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Borromean nuclei

3b systems with no bound 2b pairs

p-rich
n-rich
2n halo
stable

N unbound
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Motivation

Accessing the structure of Borromean nuclei

e Understanding the structure of 3-body Borromean nuclei (exotic or
not) requires a proper knowledge of the binary sub-systems and exci-
tations/correlations of the core.

e Different reaction observables probe different aspects of these prop-
erties. Eg., for ''Li:

Exclusive breakup: Li +2%Pb — °Li4+n +2°Pb

1n-transfer: ''Li(p,d)'°Li*

2n-transfer: '*Li(p,t)°Li(gs,exc)

Knockout: ''Li +A — Li* + X — “Li+n +X

@ In all these reactions, a crucial aspect is how the structure input is
linked to the reaction observables
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Motivation

(p,pN) “knockout” reactions in inverse kinematics

@ Fast-moving projectile collision with proton target
One nucleon is removed, leaving the residue in ground or excited state

@ High energies to increase mean free path of nucleon inside nucleus

@ Structure information inferred from:

Total removal 1N cross sections = spectroscopic factors
Momentum distrib. of residue = orbital ang. momentum

~ and particle decay of residue = exc. states, resonances, virt. states
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A formalism for (p, pN) reactions

Transfer to the Continuum (TC)

Transfer to the Continuum (TC) A B
@ No |A assumed ‘). N
o L ©
@ No factorization approximation p P e ~

@ Links dynamics with underlying
many-body structure

> Assuming a participant/spectator mechanism the (prior-form) T-matrix is:

Tir = (#8(E8)8S) (o, ) |Vonw + Upi = Upa| @4 (6)xSR (B)),

D 4(£4) = g.s. wave function of the projectile A
¢(£B) = continuum wave function of the residual B
U = final (p + N + B wave function

Xpa = distorted p-A wave
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A formalism for (p, pN) reactions

Transfer to the Continuum (TC)

Final wave function

> Expanded in proton-nucleon states (~ CDCC)

U (7 B = > 00 (ka7 X (K R)

> Basis of discretized bins

En ;
()n 717 \l / dk‘

> |f we select the (p,d) channel
TC reduces to DWBA

A+p B+ pN: [ W (7, R') =~ ¢q(7)xan(R)
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A formalism for (p, pN) reactions Transfer to the Continuum (TC)

Structure overlaps

@ Under the spectator assumption, Viior does not modify B:

Von +Up —Upa

[ Tog = (¥ () KR (Bealn)) ]

with

[ ppa(Fn) = (¢aldn) J

@ (¢a|pp) can in principle be evaluated from many-body wave func-
tions of A and B but, most commonly, will be approximated by some
simpler forms, such as single-particle form-factors.
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Comparisc
@

Testing the reaction model for binary systems

Benchmark with simple SP formfactors

@ Assume single-particle overlaps:

[ (PaldB) = \/S1.n0jPne,;(T) ]

@ Realistic NN interaction from Reid93.

@ N-nucleus potentials from folding (Paris-Hamburg g-matrix) or phe-
nomenological OMP’s (KD, Dirac).

@ Relativistic corrections included approximately.

A.M. Moro, NUSPRASEN, Warsaw, 2018 p. 7



0.4

o)
>
Q
=
3 02
g
o
]
S
=]

o
w

z

o

— — 0.08
| [=0; Sn:1422 MeV 1=0; Sn=18 MeV

— TC —0.06
— DWIA

4 F —0.04

- —0.02

| ! [
-200 0 200 -400 -200 0 200 408
p, (MeV/c) p, (MeV/c)

== Good agreement with DWIA for weakly-bound and deeply-bound nucleons

[K. Yoshida, M. Gémez-Ramos, K. Ogata, A.M.M.,

arXiv:1711.04458]

(collaboration with K. Yoshida and K. Ogata)
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Benchmarks wi VIA
Comparison with Faddeev
Co

Testing the reaction model for binary systems vith 12C(p, 2p)L LB data

Benchmark with Faddeev: 'Be(p, pn)!°Be @ 200 MeV/A

> Neutron removal from 25, /5 and (hypothetical) 1p, /, orbitals in 11Be
> Simple Gaussian NN interaction

— — 04
L [=0; SHZO.S MeV 4 | =1 Sn=0.5 Me
5 08 — TC 03
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= Good agreement, but more realistic benchmarks (eg. realistic NN) needed
(in progress).

(collaboration with A. Deltuva)
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Benchmark with Faddeev:

x

do/dp_ (mb/(MeV/c))

X

do/dp_ (mb/(MeV/c))

Testing the reaction model for binary systems

(@)

1 =

(a) With distorting potentials (KD OMP)
(b) Without distortion potentials

1= Good agreement with Faddeev w/o rel-
ativistic corrections

= Relativistic kinematics important at
these energies!

