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Single-particle and cluster nature

Single-particle Clusters

@ Independent nucleon picture @ Two or more subunits

@ Bound in a single-particle @ Nucleons are tightly bound to
orbital form a cluster

@ Mean-field potential made by @ Coupling between clusters are
all nucleons weak like a molecule

Note: These two states are not orthogonal, they overlap each other [1]

[1]1 B. F. Bayman and A. Bohr, Nucl. Phys. 9, 596 (1958).
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Single-particle and cluster nature

Single-particle Clusters

Single-particle and cluster orbitals are characterized by their radial
(n), orbital (£), spin (s) and total j = £ + s quantum numbers.
Its amplitude

outi (R) = (05 |ngy (R)| @) = ([B5 © G(R)], ;| ®4)
and the spectroscopic factor
Sntj = (BB | dnej | D)

are the key quantities that characterize these nature. 4/94



Reaction probes for a clustering

Inelastic: A(B, B)YA"  Knockout: A(p, pa)A-a

s i
9 3 D

Stripping: A(B, B+a)A-a Pickup: A(B, B-a)A+a
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@ 9 9
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Particle knockout reaction
Q O/

o#oo\

One-step direct reaction with hundreds MeV incident energy

o Particle is knocked out by an impulse collision

Reaction probability (cross section) is proportional to the particle
probability

o Particle component only in the ground state of the target is
probed

m Little contribution from excited (resonance) states
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Knockout reaction references

o "“Distorted-wave impulse-approximation calculations for quasifree
cluster knockout reactions”, N. S. Chant and P. G. Roos, PRC
15, 57 (1977)

@ "Spin orbit effects in quasifree knockout reactions”’, N. S. Chant
and P. G. Roos, PRC 27, 1060 (1983)

@ “Proton-induced knockout reactions with polarized and
unpolarized beams” T. Wakasa+, PPNP 96, 32 (2017)

@ “Quenching of single-particle strength from direct reactions with
stable and rare-isotope beams” T. Aumann+, PPNP 118,
103847 (2021)
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https://doi.org/https://doi.org/10.1016/j.ppnp.2021.103847

Knockout reaction references

@ "PIKOE: A computer program for distorted-wave impulse
approximation calculation for proton induced nucleon knockout
reactions’ K. Ogata+, CPC 297, 109058 (2024)

@ “On the Kinematics of (p, pX) Knockout Reactions in Normal
and Inverse Kinematics” T. Uesaka, PTEP 2024, 083D01 (2024)

@ “New insight into « clustering from knockout reaction analysis”
K. Yoshida, Osaka University, Ph.D. Thesis (2018)
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Kinematics and the coordinate system

Y
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Knockout cross section

. o
EROLIONY

(2

do = dK,dK>dKp §(K; — K;)§(E; — Ey) x |T|?
conservation law Transition amp.

Knockout cross section (Triple differential cross section)
do (2m)*

= Fan |T
dEldgldQQ hv kin | |
Fiin: Kinematical factor
E1K 1 Ey Ky By By (Ki—Ko—Ky) K] !
Fign = = ~i— |14+ = + ;
(he)* Eg  Ep K3
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Reaction model: Distorted Wave Impulse Approximation

X1 O
X0
> ‘ X2
9
Initial Transition Final C

Transition matrix

T = (x1x2Pc®g | tpc | x0Pa) = (xaxz | tpc | Xopc)

x;i: Distorted waves under optical potentials
tpc: p-C effective interaction in free space
e Cluster wave function ([®c @ ®p]|Pa)

Knockout cross section (Triple differential cross section)
d3
S a—— Ak
dEd21dS 14/94



Plane-wave limit (PWIA)

T =~ (x1x2 | tpc | x0¥C)

W<I§/‘tpc‘n>s <K1+K2—K0|¢0>R

:<K’,‘tpc""">s (=K l¢c)p (Kp=Ky— K; — K»)
= (k' |tpc| k), Pclke) (—Kp ~ k¢)
p-C collision Structure

Knockout cross section

dopc | .
2 P 2 14
7" — 12,0 |Gc(ke)l R

Height <+ Spectroscopic factor

Width <+ momentum distribution 15/04



Factorization: 2C(p, pa)®Be at 100 MeV case

do/dQ (mb/sr)

L A
o p+'Hedata
Extracted from '2C(p,p)®Be

T

—— DWIA

T

L
20
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J. Mabiala+, PRC 79, 054612 (2009)

180

16/94


https://doi.org/10.1103/PhysRevC.79.054612

Triple-differential cross section

Infinitesimal cross section of the three-body channel is given by

o — (27r)

dK,dK,dKps(E; — E)6(K; — K;)

Conservation law

1 2
X T . 1
(280+1)(2IA+1) Z | /’LIH/Q/'LBH/O/'LA‘ ( )
H1p2 B HOMA T-matrix
spin average
Note that the ¢ functions simply implies the conservation law. Only
the Clebsch-Gordan coeff. in the T-matrix depends on ua and g,

. . 2Ip +1
> (Tl Iapa) (GpsIspslIapa) = o1 0% (2)
HAMB ‘7
(2m)* 1 2
do = dK1dKy(Er — E; T .
o 1 26 f i) (250 + 1)(2j + 1) Z ‘ NlNQNOMJl

Fwi
L1 2 O f

(3)17/94



Kinematical factor (Phase volume)

Doing some algebra, we can show that
AK dK5(Ef — E;) = FindEydQydQy (4)

. = KGR E, 1 By By (Ko+Ka— K1) K]
T (ot

B Eg K32

()
Then
d®o = (2m)4 1 Z T

A ‘ |
dE1d1ds ™ R, (250 +1)(2j + 1) i 1 2 f10 14

‘ 2

(6)
The right hand side is usually evaluated in the center-of-mass
frame. The Jacobian from G frame to X frame is defined by
EY Ey By

X0 = BEEFEY
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Knockout T-matrix: How we decouple the 3-body W.F.

