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What kind of condensations?
pair polarizability
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Experiment : S. Ota (RCNP), M. Dozono (Kyoto), E. Endo (RIKEN), S. Shimoura (RIKEN)
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Theory : K. Yoshida (RCNP), M. Matsuo (Niigata), N. Hinohara (Tsukuba) et al.

We welcome your joiningl!!
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Uncertainty of FoS

3 T I 1 | 1
FSUGold2
s —— RMF022 7
] — RMF028
25 s é RMF032 |
S=3
nZ - 7
—
L J0348+0432
2= =
- B J1614-2230 |
=
2"’ - 1.6 F—% =1
& 15 = —
* % o
> - g Z
B =
Py ~
1 -
Sy
05
0 l 1 I
10 12 14 16 18

'K, =-550+ 100 MeV

L L=60MeV _ =X ]
- .

[-348 < K, <-237 MeV, ]
L =60 Mev _ T
o - = : ‘¢ .
L N ‘.‘
i X %
[ N
[ K,=-550 MeV '~ _
[ L=60+20MeV

L=60+20MeV, K, =-550 + 100 MeV ]
1 1 1 1 L 1 1 1 1 L 1 1

11

2025 /()?32/12 025 /0821

3\

14 g ﬂq;.'}&,—f(.—& ggﬁﬁéﬁﬂéi%éﬁ@@a@

5

— EAHEARRR—IL

w1




Nucleus and nucleon pair

component # of comp Size Coherence Spacing
length

Material Electron / ion 1E23 > 1 mm 100 - 1000 A 1-3 A

Atomic nucleus Proton / Neutron 1 - 300 5-7 fm 30 fm 2 fm

Quantum numbers of pairing correlation
spin(S), isospin(T), space(L)

00 00 L) 1150

N-N (150)
‘ proton ‘ D‘ D T=0, S=1
- oo )

2025/05/19 - 2025/05/21 hiEFEDEREEER 2025 6



Structure of neutron star

Clarify the structure and phenomena in the neutron star from terrestrial experiments

Quter crust: N,e

Outer core: n,p,e,u

2025/05/19 - 2025/05/21

4 x10g cm-3

gcm—3
1.4 x10%g cm-3

b

Inner crust Mantle

—
~0.8 x 1314g cm3

~ —
~4 x10"g cm—3 ~0.8-1.8 x 104 g cm-3

Outer crust

L— 100-1,200 m

> 25-250 m >| < 5-30m —>
. I )
I Pure neutron (supen)fluid T~ ~
Pasta phase Inverted pasta (bubbles)
I \<utron + proton fluid
W. Neutron, Nature 2013
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Af (10° Hz)

Observed phenomena related to
neutron superfluidity
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Speed up!

1

0

-1 T T T T T T T
-2,000 -1,500 -1,000 -500 0 500 1,000 1,500
Time (s)

Pulser glitch requires two superfluid phases

T -
GLITCH  5s
START

Phase transition in Cassiopeia-A

alnjesadwa |

o L
c})

sl
10!

AT B
10?2

sl 1l 1)
103
Age [yrs]

il
104

300 years old

1.88 -

I 4 .:

_ 186
»

% 184
= 1.82

1.80

: ; - - ' - Wijngaarden+2019
Phase transition
- Curves : model calculatien’

L
2000

2005 2010
Year

2015 2020

Page2012

3
d

10 14 1820
I -

I SF

Various
gap mo

HGRR.:

1

¥ 2 DEEIEER 2025

P2 Various 1S0
el gap model

density (fm‘3)

Stron;
2 | Moderate ----- B
% Weak --=--
2 15[ dQMC 09 v 3
<4 [QMCAV4 8 1
g 1F
= F .
g ot ]
0.5 - g
0 b=t A
10°5 1074 103 102 107!



Impurity of proton makes a variety
of structure

Pressure ionization ~ Neutronization Neutron drip Pasta phase  Uniform matter
10 10 107 10" 10% density (g/cm®)
o o & . )
@ % 20 004y | |
s o o o0 0000008 | Nuclei and nuclear clusters exist
| in the neutron star
o o O S9SNy
o o
o o 7
Envelope Outer crust Inner crust
iron atoms neutron rich nuclei, e nuclear clusters,
B = R i Pasta phase

Solid crust

body centered culfc
Coulomb latyee

Mantle \Liquid core
PUCleaRIOSSE: \ THEEAY Due to the impurity of protons
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Nucleon palrs

Quantum numbers of pairing correlation
spin(S), 1sospin(T), space(L)

Lowest Second
l l l T=1,8=0 T=1,S=1
‘ ’ ‘ ’ ‘ ('Sp) CPo1.2)

") T=0,$=1  T=0,S=0

deuteron (38 1) (l P 1)
(bound)

What kind of pair condensation may happen?

