8 LiR

R0
9 Li

Li 0
911

0
9 , where ( ) =R Li 2.5 fm0

9

is the radius of the N=6 closed shell core 9Li. In other
words, 11Li can be viewed as built out of a normal 9Li core
and of a skin made out of two neutrons moving around the
core in a spherical shell of a range of the order 80% the core
radius. As a result one is dealing with a rarefied neutron

Table 1. Main RPA components of the wavefunction of states associated with the soft dipole mode of 11Li, of excitation energy 0.65, 1.21
and 2.00 MeV respectively.

i j Xij Yij i j Xij Yij i j Xij Yij

ν 2s1/2 1p1/2 −0.780 0.078 ν 2s1/2 1p1/2 −0.119 0.048 ν 3s1/2 1p1/2 −0.118 0.040
ν 3s1/2 1p1/2 0.479 0.108 ν 3s1/2 1p1/2 −0.748 0.074 ν 4s1/2 1p1/2 −0.821 0.046
ν 4s1/2 1p1/2 0.220 0.106 ν 4s1/2 1p1/2 0.410 0.080 ν 5s1/2 1p1/2 0.250 0.046
ν 5s1/2 1p1/2 0.144 0.093 ν 5s1/2 1p1/2 0.181 0.075 ν 6s1/2 1p1/2 0.116 0.043
ν 6s1/2 1p1/2 0.106 0.080 ν 6s1/2 1p1/2 0.117 0.067 ν 1p3/2 4d5/2 0.144 0.081
ν 1p3/2 4d5/2 0.166 0.139 ν 1p3/2 4d5/2 0.170 0.121 ν 1p3/2 5d5/2 0.201 0.125
ν 1p3/2 5d5/2 0.241 0.208 ν 1p3/2 5d5/2 0.243 0.183 ν 1p3/2 6d5/2 0.201 0.135
ν 1p3/2 6d5/2 0.250 0.221 ν 1p3/2 6d5/2 0.249 0.196 ν 1p3/2 7d5/2 0.156 0.112
ν 1p3/2 7d5/2 0.199 0.180 ν 1p3/2 7d5/2 0.196 0.161 ν 1p3/2 8d5/2 0.113 0.085
ν 1p3/2 8d5/2 0.148 0.135 ν 1p3/2 8d5/2 0.144 0.122 ν 1p1/2 9d3/2 −0.126 0.014
ν 1p3/2 9d5/2 0.110 0.102 ν 1p3/2 9d5/2 0.107 0.093 ν 1p1/2 10d3/2 0.187 0.026
ν 1p1/2 4d3/2 0.103 0.075 ν 1p1/2 2d3/2 0.168 0.024 ν 1p1/2 11d3/2 0.121 0.040
ν 1p1/2 5d3/2 0.119 0.095 ν 1p1/2 3d3/2 0.114 0.043 ν 1p1/2 12d3/2 0.113 0.053
ν 1p1/2 6d3/2 0.128 0.108 ν 1p1/2 4d3/2 0.117 0.063 ν 1p1/2 13d3/2 0.111 0.064
ν 1p1/2 7d3/2 0.128 0.112 ν 1p1/2 5d3/2 0.126 0.081 ν 1p1/2 14d3/2 0.104 0.068
ν 1p1/2 8d3/2 0.117 0.106 ν 1p1/2 6d3/2 0.131 0.094 π 1p3/2 1d5/2 0.245 0.210
π 2s1/2 1p3/2 −0.136 −0.131 ν 1p1/2 7d3/2 0.128 0.099
π 1p3/2 1d5/2 0.337 0.322 ν 1p1/2 8d3/2 0.116 0.094

π 2s1/2 1p3/2 −0.130 −0.12
π 1p3/2 1d5/2 0.322 0.294

8
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E=0.65 MeV
3 representative low-lying dipole RPA peaks

E=1.21 MeV E=2 MeV

of the QPM predictions with the experimental findings
permits a rather unique interpretation of the PDR struc-
ture features. In Fig. 3 we present the summed transition
charge density of proton (dashed lines) and neutron (solid
lines) excitations for the group of 1! states between 7 and
8 MeV (representative for the PDR) in comparison to the
one for 1! states above 8 MeV (the GDR). While for the
GDR, protons and neutrons oscillate out of phase as
expected, the behavior of the PDR charge transition
density is different: in the nuclear interior protons and
neutrons move in phase representing a predominantly iso-
scalar nature of the excitation while at the surface only
neutrons contribute, in line with the conclusions of
[5,6,15]. However, the latter part dominates the B"E1#
strength for the PDR states as the contribution of the
isoscalar part is about 8 times smaller. It is therefore
suggested that the nature of the pygmy resonance in
208Pb can be interpreted as an oscillation of a neutron
skin [28] against a N $ Z core.

