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Introquction

Subject: quasi-free scattering with RIBs between 1004 MeV to 2004 MeV.

Problem: definition of the interactions between projectile and target at these energies, and how to constrain them.

Elastic scattering constrains the underlying optical potential and hence
the relative wave functions between projectile and target.



Formal theory, optical potential

Optical potential: associated with elastic scattering only. We spilit the Hilbert space:

1. P projects onto the elastic scattering channel;

2. ( projects onto everything else.

Thus: P+ 0 =1,PO=0P =0, QO (I)gs> = 0, etc. This leads to (with H,, = AHB):

(E = Hpp) |w*) = Hpg |y*)

(E_HQQ) w*) = Hop |y*)

By recoupling, the S.E. for the projectile wave function is

{E— Hy— ( @y | V] @) - <<I>gs VGOV (Dgs>} 7)) =0
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Definition of the optical potential: U = (q)gslvlq)gs> 25 (Cbgs VGéQ)V CI)gs>

[t is a many-body problem...

It Is complex, nonlocal, target-, and energy- dependent.

[Low energy: £ < 10 MeV

Coupled-channel methods, formation of states in the compound nucleus in elastic scattering.

MCAS: Multi-Channel Algebraic Scattering.
(Steven Karataglidis, Ken Amos, Paul R. Fraser, and Luciano Canton, A new development
at the intersection of nuclear structure and reaction theory, Springer-Nature 2019.)

Intermediate energy: 25 < E < 300 MeV]

Folding NN potentials with target structures to form optical potentials.

e.g. Melbourne g-folding model, K. Amos et al., Adv. Nucl. Phys. 25, 275 (2000).



Melbourne g-folding optical potential: g matrix

(A refresher for intermediate energy nucleon-nucleus scattering.)

Effective NN potential - Melbourne model.

. Effective NN interaction obtained from g matrices.

. Bonn-B interaction used for the current examples.

. Momentum-space eftective Interaction mapped to coordinate
space.

. Densities obtained from credible models of structure.

The g matrix is a solution of the Bethe-Goldstone equation:

Q(k’; K; kF)
E(k K) — E(k',K)

9(q,q;K) =Vv(q',q + J V(q', k) g(kK', q; K)dK’

where () is a Pauli operator and the energy denominator accounts for medium effects and is dependent on auxiliary potentials
(eg. effective mass operators).



Construction of the optical potential

In coordinate space, the OMP for elastic scattering Is

FErE)=5(r—=r1r) 2 nijwi* (S)gp (r,S; E) @, (S) ds

+ ) mo* () gg (r. 15 E) ¢, (r)
=U,(r,E)o(x=r)+ U (x,r;E).

~ First term is the “gp” (direct) potential.

~ Second term is the exchange term.

<~ All nonlocality stems from the exchange term.

~ Structure enters through the single particle wave functions and occupation numbers, #..

<~ For non-zero spin targets, terms with non-zero spin coupling may be included via the DWA.

e Of the tareoe



Nuclear structure

One-body density matrix elements are required, and obtained from the Shell model.
+ el
S =l [ajz X ah] I Ji)
Single particle wave functions are set and consistent with nucleon separation energies.

- HO: (naive shell model) gives skin attributes.
- WS: binding energies set to the single-nucleon separation energy gives
appropriate extension of the nucleon (proton or neutron) density consistent with a halo or skin.



Testing the OMP: 2C, and °®SHe

The interaction between projectile and target, both assumed hadronic, is encoded in the optical potential. The main test of that
potential is through elastic scattering, and through the use of the differential cross section and analysing power... That optical
potential is required to define the relative wave functions for use in quasi-elastic scattering.

s
e t matrix
MY =

do/dQ2 (mb/sr)

12C(p,p) at 200 MeV. Red: oscillator single-particle wave functions; blue: WS
functions. (Ref: a certain speaker’'s PhD...)




