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we would like to emphasize the general importance of the
account for the exchange part of the OP. As shown in different
examples in Ref. [35], the exchange effects lead, for instance,
to a particular energy dependence of the total potential and to
different signs of the direct and exchange inelastic form factors
and others, so they should be treated as accurately as possible.

The LSSM proton and neutron densities used in our work
for 11Li are calculated in a complex 2h̄ω shell-model space
using the WS basis of single-particle wave functions with
exponential asymptotic behavior [43], which is, in principle,
the realistic one. Here we would like to discuss this point. In
many works, to simplify analytical studies and calculations one
uses basic functions and densities with Gaussian asymptotics
of the type exp(−ar2), while it has to be the exponential
one, exp(−br)/r , where parameter b is related to the bound
energy of the particle in the upper shell. This difference
can affect the results for cross sections in the region of
relatively large angles of scattering. This point was one of the
reasons the LSSM densities [43] for 9,11Li were used in our
work.

B. Optical potential within the high-energy approximation

In the present work we use the hybrid model of the
OP [39], in which its imaginary part was derived within
the HEA theory [41,42], while the real part is obtained as
prescribed by the folding procedure in Sec. II A. The cross
sections are calculated by means of the DWUCK4 code [48]
for solving the Schrödinger equation. To obtain the HEA OP
one can use the definition of the eikonal phase as an integral
of the nucleon-nucleus potential over the trajectory of the
straight-line propagation, and one has to compare it with the
corresponding Glauber expression for the phase in the optical
limit approximation. In this way, the HEA OP is obtained as a
folding of the form factors of the nuclear density and the NN
amplitude fNN (q) [39,40]:

UH
opt = V H + iWH = − h̄v

(2π )2
(ᾱNN + i)σ̄NN

×
∫ ∞

0
dqq2j0(qr)ρ2(q)fNN (q). (8)

In Eq. (8) σ̄NN and ᾱNN are, respectively, the NN total
scattering cross section and the ratio of the real to the imaginary
part of the forward NN scattering amplitude, both averaged
over the isospin of the nucleus. These two quantities have
been parametrized in [49] and [50] as functions of energies up
to 1 GeV. The values of σ̄NN and ᾱNN can also account for the
in-medium effect by a factor from Ref. [51].

C. The spin-orbit term

The expression for the spin-orbit contribution to the OP
used in our work is added to the right-hand side of Eq. (1) and
has the form

VLS(r) = 2λ2
π

[
V0

1
r

dfR(r)
dr

+ iW0
1
r

dfI (r)
dr

]
(l · s), (9)

where λ2
π = 2 fm2 is the squared pion Compton wavelength,

and V0 and W0 are the real and imaginary parts of the

10-6

10-4

10-2

1

 0  2  4  6  8  10

ρ(
r)

 [f
m

-3
]

r [fm]

11Li

total
point-proton
point-neutron

FIG. 1. Total (normalized to A = 11), point-proton (normalized
to Z = 3), and point-neutron (normalized to N = 8) densities of 11Li
obtained in the LSSM approach [43].

microscopic OP at r = 0. In our work, in Eq. (9) the functions
fR(r) and fI (r) are taken as WS forms f (r, RR, aR) and
f (r, RI , aI ), with the half-radius RR(RI ) and diffuseness
aR(aI ) parameters obtained by the best fit of the WS potential
to the microscopically calculated real V (r) and imaginary
W (r) parts of the OP.

D. Results of calculations of 11Li + p elastic scattering

In the beginning of this subsection we consider 11Li +
p elastic scattering at three energies, 62, 68.4, and
75 MeV/nucleon, for which the differential cross sections
have been measured [21–23]. The respective folding OPs
V F and WH are calculated by the procedure described in
Secs. II A–II C using Eqs. (1)–(9), and then the whole OP is
constructed in the form

Uopt(r) = NRV F (r) + iNIW (r)

+ 2λ2
π

{
NSO

R V F
0

1
r

dfR(r)
dr

+ iNSO
I WH

0
1
r

dfI (r)
dr

}
(l.s).