Quantitatively, large differences are observed between
the predictions of [5,6,15]. The schematic approach of [5]
overestimates the strength by a factor of 20 and the
prediction of [6] gives the right strength but an energy
of about 9 MeV, while the results of [15] are reasonably
close to the data. Of course, none of the models aim at a
description of the fine structure provided by the QPM.

Further insight into the nature of the low-energy E1
resonance in 208Pb is provided by Fig. 4 which shows a
‘‘snapshot’’ of the velocity distributions for the transi-
tions to the 1! states in the energy region 6,5–10.5 MeV
(left part) and for larger Ex (right part). The velocity
fields extracted from the transition currents are plotted
in cylindrical coordinates and the length of the vectors is
a relative measure of the velocity at a given point. Again,
significant differences are visible. The nuclear current of
the high-energy mode is directed practically parallel to

the z axis. It corresponds to the back-and-forth oscillation
of the proton distribution characteristic for the GDR. In
contrast, the low-energy mode is dominated by vortex
collective motion. Such a toroidal dipole resonance [7,16]
corresponds to a transverse ‘‘zero sound’’ wave where the
bulk behavior of nuclear matter is that of an elastic
medium. Its experimental observation invalidates a hy-
drodynamical picture [2,3] since no restoring force for
such modes exists in an ideal fluid.

A quantitative measure for the role of transverse cur-
rents is given by the vorticity strength distribution !L,

!L %
Z 1

0
rL&4!LL"r#dr: (1)

It is calculated from the transition vorticity current !LL
introduced in [29]

!LL"r# %
!!!!!!!!!!!!!!!

2L& 1

L

r "
d
dr

& L& 2

r

#

jLL&1"r#; (2)

which is determined by the nuclear transition current
density jLL&1"r# for a given multipolarity L. In hydro-
dynamic collective motion !LL is strictly zero. Figure 5
displays the normalized vorticity strength distribution as
a function of excitation energy. The main concentration is
found around 1 !h!, while contributions in the GDR ex-
citation region are small. Contrary to the B"E1# strength
distribution, the energy centroid of the vorticity is practi-
cally independent of the strength of the residual interac-
tion. A peak of the vorticity distribution is found at the
energy of the PDR, but it clearly does not exhaust the full
strength of the toroidal dipole mode.

To summarize, the g.s. dipole response in 208Pb has
been studied in a high-resolution "";"0# experiment.
Combined with the available information on partial neu-
tron and total decay widths, the complete E1 response
could be extracted up to an excitation energy of 8 MeV. It
exhibits a resonance structure centered at the neutron
emission threshold and exhausts about 2% of the total
B"E1# strength or 4.5% of the #!2 photoabsorption cross

FIG. 3. The averaged transition charge densities of protons
(dashed lines) and neutrons (solid lines) for the PDR (upper
part) in comparison to those for the GDR (lower part).

FIG. 4. The QPM prediction for the velocity distributions
of E1 excitations at Ex % 6:5–10:5 MeV (left) and Ex >
10:5 MeV (right) in 208Pb.

VOLUME 89, NUMBER 27 P H Y S I C A L R E V I E W L E T T E R S 30 DECEMBER 2002
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velocity field of 208Pb dipole states
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Ground state of 11Li
Eur. Phys. J. A (2019) 55: 243 Page 7 of 11