2025/05/19 - 2025/05/21 thEF 2 ORI SEER 2025
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Nucleon pair condensation?

Isovector Neutron Pair Isoscalar Proton Neutron Pair

1.=0, S=1

Y L:.O superfluidity m ?7? strongly attractive
O Higher order?

no experimental evidence

2025/05/19 - 2025/05/21

Potential Energy  Phage Transition

Ordered Phase

Potential shape of pair field in nuclei?
Order Parameter

A+Curvature provides the shape of potential
it Z OBV CEER 2025 11
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4He(0+) + 120Sn(0+) => 6Li(1+,T=0) + 118Sn
T=0, S=1 : 3S1 proton-neutron pair HNFEITLT=

5o 1

A
(BCS|PT|BCS) = ==

28
V=-G PP, G~ =~ MeV.

2025/05/19 - 2025/05/21 4+ 2 D ER R EIEEE 2025

12



Response to pair transter
Pair rotation and vibration

Amplitude Curvature Vibration

Symmetry breaking
Restoration => Rotational Band
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Pair polarizability
ot 4
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Two-nucleon additional and removal strength distributions up to

20 MeV (and more) are to be measured.
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Spectroscopic tools for highly

excited states

Combination of known states => Selection of quantum numbers

‘He[f 7AW" 4F. HF-

%+ D AT RIG
EIZtLT PSRRI
PP
(14C)
vV
2H/pn
(14N)

HERE )

4He
(12C)

6Lj/ 6Li*
(IOB)
6He
(10C)
RYERIF
(BYELELF)

ct.) (1H, 3He) reactions sensitive to AS=0 and AS=1

2025/05/19 - 2025/05/21
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Cyclotron facility at RCNP

Rl Beam Cyclotron

AVF cyclotron
R -

) /3 1—‘ \ W . : ; ( v
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el = v Z s =
MuontSciencd “neutronr S ol =

2025/05/19 - 2025/05/21 i+ 2 DE A S8R 2025
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Experimental Setup

Grand RAIDEN

High resolution spe

ctroscopy

LAS

10 time wider acceptance

Magnetic rigidity (Tm)

Pair Removal
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Development for low-energy
particle measurement
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2025/05/19 - 2025/05/21
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Streaming DAQ) system for high-

fﬂte p ar tiCle S Alliance

Particle rate ~ Trigger rate due to elastic scattering
(Energy deposites in PS1 of 4He and 6Li are almost same)

PID itself is possible using AE in VDC
(Confirmed during Honor seminar

SLi, “He

program)

Particle identification by Charge via VDC

Lighter ions pid

st
ona

Charge in VDC2 (a.u)

VDC1 (XU)
He box

250

4
O

VDC2 (XU)

PL1
PL2

Streaming

00490™ 3050 4050607080 60 "H00
Charge inVDC1 (a.u)

Streaming Data Acquisition system developed by SSPADI
Alliance (Chair: Ota)

Particle rate (rate)

50

=> Achieved more than 200-kcps trigger equivalent
=> (a,6Li) reaction at Grand RAIDEN becomes possible

00 200 400 600 800 100012001400 1600 18002000

Time (sec)
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Neutron pair removal

(*He,’He)

Preliminary 0 7= HllBR

Grand RAIDEN T® (4He,6He) R It D
AERER
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120Sn+4He => 118In+06Li
(@Grand Raiden

Pair Removwval
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Systematic measurement

2025/05/19 - 2025/05/21 i+ 2 DEA S8R 2025 21



Beyond BCS and other condensation

3P, ...

* Expected to exist in neutron star
* Requires the new probe for measurement.

* Searching for the candidates.

* Pion condensation
* Unique probe of using heavy 1ons have been studied.

* To be prepared for the systematic measurement.

* Cluster condensation
* Inelastic scattering

e Knockout reactions

2025/05/19 - 2025/05/21 4+ 2 DERBICIE R 2025 22



Summary

* Pair potentials for n-n pair and T=0 / T=1 p-n pairs
are being studied.

* Ready for systematic measurement of n-n pair
removal reactions.

* Probe study of p-n pairs is ongoing,

* Development of particle detectors for LAS has just
started.

* Stay tuned and please join the collaborations and/or
discussions!
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