Faddeev/AGS calculation from E. Cravo et al, PRC93, 054612 (2016)
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Testing the reaction model for binary systems Gempseieen with 2w, D) LB dhis

Comparison with 2C(p, 2p)''B @ 400 MeV/A

= Exp. data from GSI: Panin et al., PLB753 (2006)204
> Momentum distributions summed over '*B b.s. (I7=3/27,1/27,3/25)
=> HF-constrained SP overlaps for (*>C|"'B(I7)) ~ \/S1..ne;j Pne,; ()

_ Ientj
[ Oan = D21, ey STenti X O ]

T T
Transverse momentum Total momentum in RFP

0.8 o GSI data (Panin et al.) 4
2 — TCxR, 3
> %
2 o6- 1063 Texp o (*) R ()
2 % (mb) (mb)  (0ew/0wm)
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] a”
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TC model for 31 body prolef:tlles
Li

Application to Borromean systems

HLi(p, pn)'OLi | in inverse kinematics at 280 MeV /u *

ALADIN-LAND setup at GSI [Aksyutina et al., PLB 666 (2008) 430]

40 T T T T T T T

> spectroscopic information

@
=3

extracted through fitting with
assumed shapes (eg. Breit-
Wigner)

dd/dE (mb/MeV)

> reaction dynamics not con-

) Ee ™Me) sidered

*More recent data from RIKEN is coming
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Application to Borromean systems

TC for 3-body projectiles
@ 3-body structure explicitly included

@ Participant (N1) / spectator (B) ° =
assumption =

p

> Prior-form transition matrix:

Tir = (B @DV 7, B)|Vow, + Uy — Upa| 047, SR (B))

where

¢35 (g, ¥) = continuum wave function of the binary fragment B
U = final p 4+ (N2+B) relative wave function
(Iﬁl” = g.s. wave function of the initial 3b composite A

Xpa = distorted p-A wave

[M. Gémez-Ramos, J. Casal, A.M.M., PLB 772 (2017) 115]

A.M. Moro, NUSPRASEN, Warsaw, 2018 p. 13



TC model for 31 body pI'OJeCtI|eS

cation tc Lle
ion to L1Li(p.d) ‘Lw: 5.7 MeV/u
o 14

Diagonalize Hgp, in THO basis using: [J. Casal et al,PRC 88 (2013) 014327)
@ Binary interactions C-N;, N1-Ny
@ Three-body force to fine-tune g.s. energy

i)
=g
=
—
&
N
Il

525 wh(@ { Wheass @ @ 611, ® [V, @) © X2, }

Jjp

> 2-body WF % consistently computed with the same N-C potential
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TC model for 3:ho
Application to 11L(p pn. qloLl

Application to 1 ‘Lm )

Application to Borromean systems Application to 14 Be(p,pn) 1> Be

TC calculations [spin of °Li ignored, I™ = 0]

e Li (°Li+n) o "Li PLi+n+n)
2512 virtual state: a = —20.9 fm 0" g.s. at -0.37 MeV
1p1/2 resonance at ~ 0.5 MeV Tmat = 3.55 fm, Ten = 2.48 fm
1d5/2 state around 4.5 MeV 64% S1/2, 30% P1/2, 3% d5/2
T T
60 - TCp,, r
§ --- TC,s )
O F — TC, total; 6=32.0mb T R
= \
2 40F |
A= \ experimental resolution
a | i
W” \‘\
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el
3:\%::;
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TC model for 3-bod:
Application to 11Li(
te

P.pN
prd:]
LBe(p,pn)

ctiles
10y
) 5

1 13

Application to Borromean systems ication tc

w/o energy resolution ‘ ‘ with energy resolution
80
Sensitivity to the structrure model
60 @ P3: reference model
40 @ P4: virtual state at higher E/
0 p resonance at lower E/
@ P5: with d resonance ~1.5 MeV
80
s
Z 6 a Er[p1/2]  Erldss]
—540 (fm) (MeV) (MeV)
;EE P3  -29.8 0.50 43
T 20 P4 -16.2 0.23 4.3
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80
o %s % %d
1/2 °p1/2 0ds5 /2
40 —-. p-wave
—- d-wave B P3 64 30 3
20 — total P4 27 67 3
P5 39 35 23
0

E s, (MeV)

1 P5 consistent with data, but there is no experimental evidence of such a low d5 /5 resonance

A.M. Moro, NUSPRASEN, Warsa




TC model for 3-bod:
Application to 1}Li(p,pn]

Applic to 11 Li(p,d)10

Application to Borromean systems Application to 14Be(p,pn)L

Calculations including °Li spin; I™ = 3/2

spin-spin splitting: \

60— o Exp. data

P12 = 1+72+ < 1-,
% | — 2, ]
b= — 1+,
e 2+,
Model P1I: g 401 — total P11
o 10Li: A 0
a=-379fm (27) o
res. at 0.37, 0.61 MeV ]

o Li:

3/27 g.s. at -0.37 MeV

Tmat = 3.2 fm

ren = 2.41 fm

67% s, 31% P ds /2 resonance not required to explain the data
Data from Aksyutina et al. [PLB 666 (2008) 430]
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Application to L 1 Li(p,pn) LOLi

Application to 11 Li(p.d)10Li @ 5.7 MeV/u
Application to Borromean systems Application to 14Be(p,pn)