Fig. 5. Microscopic processes contributing to the structure of |0̃ν⟩ (eq. (A.1)). (a)–(f): bare 1S0 NN-interaction processes
contribution to the correlation of the two-halo neutrons of 11Li and to its binding to the core 9Li leading to a contribution of the
order of −100 keV; (g), (h) induced pairing interaction associated with the exchange of the low-lying quadrupole vibration of
the core and of the soft E1-mode of 11Li. This last one contributes with most of the two halo neutron separation energy (S2n ≈
380 keV); (i) nuclear field theory diagram associated with the renormalization of the single-particle states, and with their binding
to the 9Li core. Bold wavy lines describe dressed vibrational modes whose properties (energy and electromagnetic transition
probabilities) reproduce the experimental findings (renormalised NFT); (j) the connection between the diagrammatic processes
and the Dirac (ket) representation (eqs. (A.1)–(A.3)); (k) through the invasive, irreversible 1H(11Li, 9Li(1/2−; 2.69 MeV))3H
process populating the 1/2− member of the (2+ ⊗ p3/2(π))1/2−,...7/2− multiplet of 9Li, evidence for the component |(s̃, d̃)2+ ⊗
2+; 0+⟩ of |0̃ν⟩ was obtained [11] (fig. 1, see also [35]). Similar information can be gathered by recording the γ-ray associated
with the decay of the quadrupole mode of 9Li in coincidence with the outgoing particle (9Li), an experiment which remains
to date of the gedanken type. However, it does not need to remain such, being a possible (and likely important) experiment,
in keeping with the fact that the 11Li beam had a rather low energy (3.3 MeV/A), the flying time to the particle detector
after the reaction has taken place being adequate as compared to h̄/Γγ(Γγ ∼ eV), the main proviso to be made concerns the
solid angle covered by the γ-detector; (l) in principle, the above inverse kinematics, two-neutron pickup process can provide
similar information concerning the (symbiotic, bootstrap) |(s̃, p̃)1− ⊗ 1−; 0+⟩ component. However, in this case, the flying path
is replaced by the interaction range (≈ 10 fm), in keeping with the fact that the soft dipole mode is a vibration which involves
the neutron (halo) skin which the reaction annihilates. Because the interaction time is 6–7 orders of magnitude shorter than
than h̄/Γγ , the process discussed will likely remain a gedanken experiment; (m) similar as before but for the case of a single
neutron pickup reaction leading to 10Li which, not being bound, will lose the second neutron through coupling to the continuum
(horizontal dashed line ending in an open square), the asymptotic wave describing its motion being represented by a curved
arrow.

an estimate 45% ((8.86 − 6.1)/6.1) in error in relation to
σth(gs).

At the basis of this discrepancy one finds the fact that
the values of the cross sections reported in eqs. (A.4)
and (A.5) were calculated with bare and not renormalised
form factors. A simple estimate of the modifications of
these form factors due to renormalisation and associated
couplings is related to the fact that s1/2 experiences no
centrifugal barrier as compared to the p1/2 wave func-
tion. Because concentrated single-particle wave functions

lead to larger matrix elements, and thus to cross sections,
than less localised ones (think of the difference between
neutron and proton pairing matrix elements), the use of
renormalised form factors will reduce the cross section dis-
played in eq. (A.4) with respect to that shown in eq. (A.5).
A simple estimate can be made in terms of an effective dif-
fusivity (for 11Li),

aeff =
R(11Li)
R0(11Li)

× a =
4.6
2.7

× 0.65 fm ≈ 1.1 fm, (A.7)
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we compute the 11Li PDR structure and the 9Li (t,p)11Li(PDR) 
cross section
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proposal to measure 9Li(t,p)11Li(PDR) approved at ISOLDE
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the structure of the PDR can be addressed with different probes
18 D. Savran et al. / Physics Letters B 786 (2018) 16–20

Fig. 2. The experimental results for the present (p, p′γ ) experiment are shown in 
panel b) together with the results for the previous experiments using the (α, α′γ )

[36] and the NRF reaction [52,53]. The solid lines in panel a) and b) represent the 
sensitivity limit of the experiments. The lowest panel shows the measured averaged 
branching ratio to the first excited state as published in [28]. In the right column, 
the corresponding calculations within the QPM model are shown. For more details 
see text.

Calculations have been performed with the QPM wave func-
tions from [21]. They have been obtained by diagonalization of 
the model Hamiltonian on the basis of interactive one-, two-, and 
three-phonon configurations. Two- and three-phonon configura-
tions were built up from the phonons with the multipolarities 
from 1± to 9± and were cut above 8.5 MeV. In total we have 1157 
1− states below this energy cut. The 140Ce(p, p′) and 140Ce(α, α′)
cross sections have been calculated for all of them.

The (p, p′) cross sections have been computed within the 
DWBA (distorted-wave Born approximation) employing the
DWBA07 code [54]. The effective N N-interaction of Love–Franey 
[55,56] has been used as input to calculate both the optical po-
tential and transition amplitudes. The cross sections have been 
averaged over the scattering angle θ = 3.3◦–7.9◦ in accordance 
with the acceptance angle of the BBS. They exhibit a smooth de-
pendence on θ and drop by 35% from the smaller to the larger 
angle.

The (α, α′) cross section have been calculated within a semi-
classical coupled-channel model described in [57–59]. The radial 
form factors were calculated by a double folding procedure with 
the transition densities provided by the QPM and using a M3Y 
nucleon–nucleon (N N) interaction [60]. For the real part of the 
optical potential the double-folding procedure has been used with 
the QPM ground-state density for 140Ce and the one given in [61]
for the alpha particle. The imaginary part is taken with the same 
geometry of the real part with half of the strength. The cross 
sections are then obtained by integrating the inelastic probability 
amplitude for each dipole state over the range of impact parame-
ters that lead to the scattered projectile in the measured angular 
range.