(10)

The OP Uopt(r), (10), is applied to calculate the elastic scatter-
ing differential cross sections using the program DWUCK4 [48].
The number of partial waves is controlled by the parameter
LMAX that corresponds to the maximum partial wave for
the distorted waves. We use the parameter LMAX = 100.
For the densities of protons and neutrons of 11Li we use the
LSSM ones [43] (shown in Fig. 1) that have an exponential
asymptotics which is the correct one. As can be seen from
Eq. (10), we introduce and consider the set of N coefficients
as parameters that can be found by fitting the calculated to
the experimental differential cross sections of 11Li + p elastic
scattering. Moreover, the fitting procedure can be constrained
by additional conditions on the behavior of the OPs (as in
Refs. [44–46] and show below). The real and imaginary parts
of the SO OP in (10) are approximated by the WS form. Their
parameters V F

0 (WH
0 ), RR(RI ), and aR(aI ) were obtained by

a fitting procedure to the respective calculated microscopic
potentials V F (r) and WH (r). We take the ImOP in two forms,
the microscopically obtained WH within HEA (W = WH ) or
the form of the folded real potential V F (W = V F ).
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excited core/halo components 
Tanihata et al., PRL 100 (2008) 
Potel et al., PRL 105 (2010)  
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(p,pn) reaction Neutron emission 

Free from FSI 

2-body FSI 

•  QFS on Hydrogen to minimize Final State Interaction (2) 
•  Kinematically complete measurement 
•  Core excitation via γ detection 
•  Observable sensitive to dineutron: θY 

è Need high statistics : RIBF + MINOS thick target = x 100 in statistics 
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MINOS+DALI 

Dec. 2014 

Spokespersons: Y.Kubota (CNS, RNC) and A.Corsi (CEA Saclay) 

Beam: 2 × 105 pps: 11Li (60%), 14Be(10%), 17B (8%) 
Statistics: 15-cm LH2 target 
 →105 p×n×n×9Li coincidences in 1 week 

EXPERIMENTAL SETUP AT RIBF, RIKEN	
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10LI INVARIANT MASS: A NEW RESONANCE 

Yu. Aksyutina et al. / Physics Letters B 718 (2013) 1309–1313 1311

Fig. 2. Upper panel: Momentum profile for the 6He + n system after one-neutron
knockout from 8He. The solid line is the calculated p-wave momentum profile,
which is fitted to the experimental data. The s- and d-profile functions are also
shown as an illustration of the large separation between the different l components,
which makes this type of analysis very sensitive. Lower panel: Relative energy spec-
trum for 6He+n [8]. The solid line is the result of an R-matrix fit to the data folded
with the experimental resolution [8]. The inset shows the profile function in the
low energy region, where the deviation is interpreted as due to knockout from a
(1s1/2)2 component in the 8He ground-state wave-function.

in the E f n spectrum [7] determined from the fit: Pr.e.(E f n) =√
αsσ 2

s + (1 − αs)σ 2
p , where σ 2

s and σ 2
p are calculated variances

for l = 0 and l = 1, respectively. The profile function Pr.e.(E f n) is
here given up to 6 MeV and one notes that the fit with only s
and p components follow the experimental data only up to about
1.5 MeV. In the energy region from 1.5 MeV on one notes an in-
creasing excess all the way up to the top of the spectrum. This
excess is interpreted as due to knock-out from (d5/2)

2 compo-
nent in the 11Li ground-state wave-function. The relative weight of
(d5/2)

2 component in the E f n spectrum αd was obtained by using
the relation: αd = (P 2

exp − P 2
r.e.)/(σ

2
d − P 2

r.e.) for E f n > 1.5 MeV. The
size of this contribution is 11(2)%, a result which is in agreement
with the earlier determined value of 17(5)% obtained in Ref. [11]
from an analysis of the transverse momentum distribution. One
can also see that the fit to the relative energy spectrum falls below
the experimental data at high energies. The knock-out from the
d-wave states populates the narrow states in 10Li, with structure
[d5/2 ⊗(3/2−)]1−,2−,3−,4− . We can, however, not resolve such states
with our experimental resolution but the profile function analysis
adds the information that the d-wave strength is distributed in the
energy region between 1.5 to 6 MeV.

While the high-statistics data for 7He and 10Li has been dis-
cussed earlier [7,8] we present here, as our third case, for the first
time the new data for 13Be. Also here the resolution and statistics
are superior to that of our earlier paper [11]. A major problem
in the interpretation of 13Be originates in the complex nuclear
structure of the neutron-rich beryllium isotopes. It was enunci-
ated already in 1976 that several observed properties of the T = 2,
Iπ = 0+ states of A = 12 nuclei favor a model of the 12Be ground-

