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Nucleon-nucleus scattering

O Nuclear reaction An 1mmportant branch of nuclear physics
v Revealing NN interactions, structural and dynamic properties of nuclei
v" Understanding the evolution of the stars and the origin of the elements

v" Applications on medical therapy, nuclear power, national security, etc.

O Nucleon-nucleus scattering One of the simplest processes of nuclear reaction

v" Exact solution of the A + 1 many-body problem is hard to achieve
— optical model: complex mean field (optical potential)

ur,E) = V(@E) + W E)

Elastic scattering Inelastic channels



Phenomenological optical potential

O Nonrelativistic: volume, surface, and spin-orbit terms
v KDO03:1keV < E < 200MeV,24 < A < 209 Koning and Delaroche, NPA 713, 231 (2003)

[ Relativistic: spin-orbit terms are naturally included
v GOP: 20 < E <1040 MeV,4 < A < 208 Hama, Clark, Cooper et al,, PRC (1990, 1993, 2006, 2009)

Known isotopes

B Stable isotopes
ReA Coulomb barrier beams > 500 pps
FRIB fast beams > 1 pps

€ Koning and Delaroche
;.r'"i ; o

Large extrapalations for KDO03 e ol
are ievitable r"’ r_l,.:-"
L # il
Tl d#b

-

|
o
‘ :{+— p? :! & i Astrophysical r-process
r"'-" r',}‘{ Astrophysical p-process
r- Astrophysical s-process
- Astrophysical rp-process




Microscopic optical potential

[ Folding method: NN scattering amplitudes folded with densities of the target

Watson, Phys. Rev. 89, 575 (1953), Kerman, McManus, and Thaler, Ann. Phys. 8, 551 (1959)
U(r,e) = [V(r,r,e) p)dr

® T matrix folding: Eister, cheon, Redish, and Tandy, Phys. Rev. € 41, 814 (1990)

® ( matrix folding: Furumoto, Sakuragi, and Yamamato, Phys. Rev. € 78, 044610 (2008)

[ Local density approximation (LDA): optical potentials equivalent to single-particle

potentia]s 1n nuclear matter Bell and Squires, PRL 3, 96 (1959), Jeukenne, Lejeune, and Mahaux. PRC 16, 80 (1977)

Urpa(r, &) = Unm(e, p(r), a(r))

® Brueckner-Hartree-Fock (BHF): 2auge, belaroche, and Girod, Phys. Rev. € 58, 1118 (1998)
® Many-body perturbation theory: whitehead, Lim, and Holt, Phys. Rev. Lett. 127, 182502 (2021)

® Relativistic BHF (RBHF): R xu, et af, Phys. Rev. ¢ 94, 034606 (2016), 6.Q. Li and Y.Z. Zhuo, Nucl. Phys. A 568, 745 (1994)
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Relativistic microscopic optical potential — — CTOM

O CTOM: Optical Model by co-operation between China Nuclear Data Center & Tuebingen University

® £ < 200 MeV, *c— *°°pb
® (Improved) LDA+RBHF (negative-energy states neglected)
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Importance of the negative-energy states

[0 Negative-energy states (NESs) are indispensable for the completeness of a basis.

A
Yarem () = Lo CanWPmim (1) + Xr AW s (1)
= aKm — ntan'¥nkm n' “Yan' Vn'km
£ | Fermi sea
Q . . . .
2 N 7% less binding for 10 is found without NESs.
2 i Zhou, Meng, and Ring, Phys. Rev. C 68, 034323 (2003)
20 |~ 2M
O |
= I
o I
= ¥
S u(p,V) = a,uo(p,A) +a_vo(p, )
Q
Z | Dirac sea
Insufficient repulsion for nuclear matter is found without NESs.
Anastasio, Celenza, and Shakin, Phys. Rev. C 23, 2273 (1981)

Attention: considering NESs dose NOT mean to avoid the no-sea approximation.



RBHEF theory in the full Dirac space

[ Self-consistent solution of RBHF theory in the full Dirac space has been achieved

for nuclear matter

E/A [MeV]

|:> To describe nucleon-nucleus scattering with RBHF theory in the full Dirac space
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Bonn potential

O Our starting point of ab initio: the one-boson-exchange model R Machleidt, ANP 19,189 (1989)
Ls=+ gs";@b(ﬁ(s)y
v Lpe = — 22 Gyppap o0
p
— guy el — fwwa%(a o) — Bp)).

