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In Nuclear Physics, few things are more interesting than the very low energy (S-wave) 
scattering of n’s

On heavy nuclei it gives rise to the fantastic forest of « resonances » (see the scale!)

and can be even very dangerous….

In any case, free from Coulomb, partial waves, centrifugal barrier, spins-orbit, tensor, 
… it makes the delicious of theorists and it is very sensitive to the interaction 

(Cf R. Lazauskas talk on n+3H)

On light nuclei is certainly less spectacular, ALTHOUGH ….

INTRODUCTION

n + 241Am at n_TOF (CERN)
PhD Kevin Farval SPhN Saclay



INTRODUCTION

The S-wave neutron-Nucleon (n,p) interaction is attractive in all spin and isospin channels

The S=1 np state is the more attractive one, enough to bind the deuteron by B=2.22 MeV
The S=0 np and nn states are not bound… but almost: have a “virtual state” close to threshold
This spin-dependence accounts for a 20% difference in the attractive strength of NN interaction

Despite all VnN are attractive, a low energy n scattering on a light nucleus soon (2H) behaves
as if the VnA was repulsive…

A n approaching  a nucleus ”feels” the others n’s in the target and it doesn’t like it ! (Pauli) 
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INTRODUCTION

A  dramatic consequence happens in 3n and 4n systems :
H3n has a (ground) bound state at about 1 MeV (5 MeV for H4n)

… but in nature neither 3n nor 4n are bound

The lowest state of H3n and H4n is symmetric

The first antisymmetric state is much higher in spectrum

Everything happens as if there was a repulsion among n’s:

the “Pauli repulsion”

An interesting quantity to measure the repulsive/attractive character of VnA is the scatt length 
anA = - fnA(E=0) 

For purely repulsive V, a>0

For purely attractive V, a<0…until a bound state appears

For a realistic interaction – mixing repulsive core with attractive parts – it will result
as a balance of both tendencies
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INTRODUCTION

The evolution of anA when increasing N is summarized below

Z  N   A Sym J a- a+

1  0   1 p ½+ -23.71 +5.41 *

0  1   1 n ½+ -18.59 /

1  1  2 2H 1- +0.65* +6.35

2  1   3 3He ½+ +6.6-3.7i +3.5

1  2   3     3H ½+ +3.9 +3.6

2  2   4 4He 0+ +2.61 /

3  3   6 6Li 1+ +4.0 +0.57

3  4   7 7Li 3/2- +0.87 -3.63

2  6   8 8He 0+ -3.17

3  6   9 9Li 3/2- -14

For  A=n,p all channels are attractive, as expected (despite its sign, like for +5.41*)
with A=2,    the quartet state (S=3/2) starts being repulsive:  Pauli repulsion dominates over nN attraction 
In    A=7     an attractive channel appears again: 7Li (J=3/2-)

P-wave n’s decrease the Pauli repulsion: 2 p3/2 n’s enough to balance into an “attractive” VnA

Rm: previous repulsion were only in S-wave : P-wave were attractive, even resonant (n-3H,n-4He)
The “attraction” persists in 12Be,15B… until something spectacular occurs……

1 Phenomenology

N=20 1d3/2hhhh
2s1/2hh
1d5/2hhhhhh

N=8 1p1/2hh
1p3/2hhhh

N=2 1s1/2hh

1. 16B ground state is a resonance n-15B L=2 with ER=40 keV

2. n-17B has a scattering length a0=-50,-100,-150,...

• Spin of 17B = 3/2�

• The scattering state can be J⇡=1� or J⇡=2�

Some Shel-model divagations [2] privileged J⇡=2�... but it is not measured !

Waiting for better I denote a0 the degenerate scattering length value, that is a0 = a1 = a2

• ”rms matter radius” Radius of 17B is R= 2.99 ±0.09 fm

3. 19B =17B+n+n is bound (3/2�) but we do not knows its binding energy B : B=0.14 ±0.39

It has several resonances

We must calculate B and if possible the resonances

The decay of its first resonance (1/2�) is a sequential process (17B+n)+n

4. Some n-A scattering lengths (a± correspond to J±1/2)

J a_- a_+

n-2H 1+ 0.65(4) 6.35(2) repulsive

n-3H 1/2+ 3.90(12) 3.6(1) repulsive not well known

n-3He 1/2+ 5.87 3.13 repulsive

n-4He 0+ 2.61 repulsive

n-8He 0+ -3 Miguel

n-6Li 1 4.00 0.57 repulsive

n-7Li 3/2- 0.87 -3.63 8Li is 2+

n-9Li 3/2- -14 Miguel 10Li is 1- or 2-

-17 Kubota (draft) donne par Anna

n-9Be 3/2- ?

n-10Be 0+

n-12Be 0+ -9.2 Fit de Anna

n-14Be ?

n-15B 3/2- -7.5 Zaihong paper donne par Anna

2

1.1 J⇡ with Shell-Model

General rules

1. Even-even J = 0+

2. Closed shells J = 0+

Particular cases

• 8He , J⇡=0+ : (pn)=(2,6) = (2 in 1s1/2 ) x (2 in 1s1/2 , 4 in 1p3/2, 2 in 1p1/2 )

N=8 1p1/2xx
1p3/2xxxx

N=2 1s1/2xx 1s1/2xx
J = 0+ � 0+ = 0+

• 6Li , J⇡=1+ : (pn)=(3,3) = (2 in 1s1/2 , 1 in 1p3/2 ) x (2 in 1s1/2 , 1 in 1p3/2 )

1p3/2x 1p3/2x
N=2 1s1/2xx 1s1/2xx

J = 3/2� � 3/2� = 0, 1, 2, 3+

• 7Li, J⇡=3/2� : (pn)=(3,4) = (2 in 1s1/2 , 1 in 1p3/2 ) x (2 in 1s1/2 , 2 in 1p3/2 )