The mechanism of the electromagnetic excitation in the photo-
absorption reaction is well known. For the excitation of 1− states 
it is of isovector nature. Protons and α-particles interact with the 
target nuclei by means of the Coulomb- and N N-terms. The for-

Fig. 3. Decomposition of the calculated cross sections for (p, p′) and (α, α′) into 
pure nuclear interaction, pure Coulomb interaction and total cross section including 
nuclear-Coulomb interference.

mer is proportional to the electromagnetic transition. The latter 
is predominantly of isoscalar nature at the present kinematics in 
both (p, p′) and (α, α′) reactions, although some admixture of the 
isovector part is also present.

To investigate the role of the above-mentioned terms for the 
hadronic projectiles, the cross section calculations for both reac-
tions have been repeated for each term separately. Corresponding 
results are presented in the upper two rows of Fig. 3 as “Nuclear” 
and “Coulomb” in comparison to the complete calculation “Total”.

For both, proton as well as α scattering, the nuclear part is 
dominant for the excitation of the low-energy part of the PDR 
and yields large cross sections. This signature is related to tran-
sition densities with a strong neutron contribution on the surface 
whereas in the inner regions protons and neutrons are in phase, a 
structure that is usually associated with the isoscalar nature of the 
PDR. While this combination of transition densities leads to large 
cross sections in the nuclear component, it results in rather small 
B(E1) values and consequently small Coulomb excitation cross sec-
tions.

At higher energies the common structure changes towards more 
isovector components and, thus, larger Coulomb contributions. The 
amplitudes due to the Coulomb- and N N-terms become rather 
close in value and the interference effects between them begin to 
play an important role. It is interesting to note that even though 
the transition densities of individual states partly seem to look 
very different, they share the above-described common underlying 
features, which result in similar cross sections and this common 
energy dependence in the response function.

Fig. 2 summarizes the results of all experiments (left column) 
and the QPM calculation (right column) for 140Ce. Besides the total 
cross sections for α, proton and photon scattering mentioned so 
far also the averaged decay branching ratio to the first-excited 2+

1
state is shown in Fig. 2d as presented in [28]. Each row in Fig. 2
represents the comparison of experimental results with the QPM 
calculation with respect to a different observable, each of which 
is sensitive to different aspects of the wave function. The α scat-
tering cross section is sensitive to the isoscalar component of the 
excited states and is enhanced by surface contributions. Therefore, 
the large (α, α′) cross section for the lower lying group of 1−

states can be identified as a signature of oscillating excess neu-
trons at the surface of the nucleus [42]. For protons this selectivity 
is less distinct as inelastic proton scattering is also sensitive to 

Vandebrouck talk

Savran 2018
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Inelastic excitation and two-nucleon transfer populate the same 
states

226 R. A. BROGLIA et nl. 

Particle-particle correlations which aIso play an important role in the nuclear spec- 
trum are pairing correlations. These correlations scatter pairs of particles coupled 

““5” 

Fig. 1. Inelastic scattering cross sections of 2 + ,3 -, and 5 - states are compared with the correspond- 
ing (t, p) and (p, t) cross sections. The ISR cross sections are given in terms of single-particle units 
and are taken from refs. “) (42Ca(cx, cc’)), 18) (1’6*1*8Sn(p, p’)) and lp) (206*ZasPb@, p’)). The 
TNTR data were taken from refs. 20) f40Ca(t, pf*“Ca), 21) (lzo* “*Sn(p, t)) and 22) (zo4-206Pb 

(t, P)). 
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Two neutron transfer, a novel probe for the PDR?
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Low-lying dipole strength

concentration of dipole strength with centroid 1 MeV and a
width of about 0.5MeV ( »S 369 keVn2 [10]), the associated
inelastic cross section not being inconsistent with a ( )B E1 of
the order of one single-particle unit.

The above examples, provide a scenario which resembles
that described by Lane [8] when confronted with the unex-
pected positive correlation of neutron and partial photon
widths of neutron resonances. Quoting: ‘the resolution of this
problem arises from the existence of the ‘giant’ and ‘pygmy’
dipole resonance ... The vital question is: what is the nature of
the small amount of E1 strength in the threshold region?
There are two sources of this: (i) the effect of random dis-
sipative forces on the collective state broadens it, and intro-
duces a random ‘tail’ into the threshold region, (ii) a
systematic residuum of –p h1 1 strength which belongs to
the threshold region. The data on ( )gn, spectra at

< <A185 208 shows an anomalous bump which has been
interpreted [86] as a ‘pygmy’ dipole resonance centered at