Fig. 3. Upper panel: Momentum profile of the 9Li + n system after one-neutron
knockout from 11Li. The calculated s-(dashed), p-(dotted) and d-wave (dash-dotted)
momentum profiles are shown together with a solid line determined from the s-to-
p ratio derived from the data in the lower panel. The thin-solid line is a smooth line
through experimental points. Lower panel: Relative energy spectrum for 9Li + n [7].
The different contributions from a R-matrix fit to the data, folded with the ex-
perimental resolution, are shown as dotted (virtual s-state) and dashed (p-wave
resonance) lines with the solid line as their sum.

state wave-function being made up of only small components that
belong to the lowest shell-model configurations, while instead s-,
p- and d-shells are populated with almost equal weights [12,13],

12Be(g.s.) = α
[10Be ⊗ (1s1/2)

2]

+ β
[10Be ⊗ (0p1/2)

2] + γ
[10Be ⊗ (0d5/2)

2]. (2)

Here, 10Be forms an inert core with a closed 0p3/2 neutron shell.
This conjecture has actually been confirmed in a series of recent
experiments [14–18]. In Ref. [14] it was found that N = 8 is not
a good closed shell for 12Be since it contains a major (s2 − d2)
intruder configuration. This breakdown of the N = 8 shell clo-
sure is also expected theoretically [13,19–24]. This means that the
structure of 12Be essentially is of few-body character and that a
description of 13Be with a 12Be core having a closed p1/2 shell
is not a good approximation. The open decay channels from 13Be
to excited states in 12Be makes the situation even more compli-
cated [11,25]. If the remaining fragment, after neutron knockout
from a Borromean nucleus, is left in an excited, gamma-decaying
state, the corresponding peak in the E f n spectrum will be shifted
towards low energies by the excitation energy of the fragment.

The difficulty in the interpretation of 13Be data is illustrated by
the three relatively recently published data sets, all with different
interpretation of the momentum content around 0.5 MeV in the
excitation spectrum. From data obtained at GANIL [26] it is inter-
preted as a Breit–Wigner l = 0 resonance; from the one-neutron
knockout data from 14Be, measured earlier at GSI, as a dominating
virtual s-state [11]; and, finally, from data obtained at RIKEN [25]
it is interpreted as an l = 1 resonance together with a small con-
tribution from a virtual s state.

Yu. Aksyutina et al., Phys. Lett. B 718 

s-wave virtual state 
p-wave resonance 

New resonance: 
•  Er = 5.52±0.04 MeV 
•  Γ  = 0.72±0.10 MeV 
•  d-wave resonance 

Previous work 

Courtesy: Y.Kubota, RNC 
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FIG. 2. Distribution of the decay neutrons from 10Li formed
in 11Li neutron knockout reactions. The inset shows a
schematic diagram of the reaction where unf is the angle
between the momentum direction of 10Li reconstructed as a sum
of the momenta of the 9Li fragment and the decay neutron—
and the direction of the n 1 9Li relative momentum pnf . The
distribution asymmetry can be explained only if one assumes
contributions from interfering s and p states in 10Li.

direct evidence for a strong mixture of different parity
states since it implies that the distribution must contain a
linear term in cos!unf ". This is model independent proof
of the appearance of the s and p states in 11Li. The
original distribution was restored by a Monte Carlo
method which takes into account all the basic parameters
of the setup, and an iteration procedure was used to fit the
experimental data. The histogram in Fig. 2 is the result of
such a procedure.
The undisturbed distribution used in the Monte Carlo

calculations was approximated by a polynomial expansion
in terms of cos!unf":
W !unf" ! 1 2 1.03!4" cos!unf" 1 1.41!8" cos2!unf" .

(4)
This gives a mean value of unf ! 103.4!2.1"±, in agree-
ment with the above estimate.
We now proceed to investigate how Eq. (4) is related

to the s and p components in the 11Li ground-state wave
function. For this, we restrict ourselves to considering
only three different spin and angular momentum con-
figurations in 11Li, neglecting for simplicity the spin of
the 9Li core, namely, !S ! 0, L ! !x ! !y ! 0", !S !
0, L ! 0, !x ! !y ! 1", and !S ! 1, L ! !x ! !y ! 1"
[21] and the corresponding amplitude factors ASL

!x!y
. The

first two components, A00
00 and A00

11, will lead to the in-
terference term in the angular correlation function. It
should be noted that in general these amplitudes are
complex for the decaying states and can be written as
jASL

!x!y
jeidSL

!x !y . Consequently, only one phase parameter
frel ! d00

00 2 d00
11 enters into the final expression for the

angular correlation. The assumption of a sudden removal
of the knocked-out neutron means that one, in the first
approximation, can consider the moduli of these ampli-
tudes jASL

!x!y
j to correspond to those of the 11Li ground

state. This should hold provided that shadowing ef-
fects are small which is actually the case since the s#p
ratio is stable over a large range of Rcut values as men-
tioned above. The representation of the spin-angular part
of the (9Li 1 n 1 n) wave function (in the continuum)
may then be written in jj coupling as [22]

c ! A00
00$s1#2s1#2%0

1 A00
11

√

s

1
3

$ p1#2p1#2%0 1

s

2
3

$ p3#2p3#2%0

!