1p3/2x 1p3/2xx
N=2 1s1/2xx 1s1/2xx

J = 3/2� � 0+ = 3/2�

• 9Li, J⇡=3/2� : (pn)=(3,6) = (2 in 1s1/2 , 1 in 1p3/2 ) x (2 in 1s1/2 , 4 in 1p3/2 )

1p3/2x 1p3/2xxxx
N=2 1s1/2xx 1s1/2xx

J = 3/2� � 0+ = 3/2�

3



ONE OF THE MOST FASCINATING SYSTEMS IN NUCLEAR PHYSICS

17B is a (strong) stable nucleus with J!=3/2- consisting on a sea of 12n sourrounding 5p

The balance between attractive "-exchange between n and 17 Nucleon and “Pauli repulsion” 
with the 12n’s in 17B is so fine-tuned that the scattering length is an-17B ~ -100 fm

A low energy n scattering on 17B “feels” a monster of geometrical size D~400 fm
Not yet a virus but we are getting close !  (“visible” ?)

The « low energy region » where n feels the monster is « very low » …

Nevertheless the effect is huge, even with respect to what was considered huge untill now !

B17

2.4 Cross section

�L(k) = (2L+ 1)4⇡
sin

2 �L(k)

k2

Since �0(k) = �ka0
�(0) = 4⇡ a2
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3.3 Cross section

Partial wave cross section

�L(k) = (2L+ 1)4⇡
sin2 �L(k)

k2

Since �0(k) = �ka0

�(0) = 4⇡ a2
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Figure 3: The n-17B S-wave scattering cross section for a=-50 fm is compared to the np (1S0) one. Left pannel
as a function of E and right panel as a function of momentum (both in c.o.m).

Where it is shown that exceptional NN cross sections become trivial

11

3.3 Cross section

Partial wave cross section

�L(k) = (2L+ 1)4⇡
sin2 �L(k)

k2

Since �0(k) = �ka0

�(0) = 4⇡a2

0,00 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09 0,10
E (MeV)

0

5000

10000

15000

20000

25000

30000

35000

σ
0 (

fm
2 ) as=-50 fm

n +17B

np

0,00 0,10 0,20 0,30 0,40

p (fm-1)

0

5000

10000

15000

20000

25000

30000

35000

σ
0 (

fm
2 )

n + 17B

np

Figure 3: The n-17B S-wave scattering cross section for a=-50 fm is compared to the np (1S0) one. Left pannel
as a function of E and right panel as a function of momentum (both in c.o.m).

Where it is shown that exceptional NN cross sections become trivial

11

0 1 2 3 4 5
ELab (MeV)

0

5

10

15

20

s(b)
np
nd



EXPERIMENTAL

How do we know that this history is true ?

I. A first MSU measurement
Spyrou et al. PLB683(2010)129
claimed the existence of a 18B “virtual” (unbound) state 
and a n-17B as <- 50 fm (max !2 at as=-100 fm)
Claims for J=2-

II. A recent RIKEN result
this state was observed in other channels

The precise value of as it is not (yet) known, most probably <-100 fm

A. Spyrou et al. / Physics Letters B 683 (2010) 129–133 131

Fig. 2. Decay energy spectrum of 16B reconstructed from n–15B coincidences. The
solid line is the best fit to the experimental spectrum comprising of a resonance at
60 ± 20 keV (dotted line) and a non-resonant contribution (dashed line) at 0.5 MeV.
Inset: (a) 15B level scheme from [39]. Measurements of the 16B ground state (b)
from Kalpakchieva et al. [38], (c) from Lecouey et al. [37], (d) results from the
present work, (e) shell model calculations [37].

can be described with the s-, p- or d-waves lineshapes, the ex-
perimental spectra include reconstructed events which correspond
to decay from the continuum. These create a non-resonant back-
ground under the discrete levels [36] which can be described by
a Maxwellian distribution of beam velocity neutrons. In the simu-
lations the peak energy of this distribution was varied in order to
fit the experimental spectra. The height of the resonant and non-
resonant components was scaled to obtain the best fit.

Using the same experimental setup and analysis procedure,
the decay energy of 16B from a single-proton removal from a
17C beam was also investigated. The energy of the 17C secondary
beam was 55 MeV/u and the reaction of interest took place in a
470 mg/cm2 Be target. This decay was recently studied by Lecouey
et al. [37]. They used the same reaction and found a d-wave decay
at 85 ± 15 keV, with a width of Γ ≪ 100 keV width. The de-
cay energy spectrum from the present work is shown in Fig. 2.
A χ2 analysis showed that the best fit of our decay energy spec-
trum corresponds to a Breit–Wigner line shape at a resonance
energy of 60 ± 20 keV which is in agreement with the results of
Ref. [37] and also with the earlier work by Kalpakchieva et al. [38]
(E = 40 ± 40 keV, Γ < 100 keV). The width of the distribution is
dominated by the experimental resolution and the data are consis-
tent with the very small width (0.5 keV) expected for the specific
decay [37].

Fig. 3 shows the experimental spectrum for the 18B decay. For
comparison, the upper panel of Fig. 3 shows the acceptances of
our setup plotted on the same energy axis as the 18B decay spec-
trum. The experimental spectrum could not be fitted satisfactorily
with a Breit–Wigner line shape. The best fit was obtained from an
s-wave analysis of the resulting decay. The s-wave line shape was
calculated according to the time dependent projectile fragmenta-
tion model of Blanchon et al. [40] taking the initial wave function
of 19C in a Wood–Saxon potential which was parameterized to fit
the experimental binding energy. The best fit to the experimental
data corresponds to a scattering length of −100 fm. A χ2 analy-
sis showed that we can only give an upper limit to the scattering
length of this virtual state at −50 fm (1σ from minimum), while
further reduction of the scattering length does not have a signif-
icant impact on the fit. The non-resonant contribution shown in

Fig. 3. Decay energy spectrum of 18B reconstructed from n–17B coincidences. The
solid line presents the best fit to the experimental spectrum and it consists of the
s-wave line shape for scattering length of −100 fm (black short dash line) and a
non-resonant background (black dash line). The corresponding grey lines show the
two components without the effect of the resolutions and efficiency of our experi-
mental setup. The acceptance distribution of our setup is shown in the upper panel
on the same axis as the decay energy spectrum for comparison. The inset shows ex-
perimental and calculated level schemes of 17B as well as shell model calculations
for 18B where the arrows show the most favored decay modes.