»gE 5.5 MeV. This shows that (ii) ... can be regarded as
arising from a single collective state which is the doorway
state for photons in the threshold region. The only remaining
question is whether this state has a large component of the
s p transition ... a calculation of 208Pb strongly suggests

that it is large.’
It is important to mention that the QRPA wavefunction of

the E1-soft dipole resonance ( »E 0.75x MeV) of 11Li, aside
from having a large ( )- -p s1 , 21 2

1
1 2 1 component ( »--X p s1 21 2

1
1 2

0.847, see figure 3 below as well as table 1), has a number of
other components implying p–h jumps across major shells,
typical of the D =N 1 component of the GDR. In fact, the
value of these components as well as their relative phases play
a central role in screening the soft E1 mode from being
depleted from E1-strength by the GDR, allowing this mode to
retain a consistent fraction of the TRK sum rule (≈6%–8%).

One can then posit that without a screening factor (small
overlap), most of the ( )s p -E1 strength will have been
shifted to higher energies (repulsive character of the sym-
metry potential). In fact, typical E1 transitions between pure
single-particle orbitals of nuclei lying along the stability
valley are of the order of -10 2 Weisskopf units.

Summing up, it can be stated that the above microscopic
description of the 11Li soft dipole mode provides a physical
picture of the mechanism described in point (ii) of [8]. Fur-
thermore, it is well established that the damping width of
giant resonances, including also an eventual long tail, arises
from the coupling to doorway states made out of an uncor-
related particle–hole excitation and a collective low-lying
vibration [108, 109] (see also [7]). Damping which, for col-
lective states like the GDR, is strongly suppressed due to
cancellations. Consequently, mechanism (i) can hardly be the
origin of a soft dipole mode. On the other hand, this can-
cellation and resulting reduced width provides, arguably, a
solution to the (quoting again from [8]):‘... striking incon-
sistency between the calculations and recent data on the E1
widths of 1− states of 208Pb in the region near 5.5MeV.’ This
is in keeping with the fact that the calculations referred to
were based essentially on uncorrelated damping of particles

and holes, thus predicting widths much larger than experi-
mentally observed.

Aside from the above issues we are interested, in the
present paper, to shed light on a somewhat ignored, but
central role played by the soft E1-mode in the low-energy
nuclear structure spectrum, essentially reflecting its large
amplitude, plastic properties (see [1, 16, 127, 128]). In other
words, in the interweaving of dipole modes essentially
degenerate with the ground state and single-particle motion,
in particular as intermediate boson. As a bonus, one acquires
what can be considered the specific probe of an important
type of nuclear deformation: isotropic radial deformation.
Such deformation is closely connected with the neutron skin
leading to incipient and/or well defined halo structures.

4. Elementary modes of nuclear excitation

Nuclear structure can be described in terms of elementary
modes of excitation (see [14, 129, 130] and refs. therein).
Each elementary mode is associated with a different ground
state (figure 1). Hartree–Fock ( ∣ ñ =a HF 0k , [ ]† †e=H a a, ;i i i
e e<i F , e e>k F) for single particle motion, i.e. elementary
modes of excitation obtained adding or removing a particle to
or from a nuclear orbital, and carrying transfer quantum

Figure 3. Schematic representation of (a) the QRPA calculations of
the soft dipole mode (labeled pygmy for convenience) of 11Li and
associated results. Namely X and Y QRPA amplitudes divided, for
didactic purposes, into low-lying (pygmy) and high lying (GDR) p–h
excitations. It is of notice that throughout the p3/2 proton state is not
shown being treated as a spectator; (b) schematic representation of
the connection between occupation numbers and nuclear field theory
wavefunction describing the two halo neutrons. The wavefunction of
the state is expressed in the laboratory system, immaterial as far as
the E1-distribution strength is concerned, the B(E1) strength being
calculated making use of a dipole operator which eliminates the
contributions of the center of mass motion.

7
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Full dipole strength

with the EX=3.49MeV dipole state of the neutron rich
nucleus 28

68Ni40 excited at a temperature of T=3MeV. as
testified by the transition density displayed in figure 10, and
of the corresponding wavefunction made out mainly of

~
ph

components with e e>~
ph F , namely ( )s p n3 31 2 3 2 ,

( )d p n2 35 2 3 2 and ( )s p n3 31 2 1 2 (see table 1 of
[110]). Increasing the temperature to T=4MeV, the stron-
gest dipole state lying below 10MeV, and carrying 72.4% of
the 0–10MeV strength, moves down in energy to
Ex=2.55MeV. The robustness of the above parlance is
further confirmed by results found in the case of the neutron
deficient nucleus Sn50

100 at T=3MeV, displaying in this case
a proton skin and, fittingly, a soft E1-mode (e.g. the state at
4.13MeV), where the proton skin oscillates against an isospin
saturated core [111].

