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How do we learn about nuclei: Reactions

Exotic Nuclei are usually short lived:

Have to be studied with reactions in inverse kinematics

e.g. direct o fESCHON L i

. state state
reaction:

Physics extracted from direct reactions -- Elastic Scattering:
Traditionally used to extract optical potentials, rms radii, density distributions

Fur. Phys. ). A 15, 27-33 (2002)
DOI 10.1140 fepja/i2001-10219-7

Nuclear-matter distributions of halo nuclei from elastic proton

scattering in inverse kinematics
Matter distributions for 2He and &89%11Lj

measured
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Reactions with exotic nuclei

Exotic Nuclei are usually short lived:

Have to be studied with reactions in inverse kinematics
) initial final
e.g. d|reCt state state
reaction:

Many-body
problem

_.@ Quantum mechanical scattering problem

In the continuum, theory can solve the few-body problem exactly.

few-body problem with
effective interactions

s OHIO

UNIVERSITY
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Effective interactions from ab initio methods
Start from many-body Hamiltonian with 2 (and 3) body forces

Theoretical foundations laid by Feshbach and Watson in the 1950s
Feshbach:

effective nA interaction via Green’s function from solution of many body problem using basis function expansion,
e.g. SCGF, CCGF (current truncation to singles and doubles)
energy ~ 10 MeV

Watson:
» Multiple scattering expansion, e.g. spectator expansion
(current truncation to two active particles)

Spectator Expansion: Expansion in:

¢ particles active in the reaction
¢ antisymmetrized in active particles

Siciliano, Thaler (1977)

Picklesimer, Thaler (1981)

(1995)

physics + astronomy g OHIO
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Building up an ab initio framework

Ingredients:

1) realistic nuclear interaction . @ P t
must describe target and projectile ' . :.—_. .} . /

2) controllable structure framework J ! P L

here, no-core shell model (NCSM and SA-NCSM
3) controllable reaction framework

here, spectator expansion

4) a way to connect everything

physics +astronomy
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Building up an ab initio framework

Ingredients:
1) realistic nuclear interaction t P’ t
) R Y S
must describe target and projectile bt g i ;’ ™

2) controllable structure framework
here, no-core shell model (NCSM and SA-NCSM)

3) ]
A o £ -
2
4) =
E(H) E(*He) E(*He) r,(*He) E
NNLO —-8249 -7.501 —27.759  1.43(8) ©
NNLO+NNN  —8469 —7.722 —28.417 1.43(8)
Experiment —8482 —7.717 —2829  1.467(13)
Ekstrém et al., PRL 110, 192502 (2013)
physics + astronomy OHIO
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Building up an ab initio framework

Ingredients:
1) re

2)

3) controllable reaction framework
here, spectator expansion of
Watson multiple scattering series

4)
ECH) E(*He) E(*He) rp{4He)
NNLO —8.249 —7.501 —-27.759 1.43(8)
NNLO+NNN —8.469 —7.722 —28.417 1.43(8)
Experiment —8.482 =1L —28.296 1.467(13)
Ekstrom et al., PRL 110, 192502 (2013)
physics + astronomy
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Nucleons
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3 Active
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Nucleons
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4 Active
Nucleons
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Building up an ab initio framework

Ingredients:
t v

1) realistic nuclear interaction LA = —

must describe target and projectile £

2) controllable structure framework
2 Active
here, no-core shell model (NCSM and SA-NCSM) g :uf:leons

Single Scattering

3) controllable reaction framework
here, spectator expansion of

Watson multiple scattering series Leading order in
spectator
expansion can be

computed ab initio

4) a way to connect everything

E(*H) E(*He) E(*He) r,(*He)

NNLO —-8249 -17.501 =27.759  1.43(8)
NNLO+NNN  —8469 —7.722 28417 1.43(8)
Experiment —8.482 7717 28296 1.467(13)

Ekstrom et al., PRL 110, 192502 (2013)

eeeeeeeeeeee
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Framework for ab initio Elastic Scattering

Reaction theory:

