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Outline

» Direct reaction of spin-polarized light ions
» Solid polarized proton target for RI-beam

» EXperimental programs undergoing
o Proton elastic scattering from ¢-8He
o (p,2p) knock-out reaction on oxygen isotopes

» Future applications
o Proton resonant scattering
o Polarizing neutrons and RIs



Spin-dependent interaction in unstable nuclel

= Spin-dependent interaction
o Spin-orbit int., tensor int., 3NF

< Magicity, binding energys, ...

Nuclear Shell Structure

Near stability For N>>Z
Spin-dependent int. in unstable P by
. . . . R — p“;’%
nuclel attract INcreasing Interest. ﬁ3;2 p3i2
9/2 f_{
f7/2 h1f12/2
ex.) Change of shell structure P M-
. . S nuclei s
o Tensor interaction, 3NF glﬁ E—
T. Otsuka et al., Phys. Rev. Lett. 95 (2005) 232502. 5/2 S el
T. Otsuka et al., Phys. Rev. Lett. 105 (2010) 032501. e G012
9os2 d

o Spin-orbit interaction

J. Dobaczewski et al., Phys. Rev. Lett. 72 (1994) 981.
G. A. Lalazissis et al., Phys. Lett. B 418 (1998) 7.
B. S. Pudliner et al., Phys. Rev. Lett. 76 (1996) 2416.

- Mean field near stability *Mean field for N>>Z
- Strong spin-orbit term - Reduced spin-orbit
- Diffuse density
- Tensor force



Polarization study of unstable nuclel

=« Direct reactions induced by polarized light ions
o Powerful probe for studying manifestation of
spin-dependent interactions in nuclel

o Reactions
(p P, (p n) spin-isospin response
(p d), (d P), (p PN) spin-parity of single particle/hole states
(p P), (d d) 3-body force, spin-orbit interaction

o Method

Radioactive ion beam + polarized target (key element)

Reaction of polarized light ion X Physics of unstable nuclel




Polarized target for inverse kinematics

= Inverse kinematics

0

(unstable nucleus)

= Solid pol. proton target at 0.1 T
o High electron polarization in

photo-excited aromatic molecule 73 %=
A. Henstra et al. Phys. Lett. A 134 (1988) 134.
o Independent of mag. field strength singlet triplet

Laser excitation \ NANN> OOOOO



Solid polarized proton target @RIKEN

Recoil proton

W, Target crystal

Target material:

Naphthalene
+ pentacene (] L 1)

- Rl-beam 100K

| % 1 mmt:4x1021 3

protons/cm? Cooling

24 mm¢ < ehambgr |

~ Beam spot b

< - Kapton
T. Wakui et al., NIM A 550 (2005) 521. T a4 window
T. Uesaka et al., NIM A 526 (2004) 186. Vacuum chamber

Cold N, gas

Summary of target
Material: C,oHsg (solid)
Size: 24 mm¢, 1-3 mm?
Proton polarization: ~20%

Mag. field of 0.1 T
— p ~ 10 m (20 MeV proton) ‘Illl .

— Recoil particle detection







(p.p) elastic (p,pN) quasi-elastic

nucleon

P $ ) p § .

Spin-orbit part of optical potential Spin-orbit splitting

Plenty of physics opportunities!



Spin-orbit coupling in pA scattering

= Spin-orbit term of optical potential n-rich nucleus

o Proton feels spin-orbit force
atnuclear surface . o
Uy=[1+ - Lded
= ap(r —— >
so= | p(r)] i T ,
______ — o
Neutron-rich nuclei: AR
extended neutron distribution )
_ Weakened?
(neutron halo/skin structure)

How does extended neutron distribution affect
the spin-orbit part of optical potential?




p-%8He elastic scattering at 71MeV/A

[55 3’.‘. S s =y L
e Polarlzed proton ||\ " ===
\ 0 *" Qe ——

o target (P ~15%) =

; / Scattered 8He
S/l — MWDC, Plastic |

RIPS facility @RIKEN




Spin asymmetry for p-68He scattering

N S.S. etal., Phys Rev C 84, 024604 (2011)