The final state is difficult to handle, because it is a three-body
system of 1, 2, and B. Taking the V-type coordinate, center-of-mass
subtracted three body kinetic energy operator is given by

Trl + T’l"2 + TrB - Tc,m.

o, o, h?
= —mvm - %VR2 - m_BVR1 VR, (8)
3-body dynamics
= TRl + TR2 + Tcoup. (9)

The final-state three-body Schrodinger equation is given by

[Tr, + TR, + Tcoup. + Ui(R1) + Usp(R2) — E¢] YV (R, Ry) =0,
2 2 2
_ K2+ h K§+h—Kl-K2.
2118

F
/ 228 ms
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Knockout T-matrix: How we decouple the 3-body W.F.

To reduce the three-body wave function into a product of two-body

wave functions, we adopt the approximation [10]

h? R?
Tcoup. — _@VRl . VR2 ~ FBKl . KQ. (10)

Hence, the final-state three-body wave function is decoupled as
\If(Rl, RQ) ~ Xl(Rl)XQ(RQ) with

K}

Tr, + Uis(R1) — S x1(R1) =0, (11)
h2K?2

|:TR2 + UQB(RQ) — 2N2§:| XQ(RQ) =0. (12)

[10] R. D. Koshel, NPA 260, 401 (1976).
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Knockout T-matrix

Now the T-matrix has the form
T = < g_)Xg_)q)B ‘ V12 ’ X(()+)(I)A> . (13)

Now we assume

@ B is inert and a spectator during the reaction.

@ A is a bound state of B and particle 2.

Based on the Watson's multiple scattering theory,

@ v19 can be replaced by the in-medium effective interaction, 7o
and on top of that, we assume

@ impulse approximation: 712 can be approximated by a effective

interaction in the free space, ¢
as discussed in the following.
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Impulse approximation

Based on the multiple scattering theory [11-13], the effective
interaction 712 between particle 1 and 2 is constructed from a bare

interaction v19 as
T12 = vi2(1 + GT12), (14)
G=(E—-H+ie)™ " (15)

Here, H is not the free Hamiltonian but it contains the interaction
between the bound particle 2 and B, Vig. In the nucleus A rest

frame,

G=(Ea—Ty—Ty—Tg — Vo +ic)" L. (16)

[11-13] K. M. Watson, Physical Review 89, 575 (1953), N. C. Francis and
K. M. Watson, Physical Review 92, 291 (1953), W. B. Riesenfeld and K. M. Watson,
Physical Review 102, 1157 (1956).
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https://doi.org/10.1103/PhysRev.89.575
https://doi.org/10.1103/PhysRev.92.291
https://doi.org/10.1103/PhysRev.102.1157

Impulse approximation

G=(Ea—Ty—Ty—Tg — Vop +ic)" L. (17)

If the total energy in the A rest frame E 4 is large enough
compared to Vap, it can be neglected. Also, since
Tg ~T1/(A—1), T can be neglected when A is large. Thus,

GrGy=(FEa—T — Ty +ie) L. (18)
This approximates 715 as
Tig & t12 = v12(1 + Goti2) (19)

and one can use the effective interaction in the free space as the
transition interaction.
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Knockout T-matrix

Now the T-matrix has the form (restoring the internal wave
functions of the particle 0, 1 and 2),

T = < (_)X(_)q)lq)gq)]g ’ tlg ’ X(()+)q)O(I)A> . (20)
We assumed that
@ B is inert and a spectator during the reaction.

@ A is a bound state of B and particle 2.

These conditions imply

@ =[5 @ Pl i, (21)
T'= <X(_)Xé_)‘1’1 ’tu ‘ X(()+)(I)0902,njlm> : (22)
P2,njlm = <[‘I’B ® Dol i1m ’ (I)A> - (23)
Note that if the incident particle 0 does not change its state,

(@1] o) = 1. 24/94



Knockout T-matrix: Spin-dependent version

Applying the asymptotic momentum approx., T-matrix is factorized
as (explained in detail later)

T=(K|t2]r)
x> (Imsnpnljp;) <X§7)X§7) ’Xé+)902,nljm> (24)
If | restore the spin degrees of freedom,

Ty papiop; = Z <n',,u'1//2 ‘ t12 } K”MBMN>

! / !
HikzHolN-— elementary process

; - = 4
x D (msnpnling) <X§,/L)’1ulxé,u)’2u2 Xé,;fauomvnljm>
LS coupling Reduced T-matrix

. : 2.
This is so-called the factorized DWIA, and | T}, iy, |~ is the
essential quantity for the cross section, polarization obs., etc. 25/94



Knockout T-matrix: Simplification

A simpler form of the DWIA can be obtained by

@ neglecting the spin-orbit part of the scattering potential

Ty popop; — Z <'£/’IU’1'U’2 ‘ t12 ‘ K‘HU’O'U’N>
HUN

X Z(lmSNMNUﬂj) <X§7)X§7) ’X(()+)Q02,nljm> (25)
m
@ taking average over the spins in the elementary process

Z (K, iz [ 12 | KBMOM{\OT (K, papa | tr2 | &, popn)
BNIN

1
~ m Z ‘<K,/7,U1,U2 ‘ t12 ‘ K/,,uo,uN>‘2 (5“{\1”1\1 (26)
UN

so-called the cross section approximation form is obtained.
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Knockout T-matrix: Simplification