— most economical and quantitative phenomenology for describing the NN interaction
R. Machleidt and D.R. Entem, Phys. Rep. 503, 1 (2011)
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Dirac equation in nuclear matter

4 )
{a-p+B[M+UPIulps) = Epu(p,s)
Single-particle potential U(p) = Us(p) + y°Uy(p) + v - DUy (p)
\_ scalar timelike spacelike )
4 )
[a - p* + fM;]u(p,s) = Epu(p, s)
. Effective quantities My =M+ Us, p*=p+pUy(p), E;=E,—Uy(p) )
4 . )
Positive-energy u(p,s) = J (Ep + Mp)/2My (1,0 - p*/(Ep + My)] x5
Negative-energy v(p,s) = y°u(p,s)
D w9 P, —v(®,5) 1(B,) = Laxs
N ’ /

12



Extract the single-particle potentials

® Nucleon-nucleon scattering equation in the nuclear medium

GHH++
[G +++](" q|P,W) = V +++] (q',q|P)
preey 0] Q(k, P) GH++
) / P P
(27-[)3 V—+++’0 (q ;kl )W _ EP+k _ EP_k [G_+++] (k,ql ,W)

® Matrix elements of the single-particle potential operator

3,/ M7,

d>p .
@2n)? Ep GPH'(q,q|P, W), hh' =+, —

> () = (h|UP)|K) =

® Scalar and vector components of single-particle potential

Z++ -y
US (p) — (») . ()

Ej Tt (p)+2~ " (p) F o ...
Up(p) = 15 =————5 - 15;2 *(p) jl> No ambiguities!

p

M, 2

* Z++ y - E* _
Uy(p) = — 14 ()+=""(p) n M?;Z +(p)

13



Self-consistent treatment for the imaginary parts

[0 Thompson equation within the continuous choice for particle and hole states

4 (¢'|GT(P,W)|q) )
k*dk Q,,(k, P)
={(q'|V’|q) + "Wk av k|GT(P,W)|q) — (' |V’ |k
(@'|V71q) (2”)3(q| | >W—2Eav(k,P)< G (P, W)lq) = (q'|V" | ko)
W +2FE (ko, P) 2 dk 1 in kO J
X Q,y(ko, P) = k + — | (kolG™ (P, W)lq).
S avito A(ko, P) 0 @rPar2-k2) @zP 8| .
800 1 I 1 1 1 .'., 20 1 1 T T T 400 T T 1 1 1 40 T 1 T 1 T
e e ' ' [ |p=0.16 fm™
o0p LREUg) ~ 7T 20| /," ]

Us,Up,Uy, (p) [MeV]

200 |

400!
0




Application: Isospin splitting of Dirac mass

* Full Dirac space

Mg,n < M;;p

* Projection

M;;,n < M,’g,p

* Mom.-ind. app.
Mpn > Mp,,

M

=
x 0O

=

0.9

0.5

0.4

MB,T — M + US,T’

T=np

I

Full Dirac space

Neutron
- = = -Proton

Projection method

Bonn A

+ Momentum-independence -
i approximation

0.5

0.5

a=(pn—pp)/p

The long Standing Controversy 1S clarified. Wang, Tong, Zhao, Wang, Ring, and Meng, PRC 106, L021305 (2022)
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Application: Isospin splitting of nonrelativistic effective mass

-1
My MdU
L I Use = (U2 — UZ + 2EU, + 2MUs) /2M
M p dp 'p=kf
0.8
A HVH theorem Sn + Sn reactions
oS 06 L Optical potential " Giant resonances of 2°®Pb 1
\
wed
= ] --
> 3 04} i
I =
s Progo N v
r ~~~~~~ i} [h'd 02 i E b
Oton . E.Z o Y i
TS A AN EETA A |
s  of X 3
1
. -02 -MBPT SCGF BHF EBHF RBHF RBHF RMF RHF 1l -
(MNR,n MNR’p)/(Ma) = const. Full Dirac space Projection Skyrme |
-04
- (M;{,R n— Mg p)/(Ma) = (0.187 Wang, Tong, Zhao, Wang, Ring, and Meng, PRC 108, L031303 (2023)
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Application: Neutron star structural properties

[0 Mass, radius, and tidal deformability of neutron stars in the full Dirac space

M/M.