S.S. etal.,, Phys Rev C 87, 021601(R) (2013)
Spin-orbit potential in
n-rich helium isotopes:
shallow and extended
=
Less steep and extended
density distribution?
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Change of shell structure in n-rich nuclel

I. Tanihata et al. / Progress in Particle and Nuclear Physics 68 (2013) 215-313 Nuclear Shell Structure

N=30,32 appear 30 Near stability For N>>Z

20 P
20 [ 30 F;uz

hgj,

| | | 5/2 f5f2
8 16 || 3/2 p

z I A a2

N f12 2

Z=16appear 1/2

[ ‘ L 28 %12 towards e J712

| hyp = neutron-rich s 03/
8 BB Sqp2 nuclei &

9712 o — V12

— — . 5/2 5/2

N=20 diappear
B = Y12
—p N 9
N=16 appear g0 .

- Mean field near stability *Mean field for N>>Z

16
2 ( 5\
5 6 1% N=8disappear
- Strong spin-orbitterm  * Reduced spin-orbit

Magic numbers newly appear . Diffuse density
. « Tensor force
or disappear (change of shell structure)

Reduction of spin-orbit splitting (Ej-.1, = Ejzj+1/2)



(p,2p) reaction as spectroscopic tool

» Determination of spin-orbit splitting
o Single-particle states are fragmented
a (p,2p) reaction — distribution of j, and j. strengths

- | |
/< e i> || AE, || )<

AT

proton neutron
T. Otsuka et al., Phys. Rev. Lett., 95, 232502 (2005). > —Sep.

Change of spin-orbit splitting explored with (p,2p)



(p,2p) knock-out reaction on 14 22,240

» Experiment @SHARAQ, RIBF  Talkby S. Kawase

In the next Session!

Plastic scintillator hodoscopes
Polarized

proton target

MWDC

STQH19

RI beam E@g @j

E,= 50-200 MeV

SHARAQ spectrometer

T. Uesaka, S. Kawase, L. Tang et al.,

Data anaIyS|S now gomg on Experiment carried out in 2012



Plenty of physics opportunities!

Polarization transfer to RI (p,p) resonance elastic

|

B-NMR, Magnetic moment Nuclear spectroscopy

p




Proton resonant scattering on Rl

« Thick-target method in inverse kinematics
o EXxcitation function scanned with single incident energy

Thick proton target Recoil proton
. @Eauhioh -0
Secondary Silicon
Beam e " Detector
E(1\/||0=N. i

at 6 ~ 0° (LAB)
Ees I' & J" 9~ 180° (CM)

Advantages \,/\¥

High energy resolution ~ 50 keV o ;
Large cross section ~ 500 mb/sr E. = E
Relatively thicker target M 4cos?g, A TP

Powerful tool for particle unbound states 7 0.25~0.3

do/dQ2




Role of spin polarization

by T. Teranishi

= Spin asymmetry e A B e
o Determination of E 2:_ T AE
m Projectile w/ non-zero spin S gob E
m Sensitive to configuration mixing 3 . _13
o Information for extremely S hok Ntp aMeV/u - "N 3
wide resonances LOp [
05 E
= Feasibility demonstration N :
o 13N+p scattering < O
a Monte-Carlo simulation Bl A ]
Pp - 20%’ 10 mglcmz, -10 _11! - I2!0I - I2!5I N IE’JOI - I3—.
10° pps, 3 days, pure d;/, E.. [MeV]



Toward low-E exp. with polarized protons

« New requirements for target

New laser w/ optimum A (590nm)

e

K. Té{;feishi et al., to be submitted to IMR.

B
o

W
o

—
o

H spin polarization [%]
)
o

T % OL1nmrh(11Q mg/om?y)
CCOO

L | 40% polarization

- K. Tateishi et al., private comm.

DIl proton

at room temperature
achieved in 2014!!

(0.6T, 0.5mm?,
enhanced by 180,000)

PR (I T T Y
10 15
time [min]

0 5

Challenge: High proton polarization at room temperature




Theory

First experiment at low energy

4 + Ecm
i t<5MeV

Resonant elastic scattering P o 2 N

o) + E)’_> 10N — 9C + p r=23(16) 4 ‘I;
with a low-energy °C beam at 5.6 MeV/u 1 M
and a spin-polarized proton target.

