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Light-neutron rich nuclei
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Prog. Part. Nucl. Phys. 67 (2012) 939
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structure studies Prog. Part. Nucl. Phys. 68 (2012) 215”
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Neutron-neutron-core model for light halo nuclei
Borromean systems: Two-body subsystems unbound

ULi: S, =369 keV - Smith et al. PRL101, 202501 (2008)

Tanihata et al., PRL55, 2676 (1985) Tanaka et al. PRL104, 062701 (2010)
<3 fm
~ 3 fm
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11 22
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~ 6-8 fm

S,. < 70 keV Mosby et al. NPA 909, 69 (2013)

K Riisager Phys. Scr. T152 (2013) 014001 suggests a smaller size!
Core mom. dist. from RIKEN - Kobayashi et al PRC86, 054604 (2012)



(S-wave interaction) Two-body s-wave phase-shift (large scatt. lenghts)

kcot(d) = - — k% -

al >> g
A
Im(E)
a/ > O [Bound-state pole]
V Two-body cut
X )x S >
/\ Re(E)
a <0 [wmmee,

e 'S, nn virtual state: ngftual = -143 keV (a = -17fm)
* S-wave n-core state:
virtual (*°Li ~ -50 keV) or bound (*°C ~ -580 keV)



Light Halo-nuclei are examples in recent Nuclear Physics studies
Weakly-Bound Quantum Systems: very [.arge and Dilute

Almost everywhere the wave-function is an eigenstate of H,

-- short-range force — classically forbbiden region --
Physics: symmetry, scaling properties and dimension (& mass ratios)

—> Universality (model independence)

4 N\
Light halo-nuclei, such as Li, “Be, 2°C, 22C, can be described

as a three-body n-n-core mass-imbalanced system, where at

\least one of the two-body subsystem (n-n) is unbound.

/

Generalization: “The few scales of nuclei and nuclear matter”
Delfino, TF, Timo6teo, Tomio. PLLB 634 (2006) 185

(Limiting case: what is the physics of a contact interaction? )




Three-boson system

Subtle three-body phenomenum in L.__=0:

total

Thomas(1935) — Efimov (1970) effect!

|a|//r,=> % |  Adhikari, Delfino, TF,Goldman, Tomio, PRA37 (1988) 3666

One three-body scale is necessary to represent short-range physics !!!!
& discrete scaling

Jensen, Riisager, Fedorov, Garrido, RMP76, 215 (2004)
Braaten, Hammer Phys. Rep.428, 259 (2006)




The Efimov effect

Efimov Physics (1970): Nuclear Physics

Vitaly Efimov

Free AMoms Energy
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.g + @ = é& atom loss

“atom-dimer resonance”

Observation of an Efimov-like trimer resonance in
ultracold atom-dimer scattering

£ Knoop'™®, F. Feslaima’, M, Mark', M. Berninger, H. Schiibal', H.-C. Mager!' and R. Grimm



Zero-range 3-boson equation: Thomas-Efimov effect (3d)
Skorniakov and Ter-Martirosian equations (1956)

*'—2' *“ (h=m=1)

1

X ()= [ ( B B
+\/_ Ve + 32 €3+ +x*+y-x l—l—y2—|—x +y-x

_ 2 2 2
€3=Lz/nz)  €=La/ug Kz =1

Thomas collapse: ,u,(23) - 0 ,
€2=L5/ pi,
Efimov effect: /15 >0

h f ff ' S.K. Adhikari, A. Delfino, T. Frederico, I.D. Goldman, and L.
Thomas-Efimov etfect! Tomio, Phys. Rev. A 37, 3666 (1988).



Hamiltonian for the Subtracted 3B equations (3D)

Frederico et al., PPNP 67, 939 (2012)
Subtracted-Faddeev equations 3B:

i
TW(E) =ts | E— —
k( ) (ij) ( zmij,k

) [14 Gy (E) = Go(—2)) (Ti(E) + TH(E))]

Adhikari,Frederico,Goldman, PRL74 (1995) 487
Renormalized Hamiltonian:

oV oH
Hﬁ:HO_I_V,R ﬂ:O and :R:O.
J 2 2
(3B) __ § : (2B) (3B)
(ij)