Fig. 3 corresponds to a Maxwellian distribution at 0.5 MeV. The
s-wave results and the corresponding scattering length were not
sensitive to the peak energy of the non-resonant component. Using
the upper limit in the scattering length we can extract an up-
per limit for the energy as well. This is done using the relation
E ≃h̄2/2µα2 from Ref. [41], where α is the scattering length and
µ is the reduced mass. The upper limit of −50 fm corresponds to
a decay energy of 10 keV.

In the present experiment we populated states in 18B through
a single-proton knockout reaction from a 19C beam. 19C is consid-
ered to be a one-neutron halo nucleus. As mentioned earlier, its
ground state configuration is believed to be ν(d5/2)

4ν(s1/2)
1. Al-

though 19C is a very neutron-rich nucleus, it is assumed here that
the removal of a single proton at 60 MeV/u beam energy is a direct
process during which the neutrons are largely undisturbed [42].
The removal of nucleons of the deficient species to study exotic
nuclei has been used in several experiments (e.g. [43–45]). Based
on this assumption, we expect in the present experiment to popu-
late 18B largely in the configuration π(p3/2)

−1 ⊗ ν(d5/2)
4ν(s1/2)

1.
This configuration can couple to states with spin and parity of
1− and 2−. Once 18B is created in the above configuration, it is
expected to decay mainly through the emission of an s-wave neu-
tron.

Shell model calculations were performed using the code
NuShell@MSU [46]. The calculations used the WBP interaction [14]
in the s–p–sd–pf model space. Table 1 presents the first 6 calcu-
lated levels of 18B for which the energy above the ground state
is shown in the first column and the spin and parity assignments
in the second column. The spectroscopic factors C2 S for remov-
ing a p3/2 proton from 19C are listed in the third column for the
cases where the C2 S was non-zero. Columns four and five show
the spectroscopic overlaps between the different states in 18B and

II. A recent RIKEN result observed this state in other channels (Miguell talk)

The precise value of the scattering length as it is not (yet) known, most probably is <-100 fm

From M. Marques, Fukuoka 2018
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THEORY

The large value of as indicates the existence of a “ 18B virtual state” very close to threshold
It corresponds to a pole in the n-17B scattering amplitude  f(k) at Im(k)<0, as in nn case

One of the most interesting virtual states in Nucl Physics:
- the scattering length as is the « nuclear chart record » ….waiting for a final result !
- much larger than the highly celebrated aNN=-24 fm, which, « controls the nuclear chart »   

S. König, H. Griesshammer, H.W. Hammer, U. van Kolck, Phys. Rev. Lett 118, 202501 (2017) 
We argue that many features of the structure of nuclei emerge from a strictly perturbative expansion
around the unitarity limit, where the two-nucleon S waves have bound states at zero energy” 

- It is even comparable to atomic physics cases ! and a candidate to Efimov martyrology

But this not all….

- 19B is bound with a binding energy B in [0,0.53] MeV
- 19B has several resonant states
- A series of 20B,21B resonances were recently discovered S.Leblond et al, PRL121,262502(2018)

All that gave a strong motivation to model 19B as a 17B-n-n 3-body cluster 
- built wit 2 resonant scattering lengths (exemple of Borromean state) 
- with possible extensions to 17B-n-n-n and 17B-n-n-n-n

First results in E. Hiyama, R. Lazauskas, M. Marqués, J. Carbonell, PRC100, 011603R (2019)

B
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MODELING THE n-17B SYSTEM  

Ingredients: 

- Repulsive+Attractive part : Vr,Va, !

- Hard core radius : n cannot penetrate at r<R = size parameter 

R can be (matter radius, experimentally known Rm=299 )

- Pion exchange (dominant at large r) !=0.70 fm-1

Simplest ansatz

Equivalent to

! and R being fixed, there is one single parameter Vr

Vr is adjusted to reproduce the experimental value of as
Since we are still waiting for it, we parametrize all in terms of as

2 System n-17B

We use mn = 939.5654 M17B = 15879.1 h̄c = 197.327053 and so

µn17B =
mnMB

mn +MB
= 887.0771 MeV

h̄2

2µn17B
= 21.947340 Mev fm

�2
(1)

2.1 Potential n-17B

We start with a simplified version of the original 4-parameters, purely S-wave, MT-13 [1] potential

V (r) = Vr
exp(�µrr)

r
� Va

exp(�µar)

r

0 1 2 3 4
r (fm)

-100

-50

0
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V M
T1

3(M
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)

Vs
Vt

in which we reduce the numbers of parameters to 3 by setting µr = 2µa ⌘ 2µ

V (r) = Vr
exp(�2µr)

r
� Va

exp(�µr)

r
(2)

• We could keep fixed the µ and Vr original values and use Va as adjusting parameter to reproduce

the n-
17
B scattering length.

The problem is that the hard core of MT is quite small R ⇡ 0.7 fm, more than four times smaller than

what one could expect for the
17
B radius (see figure above).

• I propose to fix the hard core radius R to some physical value, set µ=0.70 fm
�1

which

roughly corresponds to pion mass, and use the remaining parameter to adjust a0

To this aim, it is better to write (2) in the form

V (r) = Vr
�
e�µr � �

� e�µr

r
� =

Va

Vr
(3)

The hard core radius R, defined by V (R) = 0, is fixed by setting � = e�µR
and the only free parameter

to adjust a0 is Vr.