Tong, Wang, and Wang, ApJ 930, 137 (2022)

R1_4® = 11.97 km,

PSR J0740+6620
PSR J0348+0432
PSR J1614-2230

Mmax = 243 Mg,

18
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Qu, Tong, Wang, and Wang, Sci. China-Phys. Mech. Astron. 66, 242011 (2023)
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Local density approximation

O LDA: Optical potential at distance r is locally related to nuclear matter

p=pntp
ULDA(r' 5) — UNM (8' p(‘l"), (X(T)) a= (pn — sz)j/P

O Improved LDA (ILDA): consider finite range correction of nuclear forces

Urpa(r, &) = (tVm) 73 [ Uppa (', e)exp[—(r — )% /t%]d3r

v JLMB: t,_p = 1.2fm,t,_p = 1.3 fm E Bauge era/, PRC 58, 1118 (1998)
v CTOM: t,_4 = 1.25fm, t,_4 = 1.35fm R Xueral, PRC 94, 034606 (2016)

v WLH: teene = 1.22 fim, tg, = 0.98 fm TR Whitehead e7 a/, PRL 127, 182502 (2021)

In this work ¢ = 1.3 fm 1s adopted by default. Uncertainties are shown later.
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Density profile: RMF theory with PC-PK1

Point-coupling Lagrangian density:

£ = p(i7,0" — m)y

1

—Sas() () - %av(zﬁw@b)(%"’w)

L ars (7)) - ;aw (B770) (B770)

2
~SBs(B)° = v — s (@) Gt
—%55&(101#)3“(@&@&) — 500 (1) (Fr)
— o Ors0, (BT (§70)
~ 301V 0L BP0 (B77)
—}lF’“’F,W— 1_T3¢7“¢A

Zhao, Li, Yao, and Meng, PRC 82, 054319 (2010)

N
o (Mi — M
o:\/ iz = theo)” (MeV)

225 229 239
2.01
114 |

*
DD-PC1 TMA DD-ME3 DD-ME2 NL3

C-PK1

S.E. Agbemava, et al. PRC 89, 054320 (2014)
L. S. Geng, et al. PTP 113, 785 (2005)
Best density functional description

for nuclear masses so far.
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Optical potential in relativistic framework

O Schrodinger-like equation for the upper component of the Dirac spinor

VZ

~5F + Veent (1) + Voo (r)o - U+ Vparwin (T)] ¢(r) =

2 _

MZ
(@)

v Components of the optical potential
M 1 2 2
Veent(r) = EUS + Up + E(US —Ug)

Vo) = == (2)

. (r)_i(D_')Z_L(D_')_L(D_”)
Darwin 8E \ D 2rE \ D 4E\ D

D=M+Us+E—U,

— Differential cross section do /d(), analyzing power A, spin rotation function Q,,



Low-density extrapolation p < 0.08 fm~3 for Us, U,

O CTOM: values for Us, U, at p = 0.04, 0.06 fm~3 are adjusted to n, p + 40Ca, 2°8Pb

O In this work: Ui = Clipz + blp +c; — Ui|0.08: U{lo_og, and UilO = 0, with i = S,0

O T T T : | T T T T 400 T T T : T T
. | (@)ReUg | ~ : (b)Re U,
3 100 : 1 & 30F : 222
= o . = ' > i
~ 0.0 A ~ . P ;4
- 200 - _ g9 S 7 41 5 200 s i -
GJ _ _ 0.4 I ‘§\§§~§. GJ ’-;-I
S 06 | A SR 00 | o -
_____ 0.8 ! 01)-0/7 ‘\.\ét;\‘- e =90 MeV
_400 | 1 1 l“ 0 | 1 1 1 1
0.0 0.1 0.2 0.0 0.1 0.2
5 | 4 |
S S
@) &
= =
n [=)
D )
£ £
-20 .
0.0 0.1 0.2

p (fm°)
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Central term: comparison with GOP and CTOM