EFT 3B interaction: Bedaque, Hammer, van Kolck PRL 82 (1999) 463

RGE & Subtracted Egs. - TF, Delfino, Tomio, PLB481 (2000) 143



Scaling function & limit cycle

EgN)E EgN)(i \/?2) gzi\/E_ZZi(EzegN)/EgN))l/Z

Frederico et al, “Scaling limit of weakly bound
triatomic states”, PRA60 (1999)RO.
Amorim et al, “Universal aspects of Efimov states

a>0

and light halo nuclei”, PRC56(1997) R2378 a<0
Limit cycle: Mohr et al Ann.Phys. 321 (2006) 225 virtual dimer

-
-

Bound dimer [B,]?2

Correlations between observables: Jensen, Fedorov, Yamashita, Hammer, Platter,
Gattobigio,Kievsky,Kolganova,Van Kolck,Bedaque,Phillips,...



(N+1)_E2) | BB(N)] 1/2

Scaling function & Limit Cycle

A

Kunitski et al, Science 348 (2015) 551
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Analytic Structure & Efimov State Trajectory

a Im(E) A

3-body bound states
(1st Riemann energy sheet)

N N - (N+1
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-ﬁ----- - -
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Im(E)

3-body bound states

/ \ 3-body cut
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3-body virtual state
(2nd Riemann energy sheet)
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S.K. Adhikari and L. Tomio, Phys. Rev. C 26, 83 (1982); SK.
Adhikari, A.C. Fonseca. and L. Tomio. ibid. 26. 77 (1982).

3-body resonant state

F. Bl‘ing.em_. M.T. Yamashita and T. Frederico,
Phys. Rev. A 69, 040702(R) (2004).

Continuum resonances of Borromean systems: observation in atomic traps!

Resonant 3-body recombination (Innsbruck, Rice, Heidelberg, Bar Ilan,

Florence...)
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Configuration space two-neutron halo wave function (2n spin singlet) L=0

h2

m;

V2 + Apd(Rjx)| ¥ = =S5, ¥ (C.M.)

2
MA) and RnA = \/QILLTLA (SQn + ﬁl—n)




Scales for the L=0 n-n-c system with s-wave zero-range interaction

E,,.,  Energy of the virtual nn system

Enc Energy of the bound/virtual nc system

S I, Binding energy of the nnc system

A = mass of the core



Threshold for an excited Efimov state and trajectory: 2°C
Amorim, TF,Tomio PR(C56(1997)2378

0.4

BC sy

NN
- N Ez 0.0
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k V :::8( éso:lﬂdv.t:_th ;!ots) \ /i
E,.= 160 + 110 ke |32 Gashedine) 15
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20C can have a continuum resonance or virtual Efimov state?

Arora, Mazumdar, Bhasin PRC69 (2004)061301(R) Mazumdar, Rau, Bhasin PRL.97(2006)062503
Efimov state>resonance of n+C by changing Knc

20C has a VIRTUAL STATE: Yamashita, TF,Tomio, PRL99 (2007)269201 &
15C is bound! PLB660(2008)339




If L., is nonzero ?

* Virtual p-wave states of light non Borromean nn halo nucleus
~1.7E .  SAMBA type

E

virtual

* Delfino, F, Hussein,Tomio et al PRC61, 051301 (2000)

* Pigmy dipole 1- resonance:

* M. Cubero et al, PRL 109, 262701 (2012) 'Li+2%Pb close
the Coulomb barrier 2 E =690 keV width=0.32 keV

* Fernandez-Garcaia et al PRL 110, 142701 (2013) "Li+2%Pb
breakup around the Coulomb barrier

Determined by scattering lengths only!




Root mean square radii
Universal Scaling functions (model independent)
Limit cycles (Efimov, Wilson...)

S2n

‘ Bulld constraints!
<7“2>52n RS S2n S2n Usefull for 2C
_ + two-body bound state
y=norc ,
- two-body virtual state
Yamashita et al NPA735(2004)40
!Q\ !Q\
virtual state SN und state
s S o d o
borromean tango samba all-bound
1] i 4Be. 22C 20C

Tango: Robicheaux PRA60(1999)1706
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Root mean square radii: Core+neutron+neutron
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S, [M'Li]=369.15(65) KeV -- Smith etal PRL.101(08)202501

Charge radius 'Li [2.217(35) fm] and °Li [2.467(37) fm]-- Sanchez et al PRL96(96)03302
neutron halo radius 'Li [6.54(38) fm] -- Egelhof et al EJPA15 (02) 27