0
v ! 9C+p

do/dQ and analyzing power va

- Search for extremely broad °N resonances

n

NG 1]

10N (=9C+p) € mirror - 1OLi (=°Li+n)
0Li: subsystem of borromean nucleus 11Li
- Understanding of °Li+n potential




Plenty of physics opportunities!

Polarization transfer to Rl

g

B-NMR, Magnetic moment

(p,p) resonance elastic
7

p Av
p

Nuclear spectroscopy



Measurement of magnetic moment

» Polarization transfer to stopped RI
L i L |

[
Slow Rl beam

>~ bl p target | Proton polarization
] — RI

= ™ = ™
o "Cross-polarization technique” enables pol. transfer:
Electron — Proton — RI (stable 13C has been tested)

» Measurement of magnetic moment by 3-NMR
| rlnagnet | | W(g) :1+ AP COS@

7
\J

A : asymmetry factor

Pol. p target _ - )
. P : spin polarization

.

B telescope |
I




Polarizing neutrons

« Neutron energy region

MeV keV eV meV ueV

Fast Thermal Cold Ultracold

Magnetic mirror

_———_.__-
—
—
—
_—
-~

/
‘. Polarized proton = =~__ Magnetic field

—

/«*“'*--___ Polarized 3He ™,
Unique polarizing method for |~ ~~--—-_______"_ -’
fast and epithermal neutrons Heusler crystal Masaike-san’s talk

In memorial session



Spin filter for neutrons

= Spin filter
o Difference between scattering cross section (¢, << 6, )

O

¢ @@ X 5: I
K @

» Test of fundamental symmetry  prot. H. Shimizu @Nagoya
P-violation is enhanced in
. Aot =(H
p-wave resonance
o Time-reversal invariance can 103

present EDM upper bound

also be tested! Gudkov, Phys. Rep. 212 (1992) 77




Summary and perspective

= Solid polarized proton target (B~0.1T) has been
constructed at RIKEN/CNS for RI-beam exp.

» EXxperimental programs with Rl beams ongoing:
o Elastic scattering to investigate spin-orbit interaction
o (p,2p) knock-out reaction to determine spin-orbit splitting

» Future applications planned:
o Resonant scattering
o (p,d) transfer reaction
o Polarizing and

} for nuclear spectroscopy
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Back up



Fabrication of thin target (1/2)

» Cell method
o Grow single crystal between
two glass plates
o Crystal thickness can be
adjusted from 1 to 100 um

» FIlm method (under development)

copper foil

o Use Kapton films instead of glass

L]

] = Spacer
Ring-shape U O
holder Kapton film

= Used as a backing
for a thin crystal

K. Tateishi, J. Phys. Soc.
Jpn. 82 (2013) 084005

mixture of pentacene and
p-terphenyl (trans-stilbbene)

_ \‘ _

v

&

-
o (]

e

silicon rubber heater

(’ -
— 5)- {WV""\"/M/—V\{I__\-\//‘
3 f”’ Good \
=
: 21| uniformity|
£ 1F ‘ |
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Fabrication of thin target (2/2)

= Sublimation method
o Proof-of-principle test succeeded two days ago!

o Heat up one side of crystal in vacuum, let the crystal
sublimate
o Thickness is controllable. Uniformity is to be checked

« Just by polishing
o Too fragile?



Spin-orbit coupling in pA scattering

= Spin-orbit term of optical potential ~ n-rich nucleus
o Proton feels spin-orbit force
at nuclear surface 0
(r)

Nt
USO=[1+ap(I“)] l;i

______

~ ’f )
Nuclei with extended neutron R
oY Visw lefusé\;de
distribution .

Weakened?

How does extended neutron distribution
affect the spin-orbit potential?




p-%8He elastic scattering at 71MeV/A

# Recoil proton
- P /C\

R MW, ,} _ i Scattered 8He

/f'/‘l (B — MWDC, Plastlc

RIPS faCIIIty @RIKEN

-.-' .*7




Experimental data
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Optical potential is assumed

= Phenomenological potential ~
o Parameter: Depth, Radius, Diffuseness | | /] fo

. M1/3N\ 77!
@ df/dr

o Central term: WS type, Spin-orbit term: Fermi type

Ul(r)

r

L
>

.
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Fitted to data
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Obtained potentials. Strange behavior!