T Same NN force in all parts ~ SPectator expansion

Two-nucleon force

» 2 Active
LO (Q9) A } .C_)v o Nucleons
Weinberg '90 Single Scattering ~a.
Structure theory: 3 o
No-Core Shell Model oW R ] | J -]
Ordonez, van Kolck 92
60 ‘ "1l 20 ‘ "ap i
\ | N2LO (@) + |I . l 3 40 So; 2 P°,
n=4 n= o, 20f E
N :s\\ //,,—3 Ordonez, van Kolck '92 L=} ot 0 3
=2 =2 -10
i, /e S | | To — p—
=0 \% -0 NSO/ T N3LO (QA} D [ J }‘{ _ 0 1P1' 0 3P1_
‘ : ai‘snr‘ﬂﬂ-'DZ i :;g: : :12 i
. © 30f 30
Neutron matter | I + Ft. i J E— s
At ; N4LO (Q9) % RARES
distribution -

Entem, Kaiser, Machleidt, Nosyk "15
Epelbaum, HK, MeiBiner "15

L ] Calculations shown with NNLO: chiral interaction
’ : : . A. Ekstrom et al. PRL 110, 192502 (2013)

qlfm’]
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Setting up the ab initio framework

( effective ) _ (thing that puts) ( reaction ) ( structure )
interaction them together information information
NN interaction represented by Wolfenstein amplitudes 0) t P, t
( N Y -~
1 _________ - 1
.~
¢
M(g,Knn,€) = A(g, Knn,€)1®1 A: central ()
i ) (a<ﬂ> _ n) @1 C: spin-orbit
+1iC(q, CnN,€) 1 R (a'(’“) ‘) M, G, H: tensor
. s e Most general structure of
L TMiDEwads  Rie ':'2}} ) o NN amplitudes consistent
,Z_zf( - +[G(g, Knn,€) — H(g, Knn,€)] (077 - q) @ (a7 - q) with invariance principles
& :;C“; . £ + [G(g, Knn,€) + H(g,Knn, )] (6@ - K) @ (6@ - K)
"= K +D(g,Knn,6) [(0@-§) @ (6@ - K) + (¢ - K) & (0D - g)]

'= i OHIO
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Setting up the ab initio framework

( effective ) (thing that puts) ( reaction ) ( structure )
interaction them together information information
NN interaction represented by Wolfenstein amplitudes o [ o ]
A central 0.0 0.95 1.68 2.12 0.0 0.95 1.68 212
: 1 S L N B
- C: spin-orbit z | Im .
M(q,KnN,€) = A(q, KnN,€)1®1 =0s 2

+iC(q, Knn,€) (cr(ﬂ) - n) ®1 ,
(

50 100 150
3 T T T | T T T | T T T | 1
+iC(g, Knn.0) 1® (¢ - ) iy -
. 04 7
- i - = C 0.1 * —
+ M(q,Knn, f}(ﬂ'(n) ‘1) @ (U(t) - M) Shryr3 0.05 \’\& -
’ ).06 ’ By
q — p = p 2 2 0 . £ C 1 L1 1 T L1 “:
K = 1( ' 4+ p) * [G(q' Knw, E) a H(q' Knn F)] (J{ ) q) Q| Ufin slu 1(|m 15|U 0 12 5|U |(|m 1;(1
%Ci H + [G(g. Knn,€) + H(g, Knn,€)] (' - K) & 0] e
= L. A i ¥ =l I p——— .0 100 MeV =1
" K x4 + D(q,KnnN,€) (‘7(0) Q) ® (‘-7(1) -K) + (‘T{D g = ﬁrﬁoi(;:n 012 S
S oL ¢ GWINS 0{;; a <o B
h M, G’ H: tensor 04 | Slu — Iulml | Ilslul | U:Uﬁu ~-—~50‘ 'ulm' '1;9' -
physics +astronomy o ldeg o ldeg




2 Active

Computing the leading order effective potential @

effective _ thing that puts X reaction X structure
interaction them together information information
scatter off nucleus

L ¢ @, k with
1 8 \1’:/“( / A 0* ground state
J4L

UNIVERSITY
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2 Active

Computing the leading order effective potential r@\

effective . thing that puts X reaction X structure
interaction them together irgormation information
2

matter distribution

-

Uy(q,Kna,e€) = density
; 1 PAa+1
< Z &EKn (g, Knas€) Ap o q,E T]CNA-i-]C €
a=p,n
o 3 1 /A+1 S=0 pr
+ (o' -q) Z d°Kn (g, Kna,€) Cpa | G ; T?‘CNA +K),e )|~ (P, P)
a=N.Z
; 1/A+1
+ 1 Z ](i'i}cr_.: (g, Kna,€)Cpa (q,i (T]CNA + K:) ; E) Sna(P',P)cps 3
a=N,Z
g 5 1 [A+1 " . _
+ i(c©® . ) Z d’Kn(q, Kna.e) Mpo | g, 3 TK:NA +IC ), e]| Spal(P’, P)cosp

a=N,Z /
with — pr— (K-419) and P = (KH—%%)

spin-projected momentum distribution
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Open-shell nuclei

k=1

Nmax:18
=
—_— k=]
Nmax_:l'2 °lg

physics +astronomy
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Beyond NCSM: SA-NCSM One-Body Densities