Range corrections EFT: Canham and Hammer NPA 836 (2010) 275



PHYSICAL REVIEW C 81, 021302(R) (2010)
First observation of excited states in 12Li (n +n-+n+core )

C.C.Hall,' E. M. Lunderbelrg,l P A. DeYoung,l’* T. Baumann,? D. Bazin,? G. Blanchon,® A. Bonaccorso,* B. A. Brown,>?
J. Brown,® G. Christian,>> D. H. Denby,' J. Finck,” N. Frank,>>" A. Gade,” J. Hinnefeld,® C. R. Hoffman,”'? B. Luther,'!
S. Mosby,>> W. A. Peters,>>! A. Spyrou,”> and M. Thoennessen>>

The neutron-unbound ground state and two excited states of '2Li were formed by the two-proton removal
reaction from a 53.4-MeV/u '“B beam. The decay energy spectrum of '>Li was measured with the Modular
Neutron Array (MoNA) and the Sweeper dipole superconducting magnet at the National Superconducting
Cyclotron Laboratory. Two excited states at resonance energies of 250 20 keV and 555 £20 keV were observed
for the first time and the data are consistent with the previously reported s-wave ground state with a scattering

length of a; = —13.7 fm. E* (keV)

r N

Lri="Li+n+n+nm h

+ 1000

435(25) 410 o

130(25)
4~ 2 -
32~ r 0
Exp. Ref.[13]  WBP
"Li+n

Four-boson scale with s-wave zero-range potential:
Hadizadeh, Yamashita,Tomio, Delfino, TF, Phys. Rev. Lett. 107, 135304 (2011)

BUT Pauli principle kills sensitivity to the 4-body scale!



Neutron-neutron correlation function in ''Li and '*Be
Yamashita, TE, Tomio PRC 72, 011601(R) (2005)

C (_ )= fdlq_4‘¢(é.4 , D4 ]2

[d*q.0(7,)0(q,)

=1 s P o
@ >@ Gv =Pa— Go==Pa=",

Pa

2

One-body density Pld,..)= [d°a.

= = f}u. i c}n'.
(I}( - qn:i T gn':i 2 f)

®=d(G,,p,) Breakup amplitude including the FSI between the neutrons

d=w(G, p, ( ) f d’p q"”p ) Y is the three-body wave function

) .rm Epr’f p + IE



nn-correlation function in 'Li

. F. M. Marqués et al.
~ _ Phys. Rev. C 64, 061301 (2001)

O S

M. Petrascu et al.
Nucl. Phys. A 738, 503 (2004)

S,. =290 KeV
E, =50 KeV

S.: =370 KeV
E,. =800 KeV

S,, =370 KeV
E,. =50 KeV

12 ———————

E, = 143 KeV

— asymptotic region ?

M. T. Yamashita et al. Phys. Rev. C 72, 011601(R) (2005)



nn-correlation function in “Be

F. M. Marqueés et al.
Phys. Rev. C 64, 061301 (2001)

A\

F. M. Marqués et al.
Phys. Lett. B 476, 219 (2000)

S, =1337 KeV
—— E_=200KeV
E =143 KeV

asymptotic region ?



2C = n-n-%C

K. Tanaka et al., Phys. Rev. Lett. 104 (2010) 062701

Reaction cross sections (og) for C, 2°C and the drip-line nucleus 22C on a liquid hydrogen target have
been measured at around 40A MeV by a transmission method. A large enhancement of oy for 2C
compared to those for neighboring C isotopes was observed. Using a finite-range Glauber calculation
under an optical-limit approximation the rms matter radius of >2C was deduced to be 5.4 + 0.9 fm. It does
not follow the systematic behavior of radii in carbon isotopes with N = 14, suggesting a neutron halo. It
was found by an analysis based on a few-body Glauber calculation that the two-valence neutrons in 22C

Fin [fll’l]

preferentially occupy the 1s, , orbital.

4 *£0.9 fm

p(r) [fm™]

r

T

N RET T[T r[rrrrrrrrr o

S, = 420 = 940 keV

2220 — ((-?"220)2)1/21

.

m =3 fm




22C= n_n_ZOC

21C virtual state energy 0, -100 KeV. E_=-143KeV

600 — | — | —
500 - 1 5, = 420 = 940 keV
400 - 1 -
2 sl \\ Sa, < 0.12 MeV for 2C
< 300 n ~ Y. c Ol
2 ]
200 + - Yamashita, M de Carvalho, TF, Tomio,
- PLB697(2011)90; A&E PLB715(2012)282
100 | \ il
L e T 1< V) <19 fm
4 6 8 10 12 14 16 18 20 > 729 5 20‘”
y/ (r2) (fm) \/<’rch-( C)) o <'rch-( C)> Z 0.9 le

H.T. Fortune, R. Sherr, Phys. Rev. C 85 (2012) 027303.