Z ‘Tmuwouj |2

P12 0 1

Z Z Zzs +1‘<'€aM1M2’t12!H,M0MN|

H1p2 0 5 WNEN mm/

. , LAl
X (Im/snpnlipg) (Imsnpnipg) T Om/m by Z
BN

X <X(_)X§_) ‘ X(()+)802 nljm'>T <X§_)X§_) ’X(()+)<P2,nljm>

2j +1 )
= > ZZQSN+1 e (', iz |tz | &, poin) |

K120 BN T

‘<X§ X5 ))Xo 902nl]m>‘2 (27)




Knockout T-matrix: Using elementary cross section

(Using the on-shell approximation) ¢-matrix element is related to

the elementary cross section

d0'12

Fi9.0
100s ——(E12,b612) x

X

1
250+ 12sy+1

(some factor)

Then the TDX is given by

d3o

dEdQ1dQs

Uzn

_ 2
Z ‘(K',M1M2‘t12‘R>MOMN>‘ (28)
M1 142 140 AN
(2m)* (2rh2)? 1
:Fkin
fwi H12 (2l+ )
do12 —
X o ——=(FEh2,612) Z . (29)
elementary c.s. reduced T
= ()
= {X1 X2 XO 302nl]m 28/04



Knockout T-matrix: Two final forms

In summary, spin-dependnet form:

3o (2m)* 1 2
— = Fjy T .
dE1d0dQy ™ hp (280 + 1)(25 + 1) Z [ Thsnapons|

12 O 1
Ty popop; = Z <'{/HU’/1'U’/2 ‘ ti2 ‘ K’"U’()'U’N>
A NTINN

+
X((LM)E)MO 302,nljm>

X Z(lmSN,UN ’jﬂj) <X§,_u)’1u1 Xév_ﬂ)lzlﬂ

Cross section factorized form:
3o o (2m)* (2mh?)? 1 doys
dE1dQdQs ™ hy; e (20+ 1) dQps

(Er2,6h2) Z |Tm|27

Tm = <X§_)Xg_) ’X(()+)(P2,nljm>
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Factorization: 2C(p, pa)®Be at 100 MeV case

do/dQ (mb/sr)

L A
o p+'Hedata
Extracted from '2C(p,p)®Be

T

—— DWIA

T
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o p+He4 elastic scattering
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180

30/94


https://doi.org/10.1103/PhysRevC.79.054612

Reaction model: Distorted Wave Impulse Approximation

X1 O
X0
> ‘ X2
9
Initial Transition Final C

Transition matrix

T = (x1x2Pc®g | tpc | x0Pa) = (xaxz | tpc | Xopc)

x;i: Distorted waves under optical potentials
tpc: p-C effective interaction in free space
e Cluster wave function ([®c @ ®p]|Pa)

Knockout cross section (Triple differential cross section)
d3
S a—— Ak
dEd21dS 31/04



Plane-wave limit (PWIA)

T =~ (x1x2 | tpc | x0¥C)

W<I§/‘tpc‘n>s <K1+K2—K0|¢0>R

:<K’,‘tpc""">s (=K l¢c)p (Kp=Ky— K; — K»)
= (k' |tpc| k), Pclke) (—Kp ~ k¢)
p-C collision Structure

Knockout cross section

dopc | .
2 P 2 14
7" — 12,0 |Gc(ke)l R

Height <+ Spectroscopic factor

Width <+ momentum distribution 32/04



Single-particle orbital and shape of cross section

4"’Ca(p,Zp)ﬁgK g
T,=392MeV |
(32.5°,60.0°)

N
(=
o
.
1zt A
2.5MeV
7/27; 2.8MeV
3/27; 3.0MeV

3/2*
gs

1) 10 20 30 40
Separation energy Eg (MeV)
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Figs.: T. Wakasa+, PPNP 96, 32 (2017) 33/94
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Our knockout reaction code: PIKOE

Computer Physics Communications 297 (2024) 109058

Contents lists available at ScienceDirect

Computer Physics Communications

journal homepage: www.elsevier.com/locate/cpc

Computer Programs in Physics

PIKOE: A computer program for distorted-wave impulse approximation
calculation for proton induced nucleon knockout reactions ™
Kazuyuki Ogata “**, Kazuki Yoshida ¢, Yoshiki Chazono ¢

* Department of Physics, Kyushu University, Fukuoka 8190395, Japan

® Research Center for Nuclear Physics, Osaka University, Ibaraki 567-0047, Japan

© Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
4 RIKEN Nishina Center for Accelerator-Based Science, 2-1 Hirosawa, Wako 351-0198, Japan

All the details can be found in Computer Physics Communications
297, 2024, 109058, Kazuyuki Ogata, Kazuki Yoshida, Yoshiki
Chazono.

See also PIKOE webpage.
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https://www.sciencedirect.com/science/article/pii/S0010465523004034?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0010465523004034?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0010465523004034?via%3Dihub
https://www.rcnp.osaka-u.ac.jp/~kazuyuki/pikoe/index.php

GUI version of PIKOE

Available at github.com/alphacentaury-github/PIKOEGUI
Under development by Dr. Young-Ho Song

Lower barriers for new users!