The ”natural” form for (2) or (3) is then

V (r) = Vr

⇣
e�µr � e�µR

⌘ e�µr

r
(4)

However one can recover the standard form with

V (r) = Vr
e�2µr

r
� Va

e�µr

r
Va = Vre

�µR
(5)

3

2 System n-17B

We use mn = 939.5654 M17B = 15879.1 h̄c = 197.327053 and so

µn17B =
mnMB

mn +MB
= 887.0771 MeV

h̄2

2µn17B
= 21.947340 Mev fm

�2
(1)

2.1 Potential n-17B

We start with a simplified version of the original 4-parameters, purely S-wave, MT-13 [1] potential

V (r) = Vr
exp(�µrr)

r
� Va

exp(�µar)

r

0 1 2 3 4
r (fm)

-100

-50

0

50

100

V M
T1

3(M
eV

)

Vs
Vt

in which we reduce the numbers of parameters to 3 by setting µr = 2µa ⌘ 2µ

V (r) = Vr
exp(�2µr)

r
� Va

exp(�µr)

r
(2)

• We could keep fixed the µ and Vr original values and use Va as adjusting parameter to reproduce

the n-
17
B scattering length.

The problem is that the hard core of MT is quite small R ⇡ 0.7 fm, more than four times smaller than

what one could expect for the
17
B radius (see figure above).

• I propose to fix the hard core radius R to some physical value, set µ=0.70 fm
�1

which

roughly corresponds to pion mass, and use the remaining parameter to adjust a0

To this aim, it is better to write (2) in the form

V (r) = Vr
�
e�µr � �

� e�µr

r
� =

Va

Vr
(3)

The hard core radius R, defined by V (R) = 0, is fixed by setting � = e�µR
and the only free parameter

to adjust a0 is Vr.

The ”natural” form for (2) or (3) is then

V (r) = Vr

⇣
e�µr � e�µR

⌘ e�µr

r
(4)

However one can recover the standard form with

V (r) = Vr
e�2µr

r
� Va

e�µr

r
Va = Vre

�µR
(5)

3

2.2 Tuning a0 with Vr (fixed R)

I propose to fix R as being the r.m.s. matter radius experimentally measued and vary Vr.

According to Miguel, this r.m.s. matter value is R = 2.99± 0.09 fm
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Figure 1: Left panel : n-
17
B scattering length a0 as a function of Vr for µ =0.70

�1
and r.m.s radius R=2.99

fm. Right panel: the corresponding potential with Vr=4 GeV.

1. Results are displayed in figure 1 (left panel)

2. Strength parameters Vr corresponding to di↵erent a0 are given below.

a_0 V_r (MeV)

-050 3864,0

-060 3917,5

-070 3956,9

-080 3987,1

-090 4010,9

-100 4030,4

-110 4046,4

-120 4059,8

-130 4071,3

-140 4081,3

-150 4089,9

3. These are the parameters I suggest to be used to examine the bound (or resonant) states of
19
B, considered

as a
17
B-n-n 3-body system.

4. Do not confuse the ”hard core radius R” (which is identified to the experimental rms matter radius) with

the e↵ective range r0.

For the (a0, Vr) values in the previous table r0 ⇡ 9 fm

5. The right panel of the same figure 1 is the corresponding potential for Vr = 4 GeV.
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R !



Determining as =f(Vr) 

Dashed lines correspond to as =-50 (3864 MeV), -100 (4030), -150 (4090) fm with R=3.0

Singularity on right would corresponds to the (unphysical) bound 18B state

Corresponding potentials saturates for as ∼ -100 fm
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FIG. 1. Dependence of the n-17B scattering length aS on Vr for
R = 3 fm. The dashed lines correspond to some selected values of aS

used in other figures.

energy, we will explore the possible range of those parameters
up to the unitary limit. Finally, our model predicts the first
excited states of 19B to be of resonant character, in agreement
with experimental observations [14].

In building an effective neutron-nucleus potential, it is
assumed that a low-energy neutron approaching 17B feels a
short-range repulsion due to the Pauli principle with respect
to the 12 neutrons in the 17B core, plus a loose attraction due
to the folded n-A interaction. A simple form accounting for
these facts can be

Vn17B(r) = Vr (e−µr − e−µR)
e−µr

r
, (1)

where R is a hard-core radius, hindering the penetration of the
incoming neutron in the nucleus, and µ is a range parameter
for the folded n-17B potential. An educated value can be R =
3 fm, which corresponds to the rms matter radius of 17B [5],
and we take µ = 0.7 fm−1 corresponding to the pion mass.

Once the range µ and the size R are fixed, the potential
depends on a single strength parameter Vr , which will be
adjusted to reproduce the scattering length aS. The numerical
values along this work correspond to mn = 939.5654 MeV,
m17B = 15879.1 MeV, i.e., a n-17B reduced mass mR =
887.0771 MeV, and h̄2/2mR = 21.9473 MeV fm2.

The dependence of the n-17B scattering length aS on
the strength parameter Vr within this model is displayed in
Fig. 1. The n-17B potentials of Eq. (1) corresponding to aS =
−50,−100,−150 fm (dashed lines in Fig. 1) are displayed
in Fig. 2. As one can see, despite the large variation of aS
the potentials quickly saturate when approaching the unitary
limit. For example, when aS varies from −50 to −100 fm the
potential changes by only a few tens of keV, and at this scale
it looks almost independent beyond those values.