Real, Imag. [MeV]
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Spin—orbit [MeV fm]
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Closer look at spin-orbit splitting

First-order tensor effect by Otsuka

2p2h+Pauli-blocking — gm
, = o= . asn
— Myo, Kato T o
Pm;,f
proton newtron

T. Owsslkn v ol Phys. Row. Lotz 98252502 (2005).

] = L — — 7
2 /
/3N
.-"';K
/" Tensor
<\
A
\\\
\\
\\
\\
\NN LS
A\
\\
Ay
\\
T
j=L+-
2

Mean-field
effects

2V, df,(r)/dr

Spin—orbit [MeV fm]

Radius 7 [fm] —




Determination of spin-orbit splitting

Single-patrticle level:
fragmented

Measure binding energy E and assign L and J state-by-state



J assignment by (p,2p) reaction

pl‘;} T 'Z
L O ~ P2
’ 1>
'l \\92__.? J
’ __—’
' -
<=y
A &
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i 7
'l
@pi
1
—f—_ 9
J 9




Experimental plan 1: °C+p (partially approved)
I
= Why is Li bound?
o 1Li = borromean nucleus
(°Li + n + n: 3-body system)

o Where is the ground state?
o What is the spin-parity? ——
o What is the n - °Li potential? L™

Borromean ring

o Spectroscopy of unbound 19Li
o Information of 1°N (IAS of 10Li)
o °C+p resonant scattering



Experimental plan 2: ‘Be+p

« Solar neutrino problem
o Resonances in 8B & Reaction rate of ‘Be(p,y)B
(key reaction in solar 8B neutrino production)

o Resonances of 2nd 1+ & 2nd 2+ _ 'Bewpdes
- i "reesay
Not found (probably due to — srerancem
extremely large width)
o Polarization data will be useful © C e o
Bl U N s T

for finding them! T e e
Center-of-mass energy (MeV)

o New spectroscopic method for CRIB (CNS/RIKEN)

nuclear astrophysics by H. Yamaguchi
PLB 672 (2009) 230.



Measurement of magnetic moment

» Polarization transfer to stopped RI

[
Slow RI beam

<1 ' o target I Proton polarization
. . >Rl

» Measurement of magnetic moment by 3-NMR
o Angular distribution of B rays with respect to pol. axis

| magnet | W (9) — 1+ AP COS 0
. \_T e
|/PO|_ o target A asymmetr_y fa_ctor
B telescope | ’ N P : spin polarization




Production of slow neutron beam

= Neutron spin filter
o Difference between scattering cross section (c,, << 6, )

d & &
%@@ <£
o

D
o
« Advantages
o Any energy (cold, thermal, hot neutrons)
& < 20meV (super mirror polarizer)
o Low magnetic field of 0.3T, no complicated cryostat
& 2.5T, 0.5K (standard neutron filter)



Fabrication of thin target

» Cell method
o Grow single crystal between
two glass plates
o Crystal thickness can be
adjusted from 1 to 100 um

» FIlm method (under development)

copper foil

o Use Kapton films instead of glass

L]

] = Spacer
Ring-shape U O
holder Kapton film

= Used as a backing
for a thin crystal

K. Tateishi, J. Phys. Soc.
Jpn. 82 (2013) 084005

mixture of pentacene and
p-terphenyl (trans-stilbbene)
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Enhancement of polarization

« Bottleneck of polarization i ,
o Small crystal: 37% ?ZOZ o
& Large crystal: 13-20% -0 *
o Shortage of laser power / volume | |
o Mismatch of wavelength ° [ ;
. New laser 2.5 Pol. efficiency X5 n

New laser
(589 nm)

o Optimum A: 589 nm
o High power: 10 W
(50 times higher)

g
o

[Ra—
N
I

Transmission
[arb. units]

Just arrived and being tested L

Wavelength [nm]