Set parameters/inputs and run the code in GUI

Put less important parameters/inputs automatically

File Configure Help

PIKOE: Proton Induced KnockOut reaction calculation for Exclusive process
Basic Setup = Structure Kinematics Reaction

Comment: | 12C(p,2p)11B_gs@392MeV DWIA TDX normal
LIMFS: D00 | IONS 0:No ~ IFRM 0:Lab ~|IMIR |0:default v ICAL |1:Computing Mcv
Projectile: 1.0 mass(amu 7825 Taget: cha 6.0 mass(amu’ 12.0 kinematics 0: norm v | elab(MeV/ 92.0

kib: tbl | 10:0ulv| out |6:outlv tmd 0:no v~ lg|0:no v px|0:no v tr|0:no -~ tl 0:no v

set cnt file set KIBTBL file set KIBOUT file
READ_KIBOUT Read KIBTBL Plot KIBTBL
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https://github.com/alphacentaury-github/PIKOEGUI

GUI version of PIKOE

@ Quick plot of the results

150

Column x | th2l[deg] v

100+

Columny | tdx[ub/(MeVsr2)] ~

tdx[ub/(MeVsr2)]
I3
o

0
— tdx[ub/(MeVsr2)]
_50 n n n L
0 25 50 75 100 125 Epd
th2Ildeal Plot

Clear

m

a € Q=¥

| vok |
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Optical potential and Distorted wave

The optical potential is a complex scattering potential U
determined so that the scattering wave y reproduce the elastic

scattering:

e U(R) is determined so as to reproduce the phase shift (S-matrix)
of x(R) reproduce the elastic scattering data.

@ There are a lot of phenomenological optical potential fit for
stable nuclei.

@ There are also many microscopic approach based on NN
interaction and NN degrees of freedom.
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Example: p-298Pb scattering and Koning-Delaroche pot.

e 10 A V/
60 90 120 150 180 0 30 60 90 120 150 180




Koning-Delaroche pot.

The Koning-Delaroche global optical potential (A. J. Koning and
J. P. Delaroche, NPA 713, 231 (2003)) has 6 terms,

U(r,E)=Vy(r,E) —iWy(r,E) —iWp(r, E)
+ [Vso(r, E) + iWso(r, E)] £ - o + Vo(r). (30)

Using the Woods-Saxon form f(r, R,a) = 1/(1+exp|[(r — R)/al),
they are parametrized as

Re. Cent.: Vy(r, E) = VW (E)f(r, Ry,ayv)

Im. Cent.: Wy (r, E) =Wy (E)f(r, Ry,av)

Im. Surf.: Wp(r, E) = —4apWp(E)f'(r, Ry, ay)

Re. SO: Vso(r, E) = Vso(E) (mﬁ )Qf’(r Rso,as0)/r

Im. SO: WS()(T’,E) Wso( ) ) fI(T Rgo,ago)/
Coulomb: Uniformly charged sphere of radius R¢.
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Single-particle wave function: the simplest case

Single-particle wave function ¢ is a nucleon bound-state wave
function in a mean-field potential V.
[ VS

@ As a simplest one, Woods-Saxon shaped potential proposed by
Bohr and Mottelson is implemented in PIKOE.
@ The depth can be adjusted to reproduce the separation energy.

40 40
. = central —— gy» total

= 2 / 20 —-— g total
B . I~
=I] S 5
= Vs 2
;_ () —— 0 WE =) /
Z —20 77 — — g2 pot £ -20 4
= 2 /
= /) P\ i
g 40 5 pot —40 /
= 4 z

—60 i —60

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

R (fm) R (fm)
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IN N effective interaction and cross section

PHYSICAL REVIEW C VOLUME 31, NUMBER 2 FEBRUARY 1985

Nucleon-nucleon #-matrix interaction for scattering at intermediate energies

M. A. Franey
Department of Physics, University of Mi i lis, Mi) 35455

W. G. Love
Department of Physics and Astronomy, University of Georgia, Athens, Georgia 30602
and Los Alamos Scientific Laboratory, Los Alamos, New Mexico 87545
(Received 9 October 1984)

o NN effective interaction and NN cross section by Franey and
Love [15, 16] is implemented.

[15, 16] W. G. Love and M. A. Franey, PRC 24, 1073 (1981), M. A. Franey and
W. G. Love, PRC 31, 488 (1985).
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List of methods and ingredients for knockout reactions

Reaction theory
@ Distorted wave impulse approximation (DWIA)
@ Transfer-to-the-continuum (TC)
o Faddeev-AGS

Optical potentials and distorted waves
@ Phenomenological optical potential (Elastic cross section data)

o Folding model
m (in-medium) effective NN interaction + nuclear density

@ Dispersive optical model
m Consistent description of the s.p.w.f. and the distorted wave

Elementary process
@ Franey-Love effective NN interaction (free space)
@ In-medium NN interaction (requires density profile)
@ Phase shift analysis of the NN scattering data 42/94



List of methods and ingredients for knockout reactions

Single-particle wave function / Cluster amplitude / Density profile
@ Light mass region (ab initio theories)
m No-core shell model
m Gaussian expansion method
@ Light to medium mass region
m Shell model
m Anti-symmetrized molecular dynamics (AMD)
m THSR (Tohsaki-Horiuchi-Schuck-Répke) wave function
m Core + ppnn 5-body model (a+12C by W. Horiuchi)
@ medium to heavy mass region
m Generalized relativistic mean-field model (o density distribution on
the surface of Sn isotopes by S. Typel)
m Density functional theory (Hinohara and Nakatsukasa)
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Theories for describing knockout reaction

Distorted Wave Impulse Approximation (DWIA)

@ Quasi-free scattering and distortion effect

Quantum Transfer-to-the-Continuum model (QTC)

@ Coupled channels problem with discretized continuum states
Faddeev theory

@ Exact solution of the three-body scattering problem

DWIA/Faddeev [17] DWIA/QTC [18] QTC/Faddeev [19]

