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- Nuclear structure is the most important
_Information for understanding nucleosynthesis
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. Nuclear structure in more basic view

> We need a model of nuclei which can be extrapolated
reasonably well to very-very neutron rich nuclei.

> Shell models and mean field models works very well &
near the stability line but could not predict properties =
of extremely neutron rich matter or changes of magic
numbers. - i

> Tensor interactions had not been treated explicitly to
explain nuclear biding except for Os shell nuclei.
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Deuteron binding
Tensor Interactions provides most of the biding energy.
It is due to the D-wave mixing through the tensor
interactions .,
The binding energy by tensor interactions are not from D? |
term but from SD cross term.
D wave has shorter range and thus has high-momentum.

High momentum nucleon are necessary to make binding.
, —m————— | ‘

T"A ﬂn't‘n‘-/\" 1‘--’1‘1"

‘ 10+30 ‘ -0.4

* An important difference is that this D wave is smaller in size
and have high-momentum component.

* Another important property of this effect is “It strongly
depends on configurations of nucleons.”

* It also contribute to some part of spin-orbit term.

M. Sakai, I. Shimodaya, Y. Akaishi, J H|ura and H. T
Prog Theor Phys 56(Y1 e o

BRT A +»w’/&--" S
4 T

- 1st Symposmm on Intermedlate Energy Heavy Ion Colllslons 2018.4.8



N A S

. The importance of tensor is clear in deuteron

S=1and L=0 or 2
150 . - -
J IR Binding of deuteron (1+
100 |— \ TE -I 5 D

Tensor interactions provides most of the biding energy.
It is due to the D-wave mixing through the tensor
interactions
The binding energy by tensor interactions are not from D2
term but from SD cross term.

D wave has shorter range and thus has high-momentum.
ngh momentum nucleon are necessary to make blndlng

= g0 | : P(D) 5.78 [%]
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K.lkeda, T.Myo, K.Kato,and H.Toki
Lecture Notes in Phys.818(2010) 165.
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EFFECTS OF TENSOR FORCES IN
NUCLEAR STRUCTURE

* As major part of the binding energy of nucleli.

 D-wave mixing in d, a... nucleus

Up,_j AL:z, .AS:2
4 ‘ ‘ h p-n pair: yes
' b f o n-n, p-p pair: no
* As changes of single particle orbitals (magic

numbers)

e Changes of magic numbers in nuclei far from the stability line.

(a)

j{-- - -
VS

proton neutron J J

PKU summer school on subatomic physics 2011



¥ bt -

-

. Known effects related to 2p-2h configuration =~
| by tensor forces

> Spin-orbit Splitting and Tensor Force.
> T. Terasawa, PTP 23 (1960) §87.
> A. Arima and T. Terasawa, PTP 23 (1960) 115.

> Deviation of scaler magnetic moments (or <oz>) of
doubly closed shell+1 from Schmidt values.

> H. Hyuga, A. Arima, and K. Shimizu, Null. Phys. A 336 (1980) 363. &8

> Mixing of (s12)2 and (p12)2 in 1'Li halo
e Myo, K. Kato, H. Toki, K. Ikeda, Phys Rev. 76 (2007) 024305
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"~ Momentum distribution of nucleons in
deuteron

> pd elastic scattering

> projectile fragmentation of deuteron
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| | | P;—P,=Pg
pd elastic scattering P M\ (P

at 135 MeV/A _ ! d
4
b O, (Pp)os ‘W(pF )‘

d in forward -
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d ] P

J (-Pp)
(P =0) B

=3 f il
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K: phase space constant, B: deutron binding nergy M nucleon mass
by G. F Chew and M.L. Goldberger Phys. Rev. 7
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pd elastic scattering data

p-d elastic scattering cross section at various energies

sl i 1. Good scaling of the data suggest a
250MeV reflection of momentum

140-440MeV distribution in deuteron.