Until now we have ignored any spin-spin effect in the n-17B
interaction (spin symmetric approximation). In fact 17B is a
Jπ = 3/2− state and can couple to a neutron in two different
spin states, S = 1−, 2−. If the resonant scattering length is
due to the S = 2− state, as it is assumed in [4], there is no
reason for the S = 1− to be resonant as well. To account
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FIG. 2. Vn17B potential for three different values of Vr (in MeV)
and the corresponding scattering lengths (in fm).

for this eventual asymmetry in further calculations, we have
introduced a spin-dependent interaction by assuming for each
spin S channel a potential V (S)

n17B having the same form as
Eq. (1) and driven by the corresponding strength parameter
V (S)

r . This can be cast in a single expression using the standard
operator form:

Vn17B(r) = Vc(r) + (S⃗n · S⃗17B)Vss(r), (2)

in terms of the spin-spin operator

2(S⃗n · S⃗17B) = S(S + 1) − 9
2 , (3)

and the central Vc and spin-spin Vss components which are
expressed in terms of V (S)

n17B by inverting the linear system
obtained from Eq. (2) for S = 1 and S = 2:

4V (S=1)
n17B = 4Vc − 5Vss, 4V (S=2)

n17B = 4Vc + 3Vss. (4)

It follows from that, that the central (Vc) and spin-spin (Vss)
components have the same form as Eq. (1):

Vi(r) = V (i)
r (e−µr − e−µR)

e−µr

r
, i = c, ss,

with the strength coefficients given by

V (c)
r = 1

8

!
3V (1)

r + 5V (2)
r

"
V (ss)

r = 1
2

!
V (2)

r − V (1)
r

"
.

Using this n-17B potential, the interest of our model lies in the
description of the more complex systems composed by 17B
and several neutrons in terms of two-body interactions. The
first step in this direction is 19B, which will be the subject of
the next paragraphs.

The 19B nucleus will be described as a 17B-n-nthree-body
system. The n-17B potential of Eq. (1), supplemented by a n-n
interaction, will constitute the three-body Hamiltonian. This
description is physically justified by the large values of the
scattering length in each two-body subsystem.

For the n-npotential, we have chosen two different models:
The Bonn A potential [15] and a charge-dependent (CD)
version of the semirealistic MT13 interaction [16]. The Bonn
A potential, being charge independent, provides the n-n
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energy, we will explore the possible range of those parameters
up to the unitary limit. Finally, our model predicts the first
excited states of 19B to be of resonant character, in agreement
with experimental observations [14].

In building an effective neutron-nucleus potential, it is
assumed that a low-energy neutron approaching 17B feels a
short-range repulsion due to the Pauli principle with respect
to the 12 neutrons in the 17B core, plus a loose attraction due
to the folded n-A interaction. A simple form accounting for
these facts can be

Vn17B(r) = Vr (e−µr − e−µR)
e−µr

r
, (1)

where R is a hard-core radius, hindering the penetration of the
incoming neutron in the nucleus, and µ is a range parameter
for the folded n-17B potential. An educated value can be R =
3 fm, which corresponds to the rms matter radius of 17B [5],
and we take µ = 0.7 fm−1 corresponding to the pion mass.

Once the range µ and the size R are fixed, the potential
depends on a single strength parameter Vr , which will be
adjusted to reproduce the scattering length aS. The numerical
values along this work correspond to mn = 939.5654 MeV,
m17B = 15879.1 MeV, i.e., a n-17B reduced mass mR =
887.0771 MeV, and h̄2/2mR = 21.9473 MeV fm2.

The dependence of the n-17B scattering length aS on
the strength parameter Vr within this model is displayed in
Fig. 1. The n-17B potentials of Eq. (1) corresponding to aS =
−50,−100,−150 fm (dashed lines in Fig. 1) are displayed
in Fig. 2. As one can see, despite the large variation of aS
the potentials quickly saturate when approaching the unitary
limit. For example, when aS varies from −50 to −100 fm the
potential changes by only a few tens of keV, and at this scale
it looks almost independent beyond those values.

Until now we have ignored any spin-spin effect in the n-17B
interaction (spin symmetric approximation). In fact 17B is a
Jπ = 3/2− state and can couple to a neutron in two different
spin states, S = 1−, 2−. If the resonant scattering length is
due to the S = 2− state, as it is assumed in [4], there is no
reason for the S = 1− to be resonant as well. To account
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for this eventual asymmetry in further calculations, we have
introduced a spin-dependent interaction by assuming for each
spin S channel a potential V (S)

n17B having the same form as
Eq. (1) and driven by the corresponding strength parameter
V (S)

r . This can be cast in a single expression using the standard
operator form:

Vn17B(r) = Vc(r) + (S⃗n · S⃗17B)Vss(r), (2)

in terms of the spin-spin operator

2(S⃗n · S⃗17B) = S(S + 1) − 9
2 , (3)

and the central Vc and spin-spin Vss components which are
expressed in terms of V (S)

n17B by inverting the linear system
obtained from Eq. (2) for S = 1 and S = 2:

4V (S=1)
n17B = 4Vc − 5Vss, 4V (S=2)

n17B = 4Vc + 3Vss. (4)

It follows from that, that the central (Vc) and spin-spin (Vss)
components have the same form as Eq. (1):

Vi(r) = V (i)
r (e−µr − e−µR)

e−µr

r
, i = c, ss,

with the strength coefficients given by

V (c)
r = 1

8

!
3V (1)

r + 5V (2)
r

"
V (ss)

r = 1
2

!
V (2)

r − V (1)
r

"
.

Using this n-17B potential, the interest of our model lies in the
description of the more complex systems composed by 17B
and several neutrons in terms of two-body interactions. The
first step in this direction is 19B, which will be the subject of
the next paragraphs.

The 19B nucleus will be described as a 17B-n-nthree-body
system. The n-17B potential of Eq. (1), supplemented by a n-n
interaction, will constitute the three-body Hamiltonian. This
description is physically justified by the large values of the
scattering length in each two-body subsystem.