— e — L —
=04l - PWIA =~ — ELDWIA | = 06 — Faddeev
2 Core ma o 5 0.3 e TC 2 F — TC(FOLD)
z AN 3 5 051 — TckD) A
S o2t Q;:g g 0.2 % 04 -
g S A=22 £ E 03 B
£0.1 201 Fo2F —
= ~ B r
3 g 3 oif .

o e L NS 0 ol
300 200 -100 0 100 200 300 200 -100 0 100 200 00 0 200
p, (MeVic) p=(MeV/c) P, (MeV/c)

[17] E. Cravo+, PRC 93, 054612 (2016). [18]K. Yoshida+, PRC 97, 024608

(2018). [19] M. Gémez-Ramos+, PRC 102, 064613 (2020).
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Nuclear shell and its evolution

Theoretical prediction: absence of the protons in the 1f7/5 orbit

changes the neutron 1f5 /5 orbit due to the lack of the tensor force
1f

5/2

2Py 2Py
15, @
—_— P—

2p,, 2y

1f7 7

0-0-0-0-0-00-0- _—
Ni Ca
proton neutron proton neutron

Figure from T. Otsuka and Y. Tsunoda
J. Phys. G: Nucl. Part. Phys. 43 024009 (2016).

Which orbit do neutrons occupy in **Ca (Z = 20, N = 34) system?
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Shell Evolution Search for Two-plus energies At RIBF

Neutron knockout reaction from 54Ca [20]

— [ (b) g.s. [ (c) 2220 keV (d) 1738 keV

& 0.1 I 0.006 -

E 0.08- -

:\g 0.06 | 0.004 -

E)

= 0.04f L

% 0.002 -

6 0.021 o

=) L
0 1 1 1 il 1 il PR R 1 0 . n PR
=400 -200 0 200 -400 -200 0 200 400 -400 -200 0 200 40

Py [MeV/c] Py [MeV/c] Py MeVic]

Pj: Longitudinal (beam direction) component of the momentum Q
o Neutron is knocked out mostly from the p-orbit

@ Six neutrons occupy the p-orbit about 85 %

e f-orbit is far above p-orbit, making the N = 34 shell gap

[20]S. Chen+, PRL 123, 142501 (2019).
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The Maris effect
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Vector analyzing power A,: Definition

Vector analyzing power A, of a spin 1/2 incident particle is defined

by

_or=o-
o4 +0-

@ Cross section is a sum of cross sections with spin up (down)
incident particle c = o4 +0_
e A, =1if o, dominates the cross section (¢ = o4 and o_ =0)

e A, = —1if o_ dominates the cross section (¢ = o_ and o, = 0)
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Vector analyzing power of O(p, 2p)!°N at 200 MeV

TO " !

\

—— Py =L+ 12

.‘\ s ® R Y
o< e v -ee

5000 7: 0000

'.'.— 0512 —.'.‘
16
O -1.0
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Data: P. Kitching+, NPA 340, 423 (1980) 49/94
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Maris effect

The Maris effect: determination of J = L + s

T,
T,

With polarized beam and proper kinematics, we can distinguish the

nucleon orbitals Jy = L +1/2 and Jy = L —1/2.
Theoretically predicted by
@ G. Jacob and T. A. J. Maris, RMP 45, 6 (1973)

and experimentally confirmed by
@ P. Kitching+, PRL 37, 1600 (1976), P. Kitching+, NPA 340, 423 (1980) 50/94
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https://doi.org/10.1103/PhysRevLett.37.1600
https://doi.org/10.1016/0375-9474(80)90283-3

Maris effect

Important points

@ Nucleon motion inside the target can be determined from the
knockout reaction kinematics

@ Imbalance between the emission energies T > Ty

@ Beam proton is polarized
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Knockout from Jy =L+ 1/2
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Knockout from Jy =L+ 1/2

'O\Tz o\Tz
Knockout from J_ =L —1/2




N N amplitude favors parallel configuration |t | > |t _|

Knockout from Jy =L+ 1/2

Knockout from J_ =L —1/2
&—0> ,f&%’pN
L ek

Se-
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Nucleus is not transparent

Knockout from Jy =L +1

Knockout from J_ =L — 1

/2
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Nucleus is not transparent

Knockout from Jy =L +1

Knockout from J_ =L — 1

/2
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Knockout from Jy = L+1/2  Knockout from J_ =L —1/2

L e A In the extreme case (strong
05 ——J.=L+172 absorption limit)
. — J=L-12
= 00
s Ay _ 1 if T1 > T2
Y -1 if Th1<Ty
0 7, (MeV) T'imax
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Vector analyzing power of O(p, 2p)!°N at 200 MeV

1.0 . . .
—— D3p: J+ =L+1/2
[} —_ J=L-1/2
0.5 I ® & P
. m ® 8
-—
<" 00 F

40 60 80 100 120 140
T, (MeV)

Data: P. Kitching+, NPA 340, 423 (1980)
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a clustering in 12C ground state
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Previous work: ?2C(p, pa)®Be at 100 MeV

d/dQ,dQ,dE, (mb sr” MeV")

6,/6,=25%-68.8° 10° =30%/-66.6° 10° 0,/0,=37°/-63.1°
o D“W|A - 107 0,/6,=30°-66. 10" /0 .
« Experiment 10* 10 »
10° 10°
10" 10* W
10° 10°
10° L 10°
10" 10"
0,/0,=60%/-50.9° 0,/0,=70°/-45.6°
107 S
.
10°
10* f
10° l
10°

1, 5
0 20 40 60 80 100'°0 20 40 60 80 100

Proton Energy (MeV)

0

20 40 60 80 100

J. Mabiala+, PRC 79, 054612 (2009)
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Previous work: ?2C(p, pa)®Be at 100 MeV

TABLE III. Spectroscopic factors for quasifree angle pairs
extracted from the data. (S, )P is a statistical average of all angles.

