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Spin-M1 Excitation and Sum-Rule



Deuteron
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Mixing between 3S, and 3D, by tensor interaction

IS Important to bind a deuteron



Tensor Correlation in Nuclear Ground States

Nucleus

The same mixing should exist in nuclear ground states.
“Tensor Correlation”



Proton and Neutron Spin Operators
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Nucleus

§ = \ p-n spin-correlation function:
p “~n/ g.s. expectation value of S-S
could be a signature of the tensor correlation.

<§p §n> — 1025 for a deuteron



Tensor Correlation in Particle-Hole Configurations
Simplest case: “He

Consideration with
single particle orbits
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Tensor Correlation in Particle-Hole Configurations

Simplest case: “He

particle-particle coupling
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2p2h channels in 4H

<S,*S,> geometrical values

by Y. Ogawa

e, In p-p coupling

([K1]JT[51/251/2]JT] | (2p2h|Z,-G,[2p2h)
@ [plfa pw]lo l ll
@ [d3 d3)p]10 K )
® [fS/B f‘i/?]lo 0.37
[H?/z 97/2.] 10
[hg/g hg/g]lo 0 22
[illfg i“ﬁ]l(] 0.18
(1372 J13/2)10 0.15

(K] JT [51/281/2]JT] | (2p2h[S, - Su|2p2h)
[p3/2 p3s2]10 -0.22
[d:-,/g d:;,/z] 10 -024
[f7/2 fz2]10 -0.20
[99/2 9’9/2] 10 -0.17
[hasje hayya]10 0.15
[i13/2 %13/2]10 -0.13
[G15/2 1572110 -0.12

j=1-1/2
(k)T [s1/251/2)JT] | (2p2h|S, -G |2p2h)
@ [-5‘1/2 da/z]lo 2_90
& [Pa/z fa/ﬂm 2.00
® [f7/2 hg2]10 \2.00/
[9‘9/2 ill/z]w 2.00
[h“/z jl;;/g]l(] 2.00

j=1+1/2

Y2 ® [0 ® Glalo

large amplitude
® Important channel for pionic correlation

|C.[2(2p2h : a|S, - §,|2p2h : @)

Positive <S§,*S,> Is a signature of the tensor correlation




Spin matrix elements of the *He ground state

Precise calculation of 4He

with realistic NN interactions

by W. Horiuchi

Y. Suzuki, W. Horiuchi et al., FBS42, 33(2007)
H. Feldmeier, W. Horiuchi et al., PRC84, 054003(2011)
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<Sp ’5n> IS sensitive to the tensor correlation in the ground
state, and may give quantitative evaluation of the correlation.

How to measure it?

v

We have measured IS/IV spin-M1 transition
strengths and used sum-rules to extract the
ground state property.



How to Measure <§ 0 -§n> - Sum-Rule
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=— Z ‘ M (U 7, )( IV spin-M1 transition matrix elements

<( n T S p) > =— Z ‘ M (O‘ )‘ IS spin-M1 transition matrix elements

The ground state expectation value can be extracted from the sum-rules
of the IS/IV spin-M1 transition matrix elements.



Self-Conjugate (N=Z) even-even Nuclei
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We focus on these nuclei.
Stable self-conjugate even-even nuclei:
(4He), 12C’ 160, ZONe, 24Mg, ZSSi, 328, 36 AI‘, 40Cqa

We measured (p,p’) for all the above nuclei except “*He.




Spectrometer Setup for 0-deg (p,p’) at RCNP

Large Acceptance
Spectrometer (LAS)

As a beam spot monitor
in the vertical direction
59.6°

Scattering
&g Chamber
Dump—-Q

Focal Plane Detectors

Grand Raiden (GR)

Transport : Dispersive mode

Intensity : 3 ~ 8 nA

0 deg. Beam Dump

(GR = 0 deg.) 295MeV proton

0 1 2 3m (un—polarized)
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IS/IV 1* states were identified from
angular distribution for each of IS and
IV transitions.

The cross sections at the most forward
angles have were converted to the
spin-M1 strengths.



Spin-M1 Strength Distribution

O shows tentative Shell-Model
1* assignment IS I \/ USD free g-factor
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M7

IS/IV Spin-M1 Matrix Elements

- summed strengths up to 16 MeV
* comparison with a shell-model calculation with USD int.

