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How+can+we+SEE+clustering?+
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able to obtain information concerning the internal struc-
ture of Borromean nuclei directly from the analysis of
experimental 2n transfer cross sections. We calculate the
nine-dimensional integral (1) explicitly (without serious
simplifications) by integrating directly over x, yi , and Ri ,
i.e., without partial wave decomposition of the distorted
waves. The halo neutrons may also be transferred se-
quentially—one by one, but the nature of the Borromean
nucleus itself (absence of two-body bound state in 5He
and strong neutron-neutron correlations) makes us believe
that the simultaneous transfer of the neutrons is a major
part of the two-neutron transfer reactions induced by 6He.
In (1) Si and Sf are the spectroscopic factors giving the
weights of the three-body configuration (i.e., inert core
plus two nucleons) in the ground state of the projectile
nucleus [2(3,4)] and in the residual nucleus [1(3,4)],
correspondingly. For a real halo nucleus this spectro-
scopic factor should be close to unity (a necessary but not
sufficient condition for the formation of a nuclear halo).
Thus, comparison of the absolute values of experimental
and calculated two-neutron transfer cross sections already
allows us to probe if the nucleus under study has a
three-cluster form—an inert core plus two nucleons. For
the 6He nucleus this seems natural due to the compact
a-particle core, but for heavier exotic nuclei (even the
Borromean ones) it should be tested separately.
Figure 1 shows the spatial correlation density plot for

the ground state of 6He,

Psx, yd ≠ x2y2
Z

jCs234d
i sx, ydj2 dVx dVy . (2)

The plot exhibits two prominent peaks: a “di-neutronlike”
peak with the two valence neutrons located together well
outside the a particle and a cigarlike peak with the va-
lence neutrons positioned on opposite sides of the a parti-
cle. These configurations are shown schematically in the
inset of Fig. 1. A “direct” experimental observation of this
two-component structure of 6He, a “filter” which could de-
termine their relative weights, would be of great interest.
Their origin is connected with dominance of L ≠ S ≠ 0
motion in the 01 g.s. of 6He and the Pauli principle block-
ing the s motion and making the valence nucleons fill the
1p state in a shell model picture. This is especially clear

FIG. 1. Spatial correlation density plot for the 01 ground
state of 6He. Two components—di-neutron and cigarlike—
are shown schematically.

within the cluster-orbital shell model approximation [1].
Switching off the neutron-neutron interaction and intro-
ducing one-particle oscillator functions for the neutron-
core relative motion f1psrkd , rk exps2br2

k d sk ≠ 1, 2d
we easily find for L ≠ S ≠ 0,
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So, in the absence of Vnn there are two distinguishable
maxima of equal heights in the 6He bound state wave
function and only the neutron-neutron interaction makes
the di-neutron component more pronounced.
To find the contributions of these two components in

the 2n transfer cross section we have to somehow project
the total wave function C

6Hesx, yd onto the di-neutron and
cigarlike configurations. As can be seen from Fig. 1 and
Eq. (3) the two configurations are located on different sides
of the line y ≠ xy2. Entering the coordinate j ≠ sxy2 2

ydy
p

1 1 1y4 which changes along the path orthogonal to
the separating line y ≠ xy2, we may define the operators
P̂di-n ≠ f1 1 expsjyj0dg21 and P̂cig ≠ 1 2 P̂di-n, which
approximately divide the total tree-body wave function
into the di-neutron and cigarlike parts

C

6Hesx, yd ≠ C

di-n
6He 1 C

cig
6He ; P̂di-nC

6He 1 P̂cigC

6He .

(4)

To avoid the artificial oscillations that a sharp cutoff would
introduce, we use the Fermi-type projection given above.
The overlap of the two components is found to be less than
12% if we choose j0 ≠ 0.65 fm or less; see Fig. 2.
Experimental data on the elastic scattering of 6He 1

4He at the beam energy of 151 MeV are shown in Fig. 3.
To analyze these results, we first described the forward
angle data within the standard optical model (OM). Un-
fortunately, forward angle elastic scattering cross sections
are available only in the rather narrow center-of-mass an-
gular region 17±–59±. A fitting of thes data does not give
reliable OM potential parameters. Instead, we took as our
starting point the OM potential previously found for the
case of 6Li 1

4He elastic scattering at Ec.m. ≠ 99.6 MeV

FIG. 2. Correlation density plots for the ground state of
6He projected onto the di-neutron (left) and cigarlike (right)
configurations—Eq. (4).
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To+our+knowledge,+nobody+has+SEEN+it.+
We+will+demonstrate+how+to+do+it.+



Steps+to+SEE+clustering+
1.  Break+
–  Nuclear+reac1on+!+break+the+nucleus+into+clustering+
ingredients+

2.  Measure+
– Momenta+of+all+the+ingredients+acer+the+reac1on+

3.   Connect#
– Measured#(asympto9c)#momenta#!#ini9al#momenta#in#
nucleus#

4.  Represent+
–  Appropriate+coordinate+
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These+four+steps+are+essen1al.+
The+“connec1on”+is+the+key.+



“Connec1on”+
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Ini1al+momentum+≠+asympto1c+momentum+

FSI+

E1+

kn1+

kn2+kc+

kn1‘+ kn2‘+

kc‘+

Because+of+final+state+interac1on+(FSI)+
Ini1al+ Transient+region+ Asympto1c+



Effect+of+FSIs+
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T.+Nakamura+et$al.,$Phys.+Rev.+
Le_.+96,+252502+(2006).+