1 A11
11

√

s

2
3

$ p1#2p1#2%0 2

s

1
3

$ p3#2p3#2%0

!

.

Similar to the 6He case [12], we shall further assume
that W !unf" ~ jcj2. We can then determine all of the
parameters jA00

00j2, jA00
11j2, jA11

11j2, and frel from a fit
to our experimental angular distribution. The system is
underdetermined since we have four free parameters while
the fit to the polynomial only needs three. The main
aim here is, however, to determine the relative weights
of the !1s1#2"2and !0p1#2"2 components. We vary frel
in a region where W !unf" gives a reasonable fit to the
data in Fig. 2 which gives 0± , frel , 60±. The result is
shown in Fig. 3. For frel . 60± the fit becomes unstable.
The !1s1#2"2 contribution is shown in Fig. 3 as a solid

FIG. 3. Relative probabilities of the s and p components in
the 11Li halo wave function versus the phase frel between the
interfering s and p waves in the decaying 10Li obtained from
a fit to the experimental angular distributions shown in Fig. 2.
The shaded area shows possible values for the relative phase
within the uncertainties in the determination of the s to p ratio.

498

H. Simon et al, Phys. Rev. Lett. 83, 496 (1999). 
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FIG. 2. Distribution of the decay neutrons from 10Li formed
in 11Li neutron knockout reactions. The inset shows a
schematic diagram of the reaction where unf is the angle
between the momentum direction of 10Li reconstructed as a sum
of the momenta of the 9Li fragment and the decay neutron—
and the direction of the n 1 9Li relative momentum pnf . The
distribution asymmetry can be explained only if one assumes
contributions from interfering s and p states in 10Li.

direct evidence for a strong mixture of different parity
states since it implies that the distribution must contain a
linear term in cos!unf ". This is model independent proof
of the appearance of the s and p states in 11Li. The
original distribution was restored by a Monte Carlo
method which takes into account all the basic parameters
of the setup, and an iteration procedure was used to fit the
experimental data. The histogram in Fig. 2 is the result of
such a procedure.
The undisturbed distribution used in the Monte Carlo

calculations was approximated by a polynomial expansion
in terms of cos!unf":
W !unf" ! 1 2 1.03!4" cos!unf" 1 1.41!8" cos2!unf" .

(4)
This gives a mean value of unf ! 103.4!2.1"±, in agree-
ment with the above estimate.
We now proceed to investigate how Eq. (4) is related

to the s and p components in the 11Li ground-state wave
function. For this, we restrict ourselves to considering
only three different spin and angular momentum con-
figurations in 11Li, neglecting for simplicity the spin of
the 9Li core, namely, !S ! 0, L ! !x ! !y ! 0", !S !
0, L ! 0, !x ! !y ! 1", and !S ! 1, L ! !x ! !y ! 1"
[21] and the corresponding amplitude factors ASL

!x!y
. The

first two components, A00
00 and A00

11, will lead to the in-
terference term in the angular correlation function. It
should be noted that in general these amplitudes are
complex for the decaying states and can be written as
jASL

!x!y
jeidSL

!x !y . Consequently, only one phase parameter
frel ! d00

00 2 d00
11 enters into the final expression for the

angular correlation. The assumption of a sudden removal
of the knocked-out neutron means that one, in the first
approximation, can consider the moduli of these ampli-
tudes jASL

!x!y
j to correspond to those of the 11Li ground

state. This should hold provided that shadowing ef-
fects are small which is actually the case since the s#p
ratio is stable over a large range of Rcut values as men-
tioned above. The representation of the spin-angular part
of the (9Li 1 n 1 n) wave function (in the continuum)
may then be written in jj coupling as [22]

c ! A00
00$s1#2s1#2%0

1 A00
11

√

s

1
3

$ p1#2p1#2%0 1

s

2
3

$ p3#2p3#2%0

!

1 A11
11

√

s

2
3

$ p1#2p1#2%0 2

s

1
3

$ p3#2p3#2%0

!

.