In an attempt at shedding light on the role quantal fluc-
tuations play in the E1-soft mode of 11Li under discussion, we
have recalculated the transition densities, but this time without
including GSCs. That is, setting the Y-component of the QRPA
wavefunctions to 0, and normalizing to 1 the sum squared of X
components. The results are displayed in figure 11. In the case
of the soft dipole mode the effect of GSC is quite important and
constructively coherent throughout for both protons and

neutrons (figure 11(a)). In the case of the GDR, GSCs, which
essentially only act on the core neutrons, lead to destructive
interference (figure 11(b)). Eliminating their effect results in the
elimination of oscillations in δρn (rR0), and lead to a
transition density which better resembles the paradigm of an
isovector mode. A result consistent with the fact that the
Y-components foster, in the present case (11Li), the (pp)
component of two-quasiparticle collective modes, and that the
GDR is essentially a correlated (ph)-excitation. In other words,
GSC oppose the collectivity of the GDR. By the same token
one can posit that the two-quasiparticle wavefunction of the soft
E1-mode is dominated by its (pp)-component, consistent with a
vortex-like mode. Expressing it differently, a dipole Cooper pair
(see e.g. [7, 25] and refs. therein).

Summing up: (a) the concentration of 6% of the dipole
EWSR in a peak of centroid EX  1 MeV and width
Γ≈0.5 MeV; (b) the wavefunctions of the states forming it
having about 15 phase correlated components, displaying
about 30% of GSCs, and associated transition densities con-
sistent with a well developed neutron skin (Δrnp≈1.71 fm)
which oscillates out of phase with respect to an isospin
saturated core, testifies to the fact that the soft E1-mode of
11Li, can be viewed as an elementary mode of excitation.

There is however, an essential difference between the
otherwise physically similar modes. In e.g. 208Pb and 122Sn
although the vibrational amplitude of the PDR and the role of
pairing are larger than in the case of the GDR, the PDR is still
a small amplitude mode. On the other hand pairing, at the
level of single Cooper pair, plays an important role in the case
of the low-energy dipole resonance of 11Li, being this mode a
large amplitude vibration.

Within this context, the analysis of the flow pattern
associated with low-energy E1-modes (see e.g. [136] as well
as [7]) may provide new possibilities to better characterize the
broad species low-energy E1-modes, eventually distinguish-
ing between e.g. the low- and high-energy bin (6.0–8.8 MeV
and 8.8–10.5 MeV in 208Pb) and these, from the soft-E1 mode
of 11Li. A possibility to help at making the conclusions of
[136] non only a theoretical classification, is that of of
probing these modes through both anelastic processes (e.g.
g g¢, , inelastic scattering, Coulomb excitation, etc) and two-
particle transfer reactions (e.g. (p, t), (t, p) etc), and to study
the role GSCs play in reproducing (predicting) the associated

Figure 6. Transition densities multiplied by r3 associated with three states representative of the soft E1-mode and with the GDR of 11Li,
calculated making use of the wavefunctions displayed in tables 1 and 2.

Figure 7. Full response function ( )B E E Ed 1, d (e2 fm2/MeV)
associated with 11Li. In the inset the ( –=B E Ed 1, 0 2 MeV) Ed
(e2 fm2/MeV) is again displayed.

12
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Transition densities

absolute differential cross sections. A subject touched upon in
connection with figure 11.

6. Hindsight

The origin of the pigmy resonance in light halo nuclei,
namely, parity inversion, is a many-body effect going beyond
mean field as testified by the large particle-vibration coupling
vertices between the quadrupole vibration of the core and the
halo neutrons s1/2 (≈−3MeV) and p1/2 (≈−3.9 MeV) and
by the population of the lowest 1/2−member of the multiplet
( Ä+ p2 3 2) of 9Li in the reaction 11Li(p, t)9Li ( -1 2 ;
2.69MeV) [4, 5] and of the quadrupole vibration in 10Be in
the reaction 11Be(p, d)10Be(2+; 3.33 MeV) [117, 118].
Let alone by the results of the QRPA calculation presented
here, namely of the GDR, of the soft E1-mode and of a dipole
state at zero energy, comprehensively exhausting the TRK

sum rule, these last two states carrying 6% ( ( ))» B E1 1W and
0% of it respectively) (within this context, see [135, 137]).