(56 )/ (56 rurn

hw=13-
17 MeV

Baker, Elster, Dytrych, Launey

q[fm1]
0.5 1.0 1.5 2.0 2.5
101 _ * g
1004 / - Ceseeees
1 -,
1071 + 20 20
E Ne(p, p)*°Ne, 65 MeV, NNLOg,t
10—2 ] 1 - |. — : 1 —— I|_
s - Egi— 1
0.5 A ,,~?‘;s ,‘,3*‘;“':!!!
e -
0.0 1 * e
-0.5 A E0 Npax = (2)6
¥ Expt.
1.0 1 1 1 1 1
0.5 1
0.0 4 _—
-0.5 1 -
'1.0 T T T T T T T T T
10 20 30 40 50 60 70 80 90
Oc. m. [deg]
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Beyond NCSM: SA-NCSM One-Body Densities ML, chiral potential
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What we learned so far:

@ Consistent approach to p+A effective interaction in leading order multiple
scattering expansion is possible.
(spin of projectile and struck target nucleon treated consistently)

o In the multiple scattering approach the leading order term can be calculated
consistently ab initio for light nuclei based on NCSM
SA-NCSM is being explored for medium-mass nuclei

Some indication that the leading order the spectator expansion describes

o elastic scattering data better for open-shell (deformed) and exotic nuclei
than densely packed closed shell nuclei P
(good for providing predictions for optical potential fits in exotic regime) & onSTRUCTION

We plan a study of Mg isotopes with the SA-NCSM - data at 65 MeV available

Q Ongoing work: move beyond nuclei with 0* ground states
Transition potentials for inelastic scattering

UNIVERSITY
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Beyond NCSM: SA-NCSM One-Body Densities

(56 /(58 )rarn
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What about different chiral NN interactions ?

Description of NN data below ~ 130 MeV almost identical

week ending

PRL 110, 192502 (2013) PHYSICAL REVIEW LETTERS 10 MAY 2013
N N LO opt Optimized Chiral Nucleon-Nucleon Interaction at Next-to-Next-to-Leading Order
Fitted to about 125 MeV NN Elab A. Ekstrém,'? G. Baardsen,' C. Forssén,” G. Hagen,*” M. Hjorth-Jensen,'*® G.R. Jansen,* R. Machleidt,’

W. Nazarewicz,”** T. Papenbrock,j‘4 J. Sarich,” and S. M. Wild®

week ending

LENPIC — SCS PRL 115, 122301 (2015) PHYSICAL REVIEW LETTERS 18 SEPTEMBER 2015
Semi_local coordinate Space reQUIator R=1 fm Precision Nucleon-Nucleon Potential at Fifth Order in the Chiral Expansion

Sometimes referred to as EKM
(fitted up to about 300 MeV NN E

E. Epelbaum,' H. Krebs,' and U.-G. MeiBner™**
Iab)
Physics Letters B 761 (2016) 87-91

Daejeon 16 N3LO NN interaction adjusted to light nuclei in ab exitu approach

Starts from Idaho N3LO, applies SRG transformation AM. Shirokov®> %~ 1]. Shin9, Y. Kim9, M. Sosonkina ¢, P. Maris”, ].P. Vary"
And represents in HO basis
On-shell equivalent to Idaho N3LO (fitted to about 300 MeV NN E )

Baker, Burrows, Elster, Launey, Maris, Popa, Weppner, PRC 108, 044617 (2023)
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Differential 6. [deg]
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Energy dependence

£ 10}
for small momentum Té :
transfer is different =
_§_|_’%1 10° lﬁo(p’p)lﬁo
180 MeV ]
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Baker, B El Maris, P W PRC 108, 044617 (2023 q =
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