Enhancement of polarization




Expected polarization

» EStimation
Evaluated from current
5 = AP, parameters. Laser power
p— IS assumed to be 12W.
A+ Gint t Gpara T Gx l
P, Electron polarization 70 %
A Build-up rate © 0.19mint |
G Relax. rate (intrinsic)  0.10 min-t |
Gpaa Relax. rate (paramagnetic) | 0.48 min- |
G, Relax. rate (e dynamics) - 0-0.28 mint
P, Proton polarization 15 £ 2%



Applications of room-temp. polarization

» Hyper-sensitivity Magnetic Resonance Imaging

o Use of proton polarization in thermal equilibrium
P, ~5X10%% < 14.1% (Present)
o Polarization transfer to 13C

« Quantum computing
o Long coherent time

» Structure analysis
o Spin filter using o, >>0,,
o Polarized neutron beam



Study of resonance state of rare isotope

» Resonant proton scattering

o Information of energy, width, J” of resonance states
» EXcited states of proton-rich nuclei By (MeV)
= .S. of nuclei outside proton drip line
= |IAS of neutron-rich nuclei o | =

= osf ) A b
1832 o kﬁ o- I f
o A, = total angular momentum 7j° & | A o wi
% 0.0 l=)=ST‘;, —t 'ri I } Fi’ izio_l'z?i }

E Jr, Width, &

AZ+p O'OO 1 1 . I I I I > I I 1 1 3
Ecn (MeV)

Fig. 3. Experimental excitation functions for the BN+ p scattering measured
AZ+n by (a) ST1 and (b) ST2. The solid lines show the result of the fitting calculation.

The dashed lines represent the result when J7 for the 6.8 MeV level is changed
to 37 . The dotted lines show the result without a contribution of the 07 level
at Ex = 5.71 MeV. The gaps at Ecpyy ~ 0.8 MeV are due to the detector dead
layers.

A+lz T. Teranishi et al. ,

PLB 650 (2007) 129-134



Solid polarized proton target @RIKEN

» EXperimental setup in low-energy exp.

Target: p-Terphenyl
0.1 mmt, 24 mm¢
(12 mg/cm?)

Rl-beam \ Targetd

(Microwave resonator, coil etc.
1 No need to use thin resonator)

QC’ 13N’ 140
(5 MeV/A)

T

T~

Recoil proton

evices

. SSD @6 = 0-45" , |@y4p [<15°

(€ Oy = 90--180° )

/ 50 X 50mm?




Experimental setup

B=01T

S1 detector
telescopes covering
\ 0, = —45° -- +45°
| 25 cm from the target

I

Vacuum chamber

Polarized $25 mm 2
proton target ©° M9/cm

operated at room temperature

Laser: 10W, A =589 nm



Bending of particle trajectory in mag. field

B=01T \ No magnetic field
(c.f. RIKEN/CNS target: B=0.05-0.1T) — °
0 = 22.5

E,>>5MeV
(beam bending)

Beam

E, =5 MeV
E,=1MeV
Magnet Pole Proton bending angle = 4
10em $22cm at Ep =1 MeV
/ Beam bending angle = 1°

at E(*N) = 4 MeV/u

It is not difficult to make corrections for the trajectory bending
In the data analysis.



B =0.5T case for comparison...

B=05T \ No magnetic field
0, = 22.5°
E, >>5 MeV
(beam bending)

Beam
E, =5 MeV
E,=1MeV

Magnet Pole
BECT

Bending angles are 5 times
larger!

Detectors need to cover a large angular range for a single scattering angle.



Material thickness

» Energy loss of recoll proton and RI-beam
o Typical energy: 1-10MeV (proton), ~7MeV/A (RI)
o Range of recoil proton: 10-20 mg/cm?

Evacuation
Laser Light ﬂ
& Target Crystal Recoiled Protons
| N, (20cm)

70 mg/cm2

Rl beam

Harvar foil (an)/ \ NMR Coil il L
oil /

Target (1mm)
Q Z /‘ 100 mg/cm?
Cooling Chamber -
Recoiled Protons
Laser Light

Vacuum (Lhamber/ ?Culd Nz Gas