Origin also documented by the experimental values of
the inelastic 11Li(d, d′)11Li(1−; 1 MeV) [10] and 11Li(p, p′)
11Li(1−; 0.80MeV) [55] cross sections, as well as of the
decay strength ( )- +B E1; 1 2 1 2 between the parity
inverted first excited ∣ ñ

~-
1 2 (0.18MeV) and the ground state

∣ ñ
~+
1 2 states of 11Be [138], both quantities corresponding to
≈1 BW(E1) (≈0.1 e2 fm2). Within this context it is important
to remember the subtle relation existing between collective
and single-particle motion. Assuming the full TRK sum rule

( ) =S E1 14.8NZ
A

e2 fm2 to be concentrated in the GDR
(ÿωGDR ≈ 80MeV A−1/3), one expects the associated E1-
strength to be15 » ´ - A3.75 10 2 4 3 e2 fm2, which for A=11

Figure 8. (a) Same as figure 7 but multiplied by the excitation energy E. (b) Integrated EWSR as a function of the energy.

Figure 9. Transition densties multiplied by r2 associated with three states representative of the soft dipole mode (b), and with the GDR (c) of 11Li
(see tables 1 and 2). In the right and left panels the same quantities associated with the PDR and GDR of 208Pb [7] and 122Sn [9] are displayed. 9(a)
Reprinted figure with permission from [9], Copyright (2008) by the American Physical Society. 9(d) Reprinted figure with permission from [7],
Copyright (2002) by the American Physical Society.

15 In this estimate we have used the approximate relation valid for nuclei
with large neutron excess like 208Pb and 11Li, N/A≈0.67 and Z/A≈0.33,
leading to NZ/A≈0.2 A.

13
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Deformations in 3D space and in gauge space

Deformations in 3D and gauge spaces

Deformation of nuclear surface ) particle–hole excitations.
Deformation of Fermi surface ) pairing interaction.

TUNL, July 1st, 2014 slide 5/48
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NFT
Interweaving of elementary modes of excitation

surface vibrations

X

single particle states

EF

particle-vibration coupling

++ +....

+ +....

particle-particle interaction

quasiparticles, multiplets, fragmentation

comparison with experiment
TUNL, July 1st, 2014 slide 20/48
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11Li summary
Eur. Phys. J. A (2019) 55: 243 Page 3 of 11

Fig. 1. Absolute, two-nucleon transfer differential cross section associated with the ground state and the first excited state of
9Li, excited in the reaction 1H(11Li,9 Li)3H in comparison with the predicted differential cross sections worked out making use
of spectroscopic amplitudes and Cooper pair wave functions calculated with nuclear field theory.

breaking of rotational invariance4. A subject started in
the 1960s [21] and still very much open (see [22,23] and
references therein). One knows of only few cases in which,
due to a propitious distribution of single-particle levels
around the Fermi energy, one can observe a clear signal,
for example an important enhancement of the two-nucleon
transfer absolute cross section typical of pairing vibrations
around closed shell systems rather than of superfluid nu-
clei (see [24–26] and references therein). Arguably, 11Li
constitutes such a propitious case concerning the charac-
terisation of the dipole LES.

Let us close this section by reminding that the ap-
pearance of quantised vortices constitutes a hallmark
of superfluidity. In a superfluid, a quantum vortex car-
ries quantised orbital angular momentum, being zeros of
the wave function around which the velocity field has a
solenoidal shape. A nucleus acting as impurity immersed
in a Wigner-Seitz cell of the inner crust of a neutron star
(roughly equivalent to 1000

50 Sn) experiences that a vortex

4 Similar to what happens in 11Li between the dipole pair
addition mode and the soft E1 mode, associated with a sys-
tem poised to acquire a permanent dipole deformation (see
appendix B).

Fig. 2. Transition density multiplied by r2 associated with
states representative of the soft dipole mode of 11Li.

becomes pinned by skating around it along the nuclear
surface [14,15]. This is in keeping with the fact that nu-
clei along the stability valley display, around the Fermi
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Role of ground state correlations

amounts to 0.92 e2 fm2 and thus to ( )» B E9 1W . Let us now
calculate the B(E1) between the dressed single-particle states
of 11Be ∣ ñ~p1 2 and ∣ ñ~s1 2 . Taking into account contributions
arising from many-body processes associated quadrupole,
octupole and pairing vibrational modes as explained in [118]
(see supplemental material) one obtains ≈0.12 e2 fm2, i.e.
almost 13% of the E1-strength associated with a GDR
assumed to contain 100% of the EWSR. Whether one calls
this result a collective or a pure single-particle transition is
arguably just semantics.

The usual depletion of the low-energy E1 strength measured
by the dipole effective charge squared ( ( ) ) »e E1 eff

2

( ( ))t c- + » -0.5 1 10z
2 2 e2 (c t= - = 0.7, 1z (n, p)) is

here essentially screened out by the poor overlap between core
and halo nucleons. In other words. one finds in the case of 11Li a
negligible depletion instead of the conspicuous one observed in
stable nuclei lying along the stability valley and leading to typical
E1-single particle strength �10−2 BW(E1) (A�45) (see
[139–142]).