108MeV However the bump near 300
190MeV MeV/c is larger than expected by
135MeV the D-wave component by ***
65MeV interactions.

>750MeV
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Momentum transfer Pf [MeV/c] ﬁ does not reproduce the bump.

Pf=1Pd/2 - Ppl
Pd 1s neutron momentum at the final state.
e mc1dent proton momentum
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> Double scattering effects
8. A. Gurvitz, PRC 22 (1980) 725

E Effects of plons and isobars

— M~j
-

=]

q?(Gev/sc)2

FIG, 14, do, . o18 function of ¢°.
E‘ o nﬁ)’;‘ifﬂl z;)”t.;am. 24); 4
in Fig. 8.

00/d0 plub =)

1000
T, (lgd] i Mev)

Figure 1. Experimental 6, = 180° excitation function compared with three calculations. The
open circles are the data of this experiment, the other results come from lgo er al (1972),
Banaigs er al (1973), Dubal er a/ (1974) and Bonner er a/ (1977). The broken curve is the
ONE calculation with the formula given by Noble and Weber (1974), the chain curve is the
oNeLro calculation with the formula of Kondratyuk and Schevehenko (1979). The full curve
is the OPE calculation with the formula given by Barry (1972, 1973).
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(b)

\ - Fig. 1. () Neutron exchange mechanism. (b) N*-isobar exchan;e mechmhm. (c) Pion-nucleon uchaue mhanhm.
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Projectile fragmentation

d+C -> p at 0 degrees, Eq=7.2 GeV

V. G. Ableev et al., Nucl. Phys. A 393 (1983) 491.
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o« and (or)? are overlaid
together.

Their shapes are almost
identical,

and thus, experimentally,
indicate that the
distributions are reflecting
the momentum distribution
of nucleons in deuteron. :

But if we overlay the
theoretical momentum
distribution—-

Why? We need to have a
mechanism to change the
structure of deuteron.
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A trial to explain the distribution

PROTON MOMENTUM N LAR FRAME  (Oevie]
? L]

A trial in 1983, (NP A 393,491)

Six-quark state

ine-Gov' 3 ¢ gy
&

1697 108 rapaR

3,
LAAJ L)

What is the properties of hi
momentum nucleons?

-2 ° 00 00 o
PROTON MOMENTUM IN OEUTEROM REST PRAME  (Mevie)

Fig. 2. Invariant cross sections for the reaction (1). The curves correspond to the hybrid model DWF
calculations with the two-nucleon wave function of the Paris NN potential (solid) and the Reid soft-core
one (dotted). The corresponding values of the 6q-admixture parameters are taken from table 3. The
dashed and dashed-dot curves are the calculations with these wave functions but without the 6q-

admixture,
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> pd elastic scattering and deuteron fragmentation
show same “momentum distributions” of nucleons
“In deuteron

> The origin of the observed momentum distributionis
not known. E

> How about the momentum distribution in nuclei.
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HIGH-MOMENTUM COMPONENTS
(THEORETICAL PREDICTIONS)
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4He(p, d)3He reaction

Energy dependence at 22.5 °

o
u

> Data shows rather |
structureless distribution that
is very similar to the pd elastic
scattering at 0.,=180°.

( pb/st)om

Caution!
(p,d) scattering at a small angle
correspond to the large angle

scattering of pd elastic scattering
near 0.m=180°.

L L 1
200 400 600
Tp (MeV)
y FIG, 2. Results on the differential cross section for
‘He(p.d)sl!e at 0=22.5° (lab) of the present experiment
- and of previous measurements at T, = 156, 435, and 770
- MeV (Refs. 8-10). The calculations shown are based

- onthe pickup diagram (solid line) and the deuteron-
- proton triangle diagram (broken line); the normaliza-

ton [s arblraly. j Kiillne et al., Phys. Rev. Lett. 41 (1978) 1638.