1

model in 11Li(p, d)'°Li @ 5.7 MeV/u

Data: IRIS at TRIUMF, 5.7 MeV/u, Sanetullaev et al. [PLB 755 (2016) 481]

] L A R 3
E-_. [PLB 767 (2017) 307] o Exp.daa ]
1 RN Model P11 — p,,(1'2)
107 o
_I0E s, (10,2
Z) E E E 1n
) [
8 E [
= 1 S 10’
: l:
8 ] =0
10°s
E E 31% p,,, content in "Li N ]
E ] -1 L L L L L L L L L L L L L
0F 1 2 3 s 1070 30 60 90 120
E; (MeV) 6. (de®)

= Same model gives good agreement on (p, pn) and (p, d) reactions
= weight py,2: 31%
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Application tc \pr"“

Application to Borromean systems Application to 14Be(p pn)1|3

“Be (*?Be + n + n)

Ground state j™ = 0T, separation energy Sa, ~ 1.3 MeV

( 7
o flﬁiej: n Excited '?Be components in the ground-state wave
1~ 27 function of Be are essential
ot 2.24
2" 2.1 Inclusion of core excitations needed !!
o+ gs e.g.: rotational model in NPA 733 (2004) 53
: + ot
125, by Tarutina et al. to couple 07,27 states
\ J
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Application to Borromean systems

lep n.

on to Li(p,d)

Applicatlon to 14Be(p, pn)l

RIKEN data 69 MeV /u (invariant mass + + coincidences)

do/dE., (mb/MeV)

= Peak dominated by ¢ = 1 resonance

> 13Be decay to 1?Be excited states observed

with -coincidences

[Kondo et al., PLB 690 (2010) 245]
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odel for 3 h dy projec n\

1m

Li(p.d) [
14Be(p pn)1|3

Application tc
Application to Borromean systems Application to

GSl data (304 MeV /u)

[Aksyutina et al., PRC 87 (2013) 064316]

®
o

< RIKEN data (69 MeV/u) @
2 60 1 Simultaneous fit of both sets:
= o/ 24 - 1)1=0,1/2"
2 20 i, = 2)l=1,1/2"
° PR\ : ; 3)1=2,5/2"
f 4)1=1,1/2"
32 5) =27
% 15 a) decay 5/27 — 12Be(2T)
£ 10 b) decay into '?Be(17)
2
S 5

3
Egy(MeV)

== Peak dominated by ¢ = 0 “resonance”
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Application to Borromean systems

Structure model for 1*Be and '3Be

Deformed '?Be + n potential with core couplings in a rotational model
@ Only 07(g.s.) and 27 (2.1 MeV) of *?Be included.
Deformation parameter 2 = 0.8
@ V(1 =0,2) and Vi adjusted to give:
- near-threshold 1/27 virtual state
- 5/2% resonance at ~ 2 MeV
@ Shallow V(I = 1) for simplicity

[Tarutina et al. NPA 733 (2004) 53]

m Three-body calculations:
“Be ("*Be +n +n) 0T g.s. fixed at Sz, (exp) ~ 1.3 MeV
About 60% of I, = 0 and 35% of I = 2+

A.M. Moro, NUSPRASEN, Warsaw, 2018




TC model for 3-body projectiles
Application to L1 Li(p,pn) 0L

Application tc LLL (b d:"ilzw @ 5.7 MeV/u
Application to Borromean systems Application to ~~Be(p,pn)~°Be

Comparison with GSI's data (304 MeV /u)

12F T T T T T T T =
) 04<E,<05MeV o ° OSTdua
% ® T TC: convoluted | |
= z 4 N
515 Z osp ]
€ £
o 5 o6 ]
u_c] 10 <
B Z 04p ]
5
b 02+ ]
0

0 100
p, (MeV/c)

> Momentum distribution of peak consistent with assumed model and £ =1
dominance

=> Not consistent with original interpretation by Aksyutina et al.!
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Application to Borromean systems Application to 14Be(p,

We have developed a new framework (TC) to describe (p, pN) reactions:

> Structure information contained in (B|A) overlaps.
> Provides absolute cross sections.
> No IA approximation (can be used at low energies).

Benchmarks with “two-body” projectiles show good agreement with DWIA
and Faddeev methods
Next step: comparison with new R3B systematic data
Three-body projectiles, with no core excitations:
e Comparison with " Li(p, pn)'°Li GSI's data highlights the importance
of the spin of °Li in the °Li spectrum.
e Consistent description of (p, pn) and (p, d) data in completely different
energy regimes.
Three-body projectiles, with core excitations:
e Comparison with **Be(p, pn)'®Be data from GSI and RIKEN suggest
dominance of £ =1 (1/27) decay of '*Be (better models required!)
Future work: other systems ( *He, '"B, '"Ne ...) and observables (mo-
mentum profiles, angular correlations, .. .)

A.M. Moro, NUSPRASEN, Warsaw, 2018




Application to Borromean systems Application to 14Be(p,pn)13Be

Recent advances and challenges in the description of
nuclear reactions at the limit of stability

ECT* Workshop 5-9 March 2018
Trento, Italy
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