A second issue concerning the dipole response in nuclei
with neutron excess is related to the isovector-isoscalar
character of the collective mode. In a similar way in which the
states of a nucleus in a very strong external magnetic field
pointing along the z-axis cannot be characterized by a definite
angular momentum, the isoscalar and isovector states get
strongly mixed in nuclei like 3

11Li8 displaying very large
neutron excess ((N – Z)/A≈ 0.5).

7. Conclusions

Weakly bound two quasiparticle (ph) states with low cen-
trifugal barriers, e.g. (sp−1) configurations at threshold are, in
neutron rich nuclei, at the basis of the presence of a neutron
skin. Thus, of collective modes in which the neutron skin
oscillates against the nucleons of the core. Both in nuclei
lying along the stability valley as well as in exotic halo sys-
tems lying along the neutron dripline, these vibrations display
common, universal features and rightly deserve a common
name. Likely that of PDRs.

Halo Cooper pairs or better halo pair addition vibrations
and PDRs are two novel plastic modes of nuclear excitation.
Experimental studies of these excitations, in particular of
pygmy resonance based on excited neutron halo states are
within reach of experimental ingenuity and techniques. They
are expected to shed light on a basic issue which has been
with us since the formulation of BCS theory of pairing: the
microscopic mechanism to break gauge invariance and thus of
the variety of origins of nuclear pairing, beyond the bare NN-
pairing force.

Furthermore, they are likely to open a new chapter in the
probing of the Axel-Brink hypothesis: its state dependence.
This phenomenon can be instrumental in modulating the
transition between cold and warm (equilibrated) excited
nuclei, let alone provide a microscopic way to study a new
form of inhomogeneous damping. Namely radial isotropic
deformation. The importance of this mechanism, which has

Figure 11. (a) The transition densities associated with the soft dipole
mode shown in figure 9(b) are here displayed again in comparison
with the corresponding quantities labeled (noGSC) and calculated
without taking into account the ground state correlations (RPA
continuous curve, (noGSC) dashed curve); (b) same but for the GDR
(figure 9(c)).

Figure 10. Transition densities associated with the states at
EX=3.49 MeV and 4.13 MeV of 68Ni and 100Sn respectively, at a
temperature of T=3 MeV in both cases (after [110, 111]). 10(a)
Reproduced with permission from [110] Copyright (2018) The
Author(s). 10(b) Reprinted figure with permission from [111],
Copyright (2018) by the American Physical Society.
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Transition to the first 1/2- (2.69 MeV) excited state of 9LiTransition to the first 1/2
�
(2.69 MeV) excited state of

9
Li
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 1/2− experiment
1/2− channel 1 (halo transfer)
1/2− (total)
channels c=2+c=3

di↵erential cross section calculated with
the Barranco et. al. (2001) 11Li ground
state wavefunction, compared with
experimental data. According to this
model, the 9Li excited state is found
after the transfer reaction because it is
already present in the 11Li ground state.

1H(11Li,9Li⇤(2.69 MeV))3H at 33 MeV. Data from Tanihata et.al. (2008).
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From 9Li to  10Li…
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… and from 10Li to 11Li
...and to

11
Li

11Li=9Li core+2–neutron halo (single Cooper pair). According to
Barranco et al. (2001), the two neutrons correlate by means of the bare
interaction (accounting for ⇡ 20% of the 11Li binding energy) and by
exchanging 1� and 2+ phonons (⇡ 80% of the binding energy)

1� 2++ +
⇡

Within this model, the 11Li wavefunction can be written as

|0̃i = 0.45|s21/2(0)i+ 0.55|p21/2(0)i+ 0.04|d2
5/2(0)i

+ 0.70|(ps)1� ⌦ 1�; 0i+ 0.10|(sd)2+ ⌦ 2+; 0i.

Note that the p3/2 proton doesn’t play any role and is not taken into
account.
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11Li(p,t)9Li(1/2-)

Transfer in drip–line nuclei 1H(11Li,9Li)3H

We will try to draw information about the halo structure of 11Li from the
reactions 1H(11Li,9Li)3H and 1H(11Li,9Li⇤(2.69 MeV))3H (I. Tanihata et
al., Phys. Rev. Lett. 100, 192502 (2008))

Schematic depiction of 11Li First excited state of 9Li
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Spontaneous symmetry breaking in nuclei

Collective modes

The deformations are associated with shape and pairing collective modes:
vibrations and rotations

deformed

spherical

theoretical description

vibrations in harmonic approximation

        RPA
pp-RPA/QRPA

deformed mean field

Nilsson model
        BCS
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