Acharya, Ji, Phillips PLB723(2013)19 [S <100 keV] (EFT)
2n



2C = n - n - 2°C with finite range potentials
Eduardo Garrido (Madrid)

n-C finite-range potential Y. Kucuk and J. A. Tostevin, Phys. Rev. C 89 (2014) 034607

Vesntzal (1) = _%1 R is 1.25 fm and the diffuseness a is (.65 fm.
l+e=a
V. (MeV) 1.0
Sop (MeV) | —1.5-1073 3-body force with Range 1 fm
a (fm) 1192 0 T T T T
r, (fm) 2.83 VR s

500 --——a Only I=0 (gaussian 3-body force) =

--——+% Only I=0 (exponential 3-body force)

= F R W

E [2IC]=-100 Ke VA_

300

(keV)

E[2C]= 0 KeV e _

100

5

1 1 1 1 1
4 o] 8 10 12 14 16 18 20
r (fm)

21C virtual state energy E [?'C]: 0, -100 KeV. E, =-143KeV



*C Matter Radius
21C Mosby et al. NPA 909, 69 (2013)  |a, | < 2.8 fm ( 2!C virtual state)

5.4 £ 0.9 fm
Al o P B
0 20 40 60 80 0 200 400 600
51” [keV] 51“ |keV]
2 20
V(r2,[22C)) = \/ﬁbﬂﬁ) + 55 rm[*C))- V (r2,[20C]) = 2.98(5) fm

[circles] WS potential + core - H. T. Fortune, R. Sherr, PRC 85 (2012) 027303. (**C bound)
[boxes] EFT - B. Acharya, C. Ji, D. R. Phillips, PLB 723 (2013) 196;
B. Acharya, D. R. Phillips, EPJWoC 113(2016) 06013.



Son = 0:12 MeV for 22C

Is S, consistent with RIKEN data on core momentum recoil distribution?

Kobayashi et al PRC86 (2012) 054604



Core Momentum distribution nnc = AAB: 'Li ,’*Be, ?°C , °C

L. A. Souza et al PLB757 (2016) 368 & FBS57 (2016)361

n(gp) = / ’pel{epB|V)|?
Yamashita et al PRA 87, 062702 (2013)

Xaa(a) +xaB(a;) + xas(ax)  xaales) +xas(|Pe — &) + xas(|PB + 5)

T o\ — —
(7BPB|Y) Es + H, Es + H,

Scaling function (limit cycle) for the width of the distribution

o nn nc
o ( \/ g g ) FWHM = 2v2In20




1.4 ————T7——7— .

—— ground state
o- — -0 |stexcited state
1.2~ 14 a — -+ 2nd excited state |
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A

Fig. 1. Scaling plot for the core recoil momentum distribution ¢ in the Efimov limit
as a function of the core mass number A. Experimental widths are from Refs. [1]
and [9], for 111i and Be, respectively.

[ULi] I Tanihata, J. Phys. G 22 (1996) 157;
['“Be] M. Zahar, et al., Phys. Rev. C 48 (1993) R1484.



Core Momentum distribution nnC = AAB systems: 'Li , 2°C , 2C

1y i S, ["Li]= 369 KeV E.. ["Li]=50 KeV
T Ll ¥ T l T LI Ll T I L L] r T 1 T 1200 T I T I T I T I T T
- 11, . 9. .
S 9y . | "Li+C—>"Li+X a@ 800 MeV/A 1
[ Li+C->7Li+Xat 800 A MeV exp data from Tanihata JPG 22 (1996) 157
1000 - ] 100055, =21(3) MeVie o, =80(4) MeVic 7
= g =21+ 3 MeV/c | 800
=S ] .
o —
© = 600l
| g @)
500 ] -
i ] 400 (—
1 L
- —
] 200 |-
i o =80+4 MeV/c . \
0 AU R _ 7/ 04215 MeViex,
I 1 — + 1 I 1 +‘ [—— 1
-400 -200 0 200 400 %00 200 2100 0 100 200 300
Transverse momentum (MeV/c) Transverse momentum [MeV/c]
Tanihata JPG22 (1996) 157 Canham and Hammer