6,16, (deg) S (82)° Stheo (Ref. [18])
25/-68.8 0.59

30/—66.6 0.93

37/-63.1 0.65

52/55.1 0.19

60/~50.9 0.20 0.73£0.49 0.56
70/45.6 0.55

80/—40.5 0.98

90/-35.7 1.28

100/-31.0 1.68

110/-26.6 0.28

J. Mabiala+, PRC 79, 054612 (2009)
[18] D. Kurath, PRC 7, 1390 (1973) 61/94
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Previous work: ?2C(p, pa)®Be at 100 MeV

L e T 1.0
o p+'Hedata
s e Extracted from 12C(p.pu)BBe 0.8
2 | —— DWIA 4
10 0.6

0.4
0.2
0.0
-0.2
-0.4

do/dQ (mb/sr)
Analyzing Power

06 4 . ;

08 o p+He" elastic scattering

=er 12 8 .
4ol C(p,pa) Be QF Peak data

1
0 20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
O¢.m.(deg) 0c.m.(deg)

J. Mabiala+, PRC 79, 054612 (2009)
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3a and shell-like models

3a (unrestricted) Triple « GCM calculation
3a (triangle) Triple « triangle shape
SU(3) SU(3) limit of the 3 model

jj-coupling jj-coupling sheII modeI calculation

0.6 —unrcstrlctcd 30 AN asym.
------ triangular 3o/ / Y
—=SU@B) -

— 0.4 ----jj-coupling /:
g
=02
S o
= \
IR \ =
~0.0 N M e,

-0.2

0.0 7.0

K. Yoshida and M. Kimura, arXiv:2606.31437 (2026)
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Cross section results

K. Yoshida and M. Kimura, arXiv:2606.31437 (2026)
Recoil momentum (MeV/c)

100 3Q0 2QO 1QO 0 190
—e—0,/0, = 80.0°/40.5°
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1072+ . jj-coupling ]

0 20 40 60 80 100
Proton Energy (MeV)

Data: J. Mabiala+, PRC 79, 054612 (2009) 64/94

d*c /dE,dQ,dY, (mbMeV~!sr—?)
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https://arxiv.org/abs/2606.31437
https://doi.org/10.1103/PhysRevC.79.054612

Cross section results

K. Yoshida and M. Kimura, arXiv:2606.31437 (2026)
Recoil momentum (MeV/c)
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a knockout reaction from a-decay nuclei

PHYSICAL REVIEW C 106, 014621 (2022)

a knockout reaction as a new probe for « formation in a-decay nuclei
Kazuki Yoshida®'-"* and Junki Tanaka ®?
'Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
2RIKEN Nishina Center for Accelerator-Based Science, 2-1 Hirosawa, Wako 351-0198, Japan

® (Received 14 November 2021; accepted 15 July 2022; published 25 July 2022)
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Heavy and unstable: a formation on a-decay nuclei

a-decay lifetime and its width (independent of channel radius R)

Aln2
F )

Ty =

kR 2 ,
I'=2 F
F2hR) + GC2GhR) ok T Bl

Penetrability reduced o width

=2 P(R) 7*(R)

?12Po case, T’ /5 ~ 0.3 s, which means I' ~ 1.5 x 1071 MeV (cf.
Qo ~ 9.0 MeV)
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a knockout reaction from a-decay nuclei

K. Yoshida and J. Tanaka, PRC 106, 014621 (2022)

Decay

Energy

& (& (@

Preformed = q decay
a particle

Knockout

(&
Knocked out
a particle

&

Preformed
a particle

Energy

Knockout an « before it penetrates the barrier

0 Thecay ~ 0.3 us (2'2Po), Tinockout ~ 10722 s ~ 30 fm/c

@ Free from the penetration process, direct access to o amplitude

@ Clean probe for the e component in the g.s.
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a knockout from 219:212pPg case

a amplitude from decay study [27] momentum distribution
0.035 11— = oo p
L ~ _ NG I~ (6] ]
o 00307 2uop,, I\ = 0.0014 |- 2py
o 00250 2 0012} ~ il
€ 0.020F = 0.0010 - R ]
< 0015 = 0.0008 - I .
~ N L \ i
< 0.010 < 0.0006 / \ |
0.005 & 0.0004 Y .
0 = 0.0002 - - N
,g 0 I R e S
-600 -400 -200 0 200 400 600

Pj, (MeV/c)
Recoil momentum of the residue

S-factor peak height Cross section |RF(R)|?
212pg / 210pg 192 12.1 11.9 10.2

Difference is magnified by the peripherality of the reaction
— sensitive probe for preformed « particle on the surface

[27] C. Qi+, PRC 81, 064319 (2010). 69/94
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a knockout from 219:212pPg case

—@— formation probability
®  knockout cross section (arb. units)

T
E107
S
=
s

107°

100 110 120 130

Neutron number
Data: A. N. Andreyev+, PRL 110, 242502 (2013)

Difference is magnified by the peripherality of the reaction

— sensitive probe for preformed « particle on the surface
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a clustering in light nuclei

Ikeda diagram [29]

‘\ Be C [¢] Ne Mg
o0 OO0 0000 COOOO COOCOO
>\ (7.28) (14.44) (19.96) (28.47)
9
= ©
0.) (716) (11.89) (2121
e 404)
o <:>O 00
. ‘g @ @73
@ Strong nucleon correlations makes = .
3
a cluster ] B3
4|
e Weak coupling between clusters
@ What about the ground state? Mass