11Li#

Kikuchi+et$al.,+Phys.+Rev.+
C+87,+034606+(2013)+

Coulomb#breakup#

6+

FSI+

E1+

Spectra+can+be+largely+distorted+by+FSI+

kn1+

kn2+kc+

kn1‘+ kn2‘+

kc‘+



Steps+to+SEE+clustering+
1.  Break+
–  Nuclear+reac1on+!+break+the+nucleus+into+clustering+
ingredients+

2.  Measure+
– Momenta+of+all+the+ingredients+acer+the+reac1on+

3.   Connect#!#suffers#from#FSI#
– Measured#(asympto9c)#momenta#!#ini9al#momenta#in#
nucleus#

4.  Represent+
–  Appropriate+coordinate+
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A+solu1on+with+the+quasi$free+knockout+reac1on+on+
Borromean+nuclei+



(p,pn)+on+Borromean+nuclei+
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k1�k2�

kc�

k2’� k1�

kc’�

2$body+FSI+
Neutron+emission+(p,pn)+reac1on+

k1�k2�

Free+from+FSI+

k1�k2�

p+



Steps+to+SEE+clustering+
1.  Break+

–  Nuclear+reac1on+!+break+the+nucleus+into+clustering+ingredients+
!+All+the+cluster+ingredients+go+apart+through+the+reac1on+(and+decay)++

2.  Measure+
–  Momenta+of+all+the+ingredients+acer+the+reac1on+
!+Complete+measurement+

3.   Connect#
–  Measured#(asympto9c)#momenta#!#ini9al#momenta#in#nucleus#
!+FSI+is+minimized+
–  One+FSI+remaining+!+can+be+handled#

4.  Represent+
–  Appropriate+coordinate+
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How?+
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In+the+courtesy+of+Y.+Kikuchi+



RIBF+x+SAMURAI+x+MINOS�
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1.  Simple+mechanism+of+the+quasi$free+(p,pn)+reac1on+at+intermediate+energies+
"  Determine+the+single+par1cle+nature+most+reliably+
"  Minimize+FSI+

+
2.  γ$ray+detec1on+

"  Core+excita1on+

3.  High+sta1s1cs+
"  Higher+mul1pole+
"  100—1000+1mes+larger+luminosity+

by+combina1on+of+RIBF+with+MINOS+

core+

n1+n2+

p+

(p,pn)+reac1on+ Neutron+emission+

Free+from+FSI+

2$body+FSI+

RIBF+facility+

Y.+Kikuchi+et$al.,+PRC+87,+034606+(2013)+
G.+Potel+et$al.,+PRL+105,+172502+(2010)+

MINOS+
++DALI2+

SAMURAI+



Experimental+setup�
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Kinema1cally+complete+measurement!�



Experimental+setup�

Jul.+10,+2014+ di$neutron+and+alpha$cluster+correla1ons+in+
exo1c+nuclei+ 12+

Kinema1cally+complete+measurement!�

Core+ex.+(γ)+

Missing+momentum+
(mul1poles)+

Opening+angle+



Experimental+setup�
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Primary+beam:+
48Ca@+345+MeV/u,+150+pnA+
on+Be+(25+mmt)+
Secondary+beam:+
11Li,+14Be,+17B,+19B+
w/+250+MeV/u,+105+pps+
dp/p+=+6%+

MINOS:+
Liq.+H2+150+mmt+

40+mm+phi+
Surrounded+by+TPC+
Eff.+=+90%+
δx+~+5+mm+(FWHM)+

NEBULA:+
Decay+neutron+
Eff.+=+36%+

FDC2+&+HODF:+
HI+(decay+core)+
9Li,+12Be,+15B,+17B+

Kinema1cally+complete+measurement!�



Experimental+setup�
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DALI2+

MINOS+

15+cm+

"  Good+kinema1cal+region+to+minimize+the+FSI+
•  θn+=+25—65°+
•  θp+=+25—65°+

•  γ$ray+detec1on+for+backward+angle+
"  No+interference+with+p,+n+detec1on+
"  Efficiency(2.7+MeV)+*+Acceptance+=+7%+

(GEANT4+simula1on)+



How+can+the+dineutron+be+observed?�
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5He�

kα$n�

Acer+(p,pn)+reac1on+(observable)�Ground$state+(non$observable)�

The+remaining+one+FSI+effect+is+large,+but+…+
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Dineutron+Cigar$like+
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Work#done#by#Y.#Kikuchi#and#K.#Ogata�
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How+can+the+dineutron+be+observed?�

Jul.+10,+2014+ di$neutron+and+alpha$cluster+correla1ons+in+
exo1c+nuclei+ 16+

5He�

kα$n�

Acer+(p,pn)+reac1on+(observable)�Ground$state+(non$observable)�

Dineutron+component+can+be+extracted.+
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Work#done#by#Y.#Kikuchi#and#K.#Ogata�

•  Dineutron+#$+Cigar$like+
•  Coherence+is+preserved.+



Coherence+of+the+wave+func1on�

Talmi$Moshinsky+tr.�

“(p,pn)”+++“Complete+measurement”�

|"|,+|#|,"|$|,"…�

",#,$,"…�

l1� l2�

S,L�

Spectroscopic+factor+by+(p,pn)� Complete+measurement+of+three+par1cles�

(including+phase+info.)�

Jacobi+coordinate�Shell$model+basis�
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Summary+

•  One+can+see+the+clustering+through+
1.  Break+
2.  Measure+
3.   Connect#
4.  Represent+

•  The+first+case+will+be+demonstrated+
– With+quasi$free+knockout+reac1on+
– On+Borromean+nuclei+
–  In+combina1on+with+MINOS+and+SAMURAI+@RIBF+
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