For the n-npotential, we have chosen two different models:
The Bonn A potential [15] and a charge-dependent (CD)
version of the semirealistic MT13 interaction [16]. The Bonn
A potential, being charge independent, provides the n-n
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MODELING 19B as 17B-n-n  CLUSTER 

Solve the 3-body problem (Faddeev+Gaussian) with Vn-17B and some realistic Vnn
19B appears to be bound for as<-50 (the only parameter!) in a J!=3/2- state (L=0,S=0)

We used 2 different nn interactions and let Vn-17B act in S-wave (s. blue) or in all PW (s. black)
The energy is always compatible with the experimental value E=-0.14+/-0.39 MeV

In the S-wave case we consider the unitary limit: as=ann → -∞ (blue dashed)
The result is still compatible with experimental value and constitutes a first illustration
of this interesting limit in Nuclear Physics.
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FIG. 4. Ground-state probability amplitude |!(r, R)|2 as a func-
tion of the Jacobi coordinates: Upper panel 19B for aS = −100 fm in
model version (ii) and lower panel for 6He [21].

unknown. Their widths display also a strong dependence on
the size parameter (R) of the n-17B interaction, which we fixed
once for all to R = 3 fm: If R is increased, keeping aS fixed,
the resonance widths decrease. Further experimental data are
needed for a fine tuning of these parameters.

In fact, several resonances in the continuum of 19B have
been recently observed [14], although their precise energy
and quantum numbers have not been determined yet. It is
worth noting that despite its simplicity, our model of the
n-17B interaction is able to account for the 18B virtual state,
the 19B ground state, and two resonances without any need
of three-body forces. This follows from the strong resonant
character of both n-17B and n-n channels as well as the large
spatial extension of the 19B ground state.

If we introduce the spin dependence of the interaction,
Eq. (2), and assume the nonresonant scattering length a1 to be
smaller in absolute value than a2, the weaker potential leads to
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 n17B + nn Bonn    all PW
 n17B + nn CDMT  S-Wave

R=2.5 fm
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R=3.0 fm

R=3.0 fm

FIG. 5. 19B ground-state energy with respect to the first particle
threshold as a function of a1, for a fixed a2 = −150 fm and several
values of R. Blue (or gray) and black lines correspond, respectively,
to model versions (i) and (ii).

19B binding energies smaller than those in Fig. 3. For example,
if we fix a2 = −150 fm the 19B binding energy decreases
when a1 varies from the spin-symmetric case a1 = a2 = aS
up to some critical value ac

1, still negative, beyond which 19B
is no longer bound. The results are displayed in Fig. 5.

The very existence of this critical value ac
1, as well as its

negative sign, is independent of the model version (blue and
black solid lines) and the size parameter R, that was also
varied here to check the robustness of this result (dashed
blue or gray lines). In all the cases that we have explored,
its value lies within −7 < ac

1 < −3 fm (Fig. 5). On the other
hand, in order to reach the critical value ac

1 an extremely
strong spin-spin interaction is required with V (1)

r /V (2)
r ≈ 0.6,

for the case a2 = −150 fm. We may hardly find any physical
arguments to support the existence of such a strong spin
dependence in the n-17B interaction. Therefore, we conclude
that the value of a1 should be also negative and not small,
and that 19B remains bound even when the spin symmetry is
broken.

The proximity of the n-17B interaction to the unitary limit
strongly suggests that 17B could be a genuine nuclear candi-
date to exhibit the Efimov physics [22], that is, the existence
of a family of bound states whose consecutive energies are
scaled by a universal factor f 2. This is what would happen by
setting a1 = a2 = ann = −∞ as in the blue (gray) dashed line
of Fig. 3. However, the 17B-n-n system, representing a light-
light-heavy structure, turns out to be quite an unfavorable case
to exhibit the sequence of excited Efimov states due to the
requirement of a very large factor f . However, in the real
world, as well as in our model, 19B has only one bound state
and it is governed by three different scattering lengths, from
which only the n-n scattering length is relatively well known
and can be fixed to its experimental value. For the case when
only the n-17B interaction is tuned the universal factor turns
out to be f ≈ 2000 [22,23]. It follows that the appearance
of the first L = 0+ excited state of Efimov nature in 19B
would manifest only when the n-17B scattering length reaches
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Spatial probability amplitude                      fixing  as=-100 fm

4 19B

4.1 nn Interaction

• We built a charge-dependent version of MT13 potential (nammed CD-MT13 to distinguish it from the
original CI one) to be used in the nn case.

We started with the original CI singlet parameters and modify only VA

V (r) = VR
exp(�µrr)

r
� VA

exp(�µar)

r
(7)

The new CD parameters are:

Version Wave VR µr VA µa

CD�MT1� nn 1S0 1438.720 3.11 509.40 1.55

These values produce the nn low energy parameters :

ann = �18.59 fm rnn = 2.935 fm

using h̄2/mn = 41.4425, that is mn = 939.5654 and h̄c = 197.327053

They are compatible with the experimental values (mostly because they are not very well knonwn...) 2

• This potential can be sligthly modified to reach the unitary limit

V_A a_0 r_0

509.4 -18.59 2.93

520 -37.10

525 -67.39

526 -80.29

527 -99.17

528 -129.47 2.71

529 -185.98

530 -328.75

531 -1391.10 2.68

532 +628.07

Spatial porbability amplitude
|  (r,R) |2

2
Original MT1 VA=513.986 MeV gave ann=-23.58 fm with h̄2/m=41.47 and ann=-23.80 with physical h̄2/mn = 41.4425

13

RMSnC(19B)=12.0 fm

RMSnC(6He)=4.5 fm

Compared with a similar system 6He=4He+n+n 



We also found two 19B resonances: fixing as=-150 and using the S-wave model 

L=1 E1=0.24-0.31i  MeV
L=2 E2=1.02-1.22i  MeV

Their existence is in agreement with experimental findings
J. Gibelin et al., Contribution to FB22, Caen july 2018, Springer Proc in Press

Very simple and successful model: 

- local S-wave potential
- no 3-body force
- one single parameter

The key of the « succes » is the double resonant character



Some refinements : the spin-spin dependence

17B being J!=3/2- , there are two different scattering lengths as corresponding to S=1,2.
Assuming that the virtual state we adjusted was a2 there is no reason that a1= a2 

Introduced a spin-spin dependence with different Vn-17B for each S, keeping the same form

2.3 Spin-Spin e↵ects

We have assumed until now that the n-
17
B interaction does not depend on the total spin, that is VS=1 = VS=2

which is a strong assumption, mainly taking into accounf the resonant value of a2�

Hereafter we identify a0 ⌘ a2 and introduce a spin-spin dependence in the interaction to describe a1.
The value a1 is however not known and we will take for it the ”natural value a1 = 1 fm.