[29] K. lkeda+, PTP suppl. E68, 464 (1968).
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Search for a clustering in the ground state

9
o e e

Systematic experiment of (p,p«) T [ T B
= w0 1
reaction (Carey et al. 1984 [30]) ; ’ AN %W\\ A
© 3| 160 ol / 28Si O 48
101.5 MeV —4’§f/T: = ‘11 bl | B
: - €g < ° o ’ oo ' e+ Xertge)
-------------- e 5 -T00"/+463" 7007 + 458" 700%/+ 454"
._ 70deg 3 i
- s i T
a 1
S\AT,X %& f ‘ 54,:e
Kinematical setup % i
S8
T N
argets =
e 160, 20Ne, 24Mg, 23Si, 325, 3 |

10Ca, #8Ti, 51Fe, %Zn

[30] T. A. Carey+, PRC 29, 1273 (1984).
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a+1%0 cluster state in ?°Ne, ;.

PHYSICAL REVIEW C 100, 044601 (2019)

Quantitative description of the °Ne(p, pa)'®O reaction as a means of probing
the surface o amplitude

Kazuki Yoshida®,"2" Yohei Chiba,**2 Masaaki Kimura,»%? Yasutaka Taniguchi,”-?
Yoshiko Kanada-En’yo,®? and Kazuyuki Ogata>>*
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Antisymmetrized Molecular Dynamics (AMD)

AMD wave function is a superposition of nucleon wave packets [31]

pilry) o< exp [—v (rj = Zi)| x (aslt)+ i [ m

wave packet spin-isospin

AMD wave function

AMD _
P =

&A{wl o oa)

NN interaction: Gogny D1S [32]

[31] Y. Kanada-En'yo+, PTEP 2012, 01A202 (2012).
[32] J. F. Berger+, CPC 63, 365 (1991).
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a+1%0 cluster state in ?°Ne, ;.

Carey et al. (1984) [30].

@ « cluster wave function by a

—_
(=)
5}

Woods-Saxon potential

—+— Carey et al.

e S, = 0.54 (exp. + reaction)
@ S, =0.18 — 0.23 (Structure theory
[33-35])

Inconsistent by a factor of two

—
[w)

—
[}
=3

H -1 1 I I I I |
K. Yoshida et al. (2019) [36]. 0 s i s o e 0 s

o DWIA + AMD wave function [37] Ty (MeV)

e S, = 0.26 (Consistent)

[30] T. A. Carey-+, PRC 29, 1273 (1984). [33]W. Chung+, PLB 79, 381 (1978).
[34]J. P. Draayer, NPA 237, 157 (1975). [35]K. T. Hecht and D. Braunschweig,
NPA 244, 365 (1975). [36]K. Yoshida+, PRC 100, 044601 (2019). [37]Y. Chiba
and M. Kimura, PTEP 2017, 053D01 (2017).

do |dT,dQ,dQq [ub/ (MeV sr2)]
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Peripherality of reaction and surface @ amplitude

Cluster wave function Knczackout cross section
T T T T — 10

— AMD
0.4 /7 ——Woods-Saxon

—— Woods-Saxon

do/dE,1dQ1dQ;, [ub/(MeV sr?

080 25 50 75 100
R (fm) T1 (MeV)
@ Pauli principle is taken into account within the Antisymmetrized

40 50 60 70

Molecular Dynamics (AMD) framework
@ Both wave functions agree on the surface
@ Knockout cross section is determined by the surface o amplitude,

not the whole region (S-factor).
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a-*Ca cluster of 48Ti

PHYSICAL REVIEW C 103, L031305 (2021)

Unexpectedly enhanced a-particle preformation in “*Ti probed by the (p, pa) reaction

Yasutaka Taniguchi,’>* Kazuki Yoshida®,>? Yohei Chiba,>>? Yoshiko Kanada-En’yo,%>
Masaaki Kimura,”®? and Kazuyuki Ogata>*>
! Department of Information Engineering, National Institute of Technology (KOSEN), Kagawa College, Mitoyo, Kagawa 769-1192, Japan
2Research Center for Nuclear Physics (RCNP), Osaka University, Ibaraki 567-0047, Japan
3Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
4Department of Physics, Osaka City University, Osaka 558-8585, Japan
SNambu Yoichiro Institute of Theoretical and Experimental Physics (NITEP), Osaka City University, Osaka 558-8585, Japan
Department of Physics, Kyoto University, Kyoto 606-8502, Japan
"Department of Physics, Hokkaido University, Sapporo 060-0810, Japan
8Nuclear Reaction Data Centre, Hokkaido University, Sapporo 060-0810, Japan
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a-*Ca cluster of 48Ti

a-*Ca cluster of 48Ti and 8Ti(p,pa)*4Ca reaction [38]

—00 .-0-0-0000—

-00-0-0-0/:.-0-0-00-
@0 15, 00
000000 0,00 0000
-00-2-0-0-
-00-0-0-00;.-0-0-00-

_ o0 05.-00-
a+**Ca cluster of 48T P22 n: 26

48'1'*1
@ 7 #+ N stable nucleus

e magic number 20 core *°Ca + (2p + 6n)
@ Structure theories based on the nucleon degrees of freedom are

available

[38] Y. Taniguchi+, PRC 103, L031305 (2021).
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a+**Ca cluster and *®Ti(p,pa)**Ca reaction