— a4

1st Symposium on Intermediate-Energy Heavy lIon Collisions 2018.4.8



)
[

(Fblsr )CM

RSC
iHe(e,e’p)’He

-
o
0
o
o
"
<

use pd elastic scattering data
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Tp (MeV)
- FIG. 2, Results on the differential cross section for . :
 ‘He(p,d)*He at 0=22.5° (lab) of the present experiment - . . .
- and of previous measurements at T, =156, 435, and 770 -
~ MeV (Refs. 8-10). The calculations shown are based Vlew Of quaSl free Scatterlng On
~ on the pickup diagram (solid line) and the deuteron- ° °
B oroton triangle dlsgram (oroken line); the normalize- [N a correlated pair is relevant.
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(p,d) and (p,Nd) reactions at high momentum
. transfer is sensitive to high-momentum nucleon
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!\ Observation of correlated nucleons

pn correlation with S=1, T=0
pn correlation with S=0, T=1
pp and nn correlation with $=0, T=1

Tensor interactions works only on $S=1, T=0 pair
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£ Previous data
12C(e,e’d)l"B @466MeV

il

E, = 466 MeV
E., =52 MeV
0+91 35 <p,, <85 MeV/c
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Ent et al., Phys. Rev. Lett. 62 (1989) 24
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'60(p,pd)'*N

> A measurement of correlated pn and nn pairs
~in nuclei with large relative momenta.

AL AR g Ve, ' L 2
AeRaa ) N ke Y SN

ek I

beplicd
‘\:- “"\ A

A . ) D ’ - PP
o Ol it A P e b P 5 s

[ W . \

proton

Pd
High energy ‘ ' High energy

proton

T of -résidual nuclei = 7 of “d”

~

1 S R B e N, P A ? .
Vo St e LR A S e g v s

e B

- TA‘L' . _-) .

-

R o
w
e ——

1st Symposium on Intermediate-Energy Heavy lIon Collisions 2018.4.8

fed wma yat




° : ’ w0 2
160(p.05)

T=1 is strongly supb;é;sed
at high-momentum

Ex of 19N [MeV]

. —~—
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~ 1%0(p,pd)'N

> A measurement of correlated pn in nuclei with
~ large relative momenta.

High energy
proton

l

{

Nuclei with T=0
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T of residual nuclei = 0-_61{
: independent from T
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Pr=(Ep, Py) d P Pe=(Ep, Pp) pr=(Ep, Pp)

n B N o
pr=(EF, Pr) =(ZA Pov))) po=(Es, Pp)

A A= 0 5
Z  pa=(Ma0) pa1=(Ma.i Pa1) N7 &

1
p,\=(MA.0)\/ - par=(Mag Pag)
C ,
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160 and (p,d) reaction
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H.J.Ong et al., PLB725 (2013) 277.
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Includmgangular dlstrlbutlons

Chenlei Guo, PhD thesis
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Also the analysis for 0 degree scattering data are in progress.
Data are taken at GSI for 400, 800, and 1200 MeV
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Summary

High-momentum neutrons are observed in the
ground state of 10 by (p,d) and (p,pd) reactions

A high-momentum neutron is associated with pn pair
of S=1, T=0 consistent with the effect of tensor ‘
interactions. |

Tensor effects are strongly state dependent. It affectsnot = =

only in the way just reduce the shell model componentsby &

10~20% everywhere but the effect would be strongly state &
dependent. Also the binding energy may change suddenly

due to the availability of orbitals.

- We are studying the difference between 12C and 160.

v B~ N R ' PP e IV res
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- Still discussion is qualitative
because

> Good enough theory is missing for high-energy and
high-momentum transfer
> Even (p,d) scattering theory is not trustworthy.

> Wave functions including tensor interactions (with
- high momentum) are not available yet.

|
.;:::-_\.\ e - -1’.
- We plan to accumulate more systematic data on momentum dependence and others.
= ‘g

Y
s
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We need strong help from theoretician both in structures and reactions.
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