A new figure, in all similar to Fig. 1, to describe a1 = f(Vr) is given below.

The value corresponding to a1=-1 fm is Vr = 1315.1MeV and to a1=-2 fm is Vr = 1693.3MeV

500 1000 1500 2000
Vr (MeV)

-3

-2

-1

0

1

a 1 (f
m

)

n-17B  R=2.99 fm

Figure 2: n-
17
B scattering length a1 as a function of Vr for µ =0.70

�1
and r.m.s radius R=2.99 fm.

We have constructed a Spin-Spin potential with Vr(S=1)=1315.1 MeV and Vr(S=2)= 4030,4 MeV, the same

than before (if assuming a0=-100 fm).

All that can be formalized in an ”operator form” like

Vn17B(r) = Vc(r) + (~Sn · ~S17B) Vss(r)

with
1

(~Sn · ~S17B) =
1

2


S(S + 1)� 9

2

�
S = 1, 2

I will do it, only in case you need it.

V (S)
n17B(r) = V (S)

r

⇣
e�µr � e�µR

⌘ e�µr

r
S = 1, 2 (6)

It could be good to see how the
19
B binding energies are modified within this SS potential

1S(S + 1) = (~Sn + ~S17B)
2 = 3

4 + 15
4 + 2(~Sn · ~S17B)

5
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model version (ii) and lower panel for 6He [21].

unknown. Their widths display also a strong dependence on
the size parameter (R) of the n-17B interaction, which we fixed
once for all to R = 3 fm: If R is increased, keeping aS fixed,
the resonance widths decrease. Further experimental data are
needed for a fine tuning of these parameters.

In fact, several resonances in the continuum of 19B have
been recently observed [14], although their precise energy
and quantum numbers have not been determined yet. It is
worth noting that despite its simplicity, our model of the
n-17B interaction is able to account for the 18B virtual state,
the 19B ground state, and two resonances without any need
of three-body forces. This follows from the strong resonant
character of both n-17B and n-n channels as well as the large
spatial extension of the 19B ground state.

If we introduce the spin dependence of the interaction,
Eq. (2), and assume the nonresonant scattering length a1 to be
smaller in absolute value than a2, the weaker potential leads to
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threshold as a function of a1, for a fixed a2 = −150 fm and several
values of R. Blue (or gray) and black lines correspond, respectively,
to model versions (i) and (ii).

19B binding energies smaller than those in Fig. 3. For example,
if we fix a2 = −150 fm the 19B binding energy decreases
when a1 varies from the spin-symmetric case a1 = a2 = aS
up to some critical value ac

1, still negative, beyond which 19B
is no longer bound. The results are displayed in Fig. 5.

The very existence of this critical value ac
1, as well as its

negative sign, is independent of the model version (blue and
black solid lines) and the size parameter R, that was also
varied here to check the robustness of this result (dashed
blue or gray lines). In all the cases that we have explored,
its value lies within −7 < ac

1 < −3 fm (Fig. 5). On the other
hand, in order to reach the critical value ac

1 an extremely
strong spin-spin interaction is required with V (1)

r /V (2)
r ≈ 0.6,

for the case a2 = −150 fm. We may hardly find any physical
arguments to support the existence of such a strong spin
dependence in the n-17B interaction. Therefore, we conclude
that the value of a1 should be also negative and not small,
and that 19B remains bound even when the spin symmetry is
broken.

The proximity of the n-17B interaction to the unitary limit
strongly suggests that 17B could be a genuine nuclear candi-
date to exhibit the Efimov physics [22], that is, the existence
of a family of bound states whose consecutive energies are
scaled by a universal factor f 2. This is what would happen by
setting a1 = a2 = ann = −∞ as in the blue (gray) dashed line
of Fig. 3. However, the 17B-n-n system, representing a light-
light-heavy structure, turns out to be quite an unfavorable case
to exhibit the sequence of excited Efimov states due to the
requirement of a very large factor f . However, in the real
world, as well as in our model, 19B has only one bound state
and it is governed by three different scattering lengths, from
which only the n-n scattering length is relatively well known
and can be fixed to its experimental value. For the case when
only the n-17B interaction is tuned the universal factor turns
out to be f ≈ 2000 [22,23]. It follows that the appearance
of the first L = 0+ excited state of Efimov nature in 19B
would manifest only when the n-17B scattering length reaches
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There exists a critical value a1
c above which 17B binding disappears but this requires

unphysical SS beaking Vr
(1)/Vr

(2)=2: results are stable even when varying R

Fix a2=-150 and vary a1



CONCLUSIONS

We present a local S-wave potential to describe the n-17B interaction and its virtual state

It depends on one parameter, adjusted to reproduce the huge n-17B scattering length (as<-50 fm)

Supplemented with the nn interaction we describe well the 19B as a 3-body 17B-n-n cluster:
- Its ground state (E=-0.14 +/- 0.40) MeV
- Two (L=1, and L=2) resonances
all in agreement with experimental findings.