' CIusFer am'plitud'e Inter-cluster distance d

T
..... mean-field |
— a+*Ca

02} (@RWA

mean-field

3.0

T Tot rcd(519 fm)
3.0 4.0 5.0 6.0 7.0 8.0 9.0 d
R [fm]

@ Stricture theory based on the nucleon degrees of freedom
(Antisymmetrized molecular dynamics: AMD)

@ Constraint on the inter-cluster distance d

[38] Y. Taniguchi+, PRC 103, L031305 (2021).
a-%*Ca potential:[39] T. Delbar+, PRC 18, 1237 (1978).
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a-+**Ca cluster and “®Ti(p,pa)**Ca reaction

Cluster amplitude

Knockout cross section

|0] T T T T T T
a70.2r @Rwa o ---- mean-field
,E r mean-field 7‘ * *
§O4l- \ g 10°F & expt. + E
= N < o * s *
00— Froct 1, (5.19 ) EN. + ‘
: : : : S1071E E
3.0 4.0 5.0 6.0 7.0 o]
R [fm] =
;*10-2- E
@ Mean-field like structure fails to S -~ meanficld s
103 L 7 L L L h
. 40 50 60 70
reproduce the reaction data T, (MeV)

[38] Y. Taniguchi+, PRC 103, L031305 (2021).
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a-+**Ca cluster and “®Ti(p,pa)**Ca reaction

Cluster amplitude

----- mean-field |
a+*Ca

Knockout cross section
o
---- mean-field

— a+MCa
expt.

0.2t (@) RWA

=)

Tat Teq (5.19 fm)
3.0 4.0 5.0 6.0 7.0 8.0 9.0

3

do /dT,d2,dS2, [/ (MeV st)]

R [fm]
Density 102
- mmean-field .,
10745 5060 70
T, (MeV)
Fr_—1
d
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a-+**Ca cluster and “®Ti(p,pa)**Ca reaction

Cluster amplitude Energy, radius, M (E2)
T T ! T ! 8 T T T T T
S02F @RWA XY e mean-field | b (a) energy
g a+*Ca _ 4r 1
= | % ol ]
EO 1 i E‘ r --- mean-field q
E L4 —-— a+*Ca
— [ — expt.
00 Tt 1y (5.19 fm) # } : : : :
3.0 4.0 5.0 6.0 7.0 8.0 9.0 381" (b) charge radius 2
R [fm] _f
éfﬁ 7 --- mean-field |
- o a+%Ca
Density = e
3.
40 F (c) E2 transtion matrix 4
& b 4
g
30 R
o =
3 20+ w---. mean-field
s | -6 a+Ca |
o . . . — expty
2.0 30 giim] 40 5.0

Inter cluster distance

4
[38] Y. Taniguchi+, PRC 103, L031305 (2021). 80/9
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Is a-clustering universal?

Structure theory

e S. Typel, PRC 89, 064321 (2014)

@ « particle formation on Sn (Z = 50) surface
Reaction theory

e K. Yoshida+, PRC 94, 044604 (2016)

@ Proton induced a knockout reaction is suitable to investigate the

« clustering on nuclear surface

Experiment
e J. Tanaka and Z.-H. Yang et al, Science 371, 260 (2021)

@ « clustering on Sn surface was quantitatively confirmed and
isotope dependence well agreed the theoretical prediction
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Is the a clustering universal?
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Ikeda diagram
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Is the a clustering universal?

A
A Linear chain Molecular state taken from nndc.bnl.gov/nudat3/

ve® ©g YR
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« particle on Sn surface

' A
5
B
2

Z, number of prot
ERLIULLE
r
= S
._I 5
3 !
e ~
.|=
i

Proton number

taken from nndc.bnl.gov/nudat3/

N, number of neutrons
—_

Neutron number

84/94



« particle on Sn surface

taken from nndc.bnl.gov/nudat3/
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a-knockout reaction as a probe for a on nuclear surface

~ « knockout cross section cf. « density by Typel
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@ Theoretical studies on the proton induced o knockout reaction
from 129Sn

@ The reaction is sensitive surface region and only 7 > 6 fm region

contributes to the reaction cross section
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a-knockout reaction as a probe for a on nuclear surface

e cluster wavefunction “ « knockout cross section
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o Theoretical studies on the proton induced « knockout reaction

from 1205p

@ The reaction is sensitive surface region and only r > 6 fm region
contributes to the reaction cross section
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a-knockout reaction as a probe for a on nuclear surface

o knockout cross section
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@ Theoretical studies on the proton induced a knockout reaction
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@ The reaction is sensitive surface region and only r > 6 fm region
contributes to the reaction cross section

89/94



1205n(p,pa)''®Cd reaction

Q s

Local momemtum
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Asymptotic momemtum

@ Local momenta can be approximated by asymptotic ones
m Kinematics of the p-a collision is uniquely determined by the
reaction kinematics
m This is thanks to the peripherality of the reaction
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1205n(p,pa)''®Cd reaction

Reaction amplitude
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1205n(p,pa)''®Cd reaction
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120Sn(p,par)'1°Cd reaction
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1205n(p,pa)''®Cd reaction
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Local momemtum

J
\

do /(dEFdQRdQY) [ub/ (MeVsr?))

1.2x10° T T
—TDX w/ LSCA

- -TDX w/AMA 1
""" PWIA/200

1.0x10°

0.8x10°

0.6x10°

0.4x10°

0.2x10°

0 . s ,’/ ‘\ 2T P
-300  -200 -100 0 100 200 300
PR (NICV / C)

Asymptotic momemtum

@ Local momenta can be approximated by asymptotic ones
m Kinematics of the p-a collision is uniquely determined by the
reaction kinematics
m This is thanks to the peripherality of the reaction
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