Small range corrections: NPA 836 (2010) 275



dG/dP” [mb/(MeV/c)]

RIKEN: Kobayashi et al PRC86 (2012) 054604
Inclusive cross-sections with 2n removal on C target
Core momentum distribution
2C=n+n+1C

T PCc+c>"C+X @240 Mev/A

- Kobayashi et al PRC86 (2012) 054604
0.8

Exp. resolution 6=28 MeV/c

- — without exp resolution
— 5, [CI=35MeV S, [’C]=580 KeV

and

2C=n+n+2C

2.5

=
3 )
I I

d(i/dPH [mb/(MeV/c)]
T

— 5, [’CI=3.5MeV S, [°C]=580 KeV
 ?°C PRCS86 (2012) 054604
e C PRC86(2012) 054604 |

Broad contribution to the momentum distribution of the core in 22C !



Core momentum distribution

E [2!C]=1 MeV Mosby et al. NPA 909, 69 (2013) — MSU - [a, | < 2.8 fm ( *'C virtual state)

2?C=n+n+2C

100 KeV < S5,[*°C] < 400KeV

-Tn

220

™m

< Tfm—

Y

r

< 4fm |[5.4 = 0.9 fm]

Tanaka et al PRL 104(10)

2.5 3 T
T ‘ T T \ I w I Y T I
201> C+X @240 MeV/A | 2c+C->2C+X @240 MeV/A szn[zzc1—147 KeVE[ Cl=-1MeV
- 22 21 - 21
Kobayashi et al PRC86 (2012) 05464 -+ S, [Cl=147KeVE [ C]=0 Kobayashi et al PRC86 (2012) 05464 | —— S, ["Cl=441 KeVE [ C]=-1 MeV
25~  Exp. resolution 6=27 MeV/c _ 2 . 21 —
2 Exp. resolution 6=27 MeV/c - Syl Cl=147KeVE [* Cl=0
Ly : —
) o (plus a wide distribution with 6=89.6 MeV/c)
~
> > 2 N
S 15( . %" \
‘E’ N / E \
) 0 15— / \ —
= = / \
= 1+ — == / \
a9 Ay \
9 o 1 , . _
o) © / \
o A =) E/ ‘\E
22 . v
0.5 S, “CI=147 K&V sl 1 Qe |
¢ -
7 Ny
N
0 Iy ] PP L '\ ] | 0 L | | | r Yl
-200 -100 0 100 200 -200 -100 0 100 200
P|| [MeV/c] P|| [MeV/c]



Threshold for an excited Efimov state: Halo-nuclei

Critical condition for an excited (N+1)-th above the N-th state

; All-bound

04k

1 1 1 | | | | |
08 06 -04 -02 0

0.2 0.4
(n), 1/2
(EMIBB )

Amorim, TF,Tomio PRC56(1997)2378;

2=\ (B3 EES

Canham and Hammer EPJA 37 (2008) 367; NPA 836 (2010) 275

2IC with a virtual state with energy 1 MeV and 100 KeV < S5,[**C] < 400KeV
—> Improbable an excited Efimov state/continuum resonance




Summary

=) Weakly bound & large systems: few scales regime in halo nuclei, molecules, trapped atoms
CORRELATIONS BETWEEN OBSERVABLES—> CONSTRAINTS!

Zero-range model n-n-c system:
suitable to study the structure of S-wave halos in 'Li, “Be, 2°C, 22C

mm) Two neutron correlations in ''Li and “Be well reproduced

# Core Momentum distribution in "Li, *Be and *C well reproduced

‘ Core Momentum distribution in 22C: SZn ~ 100 - 400 KeV

22
— 7 ¢ <4fm

™m




Outlook

== Neutron halo > 2n (no need of a 4-body scale)...

m) 121 = °Lij+n+n+n, 2C = ¥C+n+n+n

m=) Universality in scattering, one neutron and two neutron transfers=> exotic,
breakup of halo nuclei & CDCC ...

) Pigmy resonances in Borromean halos L =1,2, 3 ...

Formation of neutron halo nuclei in neutron rich environment?
' How this affect neutron capture? ...

m=)  Fix the tail of ab-initio calculations...

A[V( Li) x U35("Li —n —n)
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