12
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p-n Spin Correlation Function

- summed strengths up to 16 MeV
* comparison with a shell-model calculation with USD int.
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Precise calculation of for a nucleon system

Spin matrix elements of the *He ground state

with realistic NN interaction

by W. Horiuchi

Y. Suzuki, W. Horiuchi et al., FBS42, 33(2007)
H. Feldmeier, W. Horiuchi et al., PRC84, 054003(2011)
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Calculation with Modern Realistic Interactions for 4He

AV8:0.135
(stronger tensor)

0.3

G3RS: 0.109
(weaker tensor) 0.2

-0.020
(no-tensor)

“He calc. by W. Horiuchi
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Predictions by Non-Core Shell Model

Calc. by P. Navratil
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“He: Entem-Machleidt N3LO 500 NN, N2LO 500 3N
12C NN: Entem-Machleidt N3LO 500 NN, NCSM2
12C NN+3N: Entem-Machleidt N3LO 500 NN, N2LO 500 3N, NCSM3

E.C. Simpson et al., PRC86, 054609 (2012)
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Theoretical predictions are hoped
for higher masses and on mass dependence
with realistic tensor interaction.

Ab initio calculations up to A~12.



Channel-Spin S of Correlated p-n pairs in “He



Study of tensor correlations in “He via the “He(p,dp) reaction

Tensor operator has
a characteristic dependence on spin.
(6,-7)5,T) = of correlated NN pair must be essential.
Vs :VT(r) 3+ . - o “ 4
r P We started from the study of 4He
Acts only on S=1. because of its simplicity. ”

Study of channel spin §

Qi

* Method: (p,dp) measurement The excitation energy of residual nuclei (E;™®)

Initial “Correlated can be determined by missing mass method.
.. N
o 2\Sg
P Erel=—2.2 MeV 0=E e<IMeV
40+) Residual Deuteron Continuum
pn pair State State
S=1(J=1%) $=0 (J = 0%)
Final d | |

Selective for
high-momentum
component

l (J-conservation) l
Correlated @
Q O \ pn pair

Recoil-free \
(spectator) “We can identify

“Residual the spin of correlated pn pair ! ”

pn pair”



Preliminary spectrum

Only one spectrum at P, ,=315MeV/c
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Preliminary spectrum

e Only one spectrum at P,,=315MeV/c
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Ratio between the S=1 and S=0 contributions

e Only one spectrum at P,,=315MeV/c
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Calculation ({8
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: pn wave function calculated
by using NN potential (AV18)
[Continuum-discretization for Erel>0]

: Gaussian with the same r.m.s.




Ratio between the S=1 and S=0 contributions
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E1 Response of 2%5Pb
and

Symmetry Energy of the Nuclear EOS



B(E1)1(e*fm?)

Complete B(E1) Distribution of 2%Pb
Determined by Coulomb Excitation by (p,p’) at Forward Angles

AT et al., PRL107, 062502(2011)
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Determination of Symmetry Energy

M.B. Tsang et al., PRC86, 015803 (2012).
I. Tews et al., arXiv:1206.0025v1

and this work (DP) [.=45+18 MeV
]=30.9+1.5 MeV

Preliminary

DP: Dipole Polarizability
HIC: Heavy Ion Collision
PDR: Pygmy Dipole Resonance of ¢Niand 1325n
IAS: Isobaric Analogue State
FRDM: Finite Range Droplet Model

(nuclear mass analysis)
TN TS T N I N RS N n-star: Neutron Star Observation
28 30 32 34 ¥ EFT: Chiral Effective Field Theory

J (MGV) L ocPoc R:—star
p(r)=p,(r)+p,(r)

100

L (MeV)

50

E barionic

A (0.0)+5(p)5% +... pressure 50— pa(F)=p,(F)

S(o) (o p.)s Ksym( e Pu(r)+p,(r)
o 3 Lo £ P 18 pg £ P - Saturation Density

~0.16 fm



Determination of Symmetry Energy
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Model dependence

should be included. ’
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I. Tews et al., arXiv:1206.0025v1

and this work (DP) [.=45+18 MeV
]=30.9+1.5 MeV

Preliminary
DP: Dipole Polarizability
HIC: Heavy Ion Collision
PDR: Pygmy Dipole Resonance of ¢Niand 1325n
IAS: Isobaric Analogue State
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