O Central terms of RBOM potential in comparison with GOP and CTOM

p + 2%8Pp - 150 200

Re V.. (MeV)

Im V. (MeV)

GOP: PRC 80, 034605 (2009), CTOM (RBHF-projection + ILDA): PRC 94, 034606 (2016) 23



Spin-orbit term: comparison with GOP and CTOM

O Spin-orbit terms of RBOM potential in comparison with GOP and CTOM

p+28Pp  ——F,_=20MeV === 50 -eeeeee 100 — - 150 200

0.2 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

0.0
-0.2
-0.4
-0.6

-0.8
0.10

Re V, (MeV)

0.05

0.00

-0.05

Im V¢, (MeV)

-0.10

r (fm)
RBOM: Relativistic Mean Field with PC-PK1, CTOM: Hartree-Fock Bogoliubov with Gogny D1S 24



Differential cross section: p + 2°8Pb

O Differential cross section do /d() in comparison with experimental data and GOP

T | ; | | | | | | ! — 1 T True vales
105 i\ 208Pb(p,p)208Pb 105 Il 208Pb(p,p)208Pb
i | Xx10~2
ll 4
o | _ o[ ' x10~*
10 i _21.0°] 10 ll . 4\-7’3 :
@ | 2411 O I\ A R
é 10 §, 10 ll .y - "M?é:p =
B 10-10 B 10-10 ! - ’ ®
s 10 s 10 >121.0
10_15 10_15 B ' \‘ - ‘,\, .. 1560 ]
By, 1600
\! v -
: ] [ 200.0 "\§» \_182.0
10720 | l | l | 10720 l AN | l |
0O 30 60 90 120 150 180 0O 30 60 90 120 150 180

Exp. data.: EXFOR library Ocm. (d€9) Ocm. (deg)



Differential cross section: p + 129Sn

O Differential cross section do /d() in comparison with experimental data and GOP

.
\
\
30.3
,I 7 . =7
h =9 “ -
4 w ». al’
\ - ’
’ ~
. ¢
30.4°
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-
. -
NP Mo
- ‘ T
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77N 30.6 -
’ A) ~ ”
\ 4 h
A ’

30 60 90 120 150 180
Ocm. (deg)

—— RBOM
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Differential cross section: p + %°Zr

O Differential cross section do /d() in comparison with experimental data and GOP

10°

do/dQ (mb/sr)
o >

o
S

10

*Zr(p,p)>Zr

0O 30 60 90 120 150 180

Ocm. (deg)
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5
10

—
Q =
(é)] o

—

<
N
o
1

>~ 80.0
N\ 135.0
\Y ‘ ‘ - ) _
\‘ . *‘ .
185.0 160.0 1260

10-15 -
0
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Differential cross section: p + 48Ca

O Differential cross section do /d() in comparison with experimental data and GOP

1 05 T T T | T 1 05 T T T | | TI'LIC Vales
*Ca(p,p)*°Ca *Ca(p,p)*°Ca
X102
X104
~ 10° ~ 10°
9 9
o) e
£ £
G G
0 0
o) o)
O 10° O 10°
— RBOM et e
------ GOP
10-10 I | | I | 10-10 I | 1 Y I v
O 30 60 90 120 150 180 O 30 60 90 120 150 180

Oc m. (deg) 0., (deg)
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Differential cross section: p + 4°Ca

O Differential cross section do /d() in comparison with experimental data and GOP

10° True vales
X102
X104
@ @
o o
g 10° 3
> > i
~ ~ 10 ~
3 o 10 , . 80.0
-C 10_10 -O = X -
_ ¥"135.0
1070 N 7
I = X< 152.0
10-15 - ‘\’"7,.7\
I 160.0
I ] ] I ] 10—20 I ] ] I 1 ] v
O 30 60 90 120 150 180 O 30 60 90 120 150 180

Ocm. (deg) 0., (deg)



Differential cross section: n + 298Pb

[ Differential cross section do /d() in comparison with experimental data and KDO03

10° .