The 19B ground state is a « double resonant » state compatible with the unitary limit in both nn
and n-17B interactions

Despite the large values of the scattering length in both n-17B and nn channels, we found that
the appearence of the first Efimow excitation is excluded (would require as ∼ few thousands fm)

The model can be extended to describe the recently found B isotopes as
20B=17B-n-n-n  
21B=17B-n-n-n-n 

with the methods used in computing 4H and 5H (L.H.C., PLB 791, 335 (2019 )

To fix the model parameter it is mandatory to determine a2 and a1 and obtain a more accurate
value of E(19B)
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FIG. 3. 19B ground-state energy with respect to the first particle
threshold as a function of aS, for R = 3 fm. Blue (gray) and black
lines correspond, respectively, to model versions (i) and (ii).

low-energy parameters ann = −23.75 fm and rnn = 2.77 fm
and acts in all partial waves.

We have built a CD version of MT13 starting from the
original parameters of the NN singlet state (that is VR =
1438.720 MeV fm, µR = 3.11 fm, µA = 1.55 fm):

Vnn = VR
e−µRr

r
− VA

e−µAr

r
, (5)

and adjusting the strength of the attractive term to VA =
509.40 MeV fm in order to reproduce the n-n LEP ann =
−18.59 fm and rnn = 2.93 fm, in close agreement with the
experimental values. In order to cross-check the results,
the three-body problem was solved independently by using
two different formalisms: Faddeev equations in configuration
space [17,18] and the Gaussian expansion method [19].

We have first computed the 19B ground-state energy E (19B)
as a function of the scattering length aS in the spin-symmetric
case, that is, with V (1)

r = V (2)
r = Vr . Results, measured with

respect to the 17B-n-n threshold (i.e., −S2n), are displayed in
Fig. 3. They concern two different versions of the model: (i) a
purely S-wave interaction both in Vn17B and in Vnn (solid blue
or gray line) and (ii) letting the interaction of Eq. (1) act in
all partial waves (solid black line) supplied with the Bonn A
model for Vnn.

In view of these results, the following remarks are in order:
(1) The quantum numbers of the 19B ground state are

L = 0 and S = 3/2, which are separately conserved, and so
Jπ (19B) = 3/2−. Notice that since the total angular momen-
tum is L = 0 the total parity is given by the intrinsic parity of
17B, which is a 3/2− state.

(2) In the range of aS values compatible with the experi-
ment (aS < −50 fm [4]) and in both versions of our model,
19B is bound. Its binding energy decreases when aS increases
and the binding disappears for a critical value of the scattering
length ac

S which slightly depends on the model version: ac
S ≈

−30 fm for (i) and ac
S ≈ −15 fm for (ii).

(3) The 19B binding energy is compatible with the exper-
imental value E = −0.14 ± 0.39 MeV [7] for both versions
of the model and in all the range of aS, starting from aS =

−50 fm until the unitary limit in the n-17B channel, i.e., aS →
−∞. This limit (dotted lines) corresponds to Eu = −0.081
MeV in version (i) and Eu = −0.185 MeV in version (ii).
Note that in both cases the ground-state energy for aS =
−150 fm is only ≈20−30 keV distant from the unitary limit.

(4) It is interesting to consider also the unitary limit in the
n-n channel, i.e., ann → −∞. This is realized, in the purely S-
wave model version (i), by setting VA ≈ 531.0 MeV in the n-n
potential of Eq. (5). The full unitary result, where both aS =
ann → −∞, is indicated by the dashed blue (gray) line in this
figure. It corresponds to a 19B energy Euu = −0.160 MeV,
compatible with the experimental result. The ab initio nuclear
physics in the S-wave unitary limit of the NN interaction was
recently considered in Ref. [20]. It was claimed that the gross
properties of the nuclear chart were already determined by
very simple NN interactions, provided they ensure a0 = a1 →
−∞. The 19B ground state constitutes a nice illustration of this
remarkable property, though at the level of cluster description
and based on other dynamical contents.

(5) The main difference between versions (i) and (ii) in
Fig. 3 is essentially due to the contribution of the higher
angular-momentum terms in Vn17B. In the present state of
experimental knowledge, this contribution is totally uncon-
trolled but we have made an attempt to quantify it by assuming
V to be the same in all partial waves. For aS = −150 fm this
accounts for about 60 keV of extra binding. The difference
due to the n-n interaction is smaller, and mainly given by the
fact that the Bonn A model is charge independent and has a
larger ann absolute value. Once this is corrected, the difference
in the 19B binding energy at aS = −150 fm reduces to 8 keV,
which is mainly accounted for by the higher partial waves in
the n-n interaction. As expected from the EFT arguments, the
details of the interaction turn out to be negligible for a system
close to the unitary limit.

The spatial probability amplitude, i.e., the squared modulus
of the total wave function "(r, R) in terms of the Jacobi
coordinates, is represented in Fig. 4 (upper panel), for aS =
−100 fm and E = −0.130 MeV in model version (ii). For the
sake of comparison, we have computed the same amplitude
and in the same scale of another two-neutron halo nucleus,
6He (E = −0.97 MeV), using the α-n-n three-body model
from Ref. [21]. It is displayed in the lower panel of the same
Fig. 4. Due to the very weak binding energy, the wave function
of 19B is much more extended. Unlike the 6He wave function
it displays very large asymmetry, being strongly elongated in
the 17B-(nn) direction. An exceptional feature of 19B is the
presence of the void in the few fm space around the center of
mass of the three clusters 17B-n-n. This feature establishes 19B
as a veritable two-neutron halo nucleus having a molecule-like
structure with three centers.

Besides providing a satisfactory description of the 19B
ground state, our model accommodates two broad resonances.
Letting the interaction of Eq. (1) act in all partial waves
with aS = −150 fm (Vr = 4089.9 MeV fm) and adopting the
S-wave model for the n-n interaction, two resonant states
are found for total angular momentum L = 1 and L = 2,
with energies E1− ≈ 0.24(2)–0.31(4)i MeV and E2+ ≈
1.02(5)–1.22(6)i MeV. The parameters of these resonances,
however, depend on the value of aS, which remains
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