Similar to the 6He case [12], we shall further assume
that W !unf" ~ jcj2. We can then determine all of the
parameters jA00

00j2, jA00
11j2, jA11

11j2, and frel from a fit
to our experimental angular distribution. The system is
underdetermined since we have four free parameters while
the fit to the polynomial only needs three. The main
aim here is, however, to determine the relative weights
of the !1s1#2"2and !0p1#2"2 components. We vary frel
in a region where W !unf" gives a reasonable fit to the
data in Fig. 2 which gives 0± , frel , 60±. The result is
shown in Fig. 3. For frel . 60± the fit becomes unstable.
The !1s1#2"2 contribution is shown in Fig. 3 as a solid

FIG. 3. Relative probabilities of the s and p components in
the 11Li halo wave function versus the phase frel between the
interfering s and p waves in the decaying 10Li obtained from
a fit to the experimental angular distributions shown in Fig. 2.
The shaded area shows possible values for the relative phase
within the uncertainties in the determination of the s to p ratio.
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Summary and perspectives 

•  Quasi-free	(p,pn)	measurement	on	Borromean	nuclei	11Li,	
14Be,	17,19B	for	the	study	of	dineutron	correlaAon	
✔ High	luminosity	
✔ KinemaAcal	complete	measurement	
✔ Quasi-free	(p,pn)	à	Minimum	FSI	

•  New	d-wave	resonance	in	10Li	at	Er	=	5.52	MeV,	Γ	=	0.72	MeV.	

•  Integrated	opening	angle	<θxY>	=	85±10°	for	11Li	
à Indica6on	of	“weaker”	dineutron	correla6on	

•  Need	for	structure	+	reacAon	model	for	nuclei	with	A>11	
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Figure 5.9: Schematic view of the opening angles of two neutrons in coordinate
space. Jacobi coordinates (θxY ) and V-coordinates (θxV ) are shown.

Table 5.6: Expectation values of the opening angle in the coordinate space.
Numbers in a parenthesis are calculated by employing the classical picture
described in Sec. 5.3.

Probe ⟨θxY ⟩ [deg.] ⟨θxV ⟩ [deg.] Reference
Coulomb breakup 48+14

−18 [32]
+ Core excitation 65± 11

65.2+11.4
−13.0 [12]

Compilation 72.2 61.7 [51]
Neutron removal 76.6(2.1) [49]
This work 85 ± 10 (77)

θ12 

Shulgina 2009 
Simon 1999 

Nakamura 2006 

Hagino 2016 

11Li 

11LI: OPENING ANGLE AND CORRELATION 

Catara et al., PRC 29 (1984) 

H.Simon et al., NPA 791 (2007) 

206Pb 
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Table 5.5: The fraction Slj of each multipole. The unit is percent (%).
(s1/2)2 (p3/2)2 (p1/2)2 (d5/2)2 (d3/2)2

Exp.

︸ ︷︷ ︸
6± 4This work 35 ± 4 0(∗1) 59 ± 1

Ref. [49] 45 ± 10 3–5 55 ± 10
Ref. [50] 45 ± 10 3–5 45 ± 10 10 ± 8
Ref. [55] 11 ± 2

Theor.
Ref. [23] 44.0 2.5 46.9 3.1 1.7
Ref. [115] 33 ± 6
Ref. [109](∗2) 46.9 2.5 42.7 4.1 1.9

(∗1) Fixed.
(∗2) 0.6% and 0.5% contributions for (f7/2)

2 and (f5/2)
2 in Ref. [109].

and 0.08. The relative energy was reconstructed from the momentum vectors
of 9Li heavy fragment and the decay neutron as described in Sec. 4.8. The
resolution of the relative energy was 0.2 MeV at the relative energy of 1 MeV.
The resolution of the opening angle was 30◦ (FWHM) at the relative energy
of 1 MeV. The spectra were fitted by the Legendre functions for the relative
phase determination (see Sec. 5.4.1).
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Figure 5.7: Opening angle cos θY distribution as a function of relative energy
Erel for the 11Li(p, pn)9Li + n reaction.

11LI: ANGULAR MOMENTUM DETERMINATION 
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•  Components with ℓ>2 are not taken account. 
•  Systematic uncertainty related to DWIA calculation is not included. 

Neutron removal Simon 1999 
Simon 2007 

 (p,pn) Aksyutina 2013 
Kikuchi 2013 
Fortune 2015 

Ikeda 2010 

Exp. 

Theor. 
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MONTE-CARLO SIMULATION FOR  
ACCEPTANCE/RESOLUTION EVALUATION 
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à No singularity. No problem for “correlation study”. 