T I I True vales
(n,n)?°®Pb

| | ] 105
(n,n)*%®Pb [

268Pb 268Pb

X102

X104

RN
o
o
RN
o
o

do/dQ (mb/sr)
o

do/dQ (mb/sr)
o

o
o

RN

Q
o

10°

10—15- ] ] ] ] ] - 10—15
O 30 60 90 120 150 180 O 30 60 90 120 150 180
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Spin observables: p + 298Pb

O Analyzing power A,, and spin rotation function  from RBOM potential

2 T T T T T 2 T T T I T True vales
208 208 i 208 208
—4

v

DI |
L | | ] ]

0O 30 60 90 120 150 180 0O 30 60 90 120 150 180

Exp. data.: EXFOR library 6, (deg) 0.m. (deg)
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Uncertainty analysis for RBOM

O Uncertainties for RBOM (RBHF + ILDA) have two sources:
» Effective range parameter t in ILDA: 1.25 <t < 1.35 fm
* Realistic NN interactions: Bonn A, B, C

10° 1 T 1 f e 1 [ T 3

L L Bonn B i Bonn C )
= 10%F r r
5 r 3
é 102 : ; :
S 10°F r r
T ] ]
© 100é_ Y Exp é_ é_
P LDA g :
F B 125 <t<1.35fm F 208Pp(p,p)?°2Pb F
10-2 , ] ; ; ] : ) , , ; ; ] L ; ] ) | .
0 30 60 90 0 30 60 90 O

Oc.m. (deg)



Performance of RBOM at high incident energies

[0 The underestimation of cross section angular distributions at high energies is related
to the large momentum dependence of single-particle potentials in nuclear matter

400 . . 1 1 ' 0"y
= e
> C
S 200 F U, 1 21 -
© p=0.16fm> =0 é g
5 O full k-dependence il E 10° E
S| e no k-dependence L F
a 200 L 25% k-dependence i -8 102 !_
m =
-400 | | | L ' 10 E
k (fm'1) 6. m. (deg)

— Weaker momentum dependence, better angular distributions 33



Cross sections: p/n + %°8Pb

J Proton reaction cross sections and neutron total cross sections from RBOM

2500 ————— e —
D + 208Pb
2000 et
_g oM LT
~ 1500 } - ---RBOM + 25% k-dependence
§ ........ CTOM
o * A. Auce(2005)
v A.Ingemarsson(1999)
1000 - = RF. Carlson(1975)
J.J. Menet(1971)
® J.F.Turner(1964)
500 % BT T T | PR T T SR N TR PR | L L
0 50 100 150 200
EIab (MeV)

10

L 2%Pb(n,n)**°Pb

—— RBOM

D.G. Foster+(1971)
*»  R.W. Finlay+(1993)
----KDO03 )

RBOM + 25% k-dependence

5 10 50
E.., (MeV)

v Overall, cross sections from RBOM are close to experimental data

v Weaker momentum dependence improves neutron results at low energies
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Fully self-consistent RBHF calculation for finite nuclei

Q

€c — &d

(ab|G(W)|a'b’) = (ab|V|a'b') + %Zd:(abIVICd) T (cd|G(W)|a'b")

Shen, Liang, Meng, Ring, and Zhang, PRC 96, 014316 (2017)
Shen, Liang, Long, Meng, and Ring, PPNP 109, 103713 (2019)
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Towards consistent nuclear structure and reactions

[0 Angular distribution from RBOM with self-consistent densities
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Summary

Elastic proton scattering

O We have developed a microscopic RBOM potential 1012 , : , , ,
O A
v' Relativistic BHF with local density approximation E. O""(‘;"’< /-\
L . . . ® 108 - .
v No ambiguities for single-particle potentials -g % ;
~ )
v No free parameter other than effective range t S 10¢\ 2
5
&
O Satisfactory description for differential cross section, @ 10°
O
spin observables for p/n + spherical nuclei o
S 10+ .
= x107 -
.. : : O :
O We anticipate RBOM potential could provide: u’q;, . 12050, 104 MeV  x10°® -
= 10 .
v" reference for other optical potentials Q -
Pb, 121 MeV

v" reliable description for exotic nuclei 10712 ! ! ! ! !
O 30 60 90 120 150 180

Qin, Wang*, Tong, Zhao, Wang, Li, and Ring, PRC 109, 064603 (2024), Editor's Suggestion Angles (deg)