°8He proton elastic scattering

(From S. Karataglidis and K. Amos, Phys. Rev. C 87, 054623 (2013); data from S. Sakaguchi et al. Phys. Rev. C 84, 024604 (2011),
and Phys. Rev. C 87, 021601(R) (2013).)
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Energy dependence (°He-p scattering):

Elastic scattering

p—
-

Inelastic scattering to the 2" state

do/dq (mb fm)
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(Data from GANIL and JINR, SK and K. Amos, Phys. Rev. C 87, 054623 (2013).)



The results of those calculations came from....

PHYSICAL REVIEW C, VOLUME 61, 024319

Alternative evaluations of halos in nuclei

S. Karataglidis,1 P. J. Dortmans.”> K. Amos.” and C. Bennhold?
LTRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, Canada V6T 2A3

2School of Physics, University of Melbourne, Parkville, Victoria 3052, Australia
3Center of Nuclear Studies, Department of Physics, The George Washington University, Washington, D.C. 20052
(Received 13 November 1998; published 21 January 2000)

Data for the scattering of °He, ®He, Li, and ''Li from hydrogen are analyzed within a fully microscopic
folding model of proton-nucleus scattering. Current data suggest that of these only ''Li has a noticeable halo.
For °He, we have also analyzed the complementary reaction 6Li(y,w*)éHeg_s.. The available data for that
reaction support the hypothesis that ®He may not be a halo nucleus. However, those data are scarce and there
is clearly a need for more to elicit the microscopic structure of °He.

PACS number(s): 21.10.Gv, 24.10.—1, 2540 Ep, 27.20.+n



[ ow-enerqy scattering: MCAS

We seek to obtain S matrices and evaluate:

Total elastic scattering cross sections:

The MCAS approach is built upon:

1. Finite-rank separable representations of realistic interactions;

2. Scattering matrices for separab
3. Sturmian functions (Weinberg s

e Schrodinger interactions;

ates) to define form factors.



Multi-channel | matrices

Solution of coupled Lippmann-Schwinger equations:

closed

2 1
Tee (pa q;E) = Ve (pa Q) — Y Z /O ‘/cc”(pa .CC) . 1 2 Tc”c’(xa q, E) $2dx
iy c!’

open

= 1
M Z /0 Veer (pa 53) 2 — T o1 e (.CL’, q; E) 2dx

2
T 1€
et |

Expand the potential matrix: AT
Veer (0,0) ~ V2 (0,0) = Y Ren (D)7  Rern (@)

Optimal functions, ¥ (q), involve Sturmians |® .1, ):
‘)2071) = ZVCC’ ‘(I)c’n>

Z GS:O)VCC’ [ Pern) = —1n [Pen)



Multi-channel S matrices

Separable expansion of multi-channel V.. =multi-channel § matrix (cc’ are open channels, specified by

3

Scc/ — 500/ = 7:71'/,6\/]6 k /ch/

= §cer — MY Z VkeXen (K ('rl Go )nn Xern (ke )V Ker

Rt

Matrix elements (Sturmian basis) [9],,,,/ = Nn 0y, With:

nn

open - x 2 closed A x 2

[GO] el Z f ch(X) —Xz-l-i chi(X)dx—,Ll Z f chhz_l_ Zchd




Collective moael for Vec'(r)

Volri =t T T Tir- Ry Gs)dl T

Deformation is included via a rotational or vibrational model with the nuclear surface defined by:

R = Ry(1 +¢); e—z\/QL_I_lﬁL V(%) - YL (#)]

L>2
- df(r)] | 1 5 [d*f(r)
f(r,R)—fo(r)—I—s_ regs —|-§8 |
41 d
= fole) 2L_|_1/6L RZEN%A f;ir)
=i d? fo(r)

1
+§,@%(2L+1) > 57 (LOLOJL0) [Vr - Y]

[,even

dr?



2C(p,p) low energy, mass-13 bound states

E (MeV)

proton neutron
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Energies in reference to p+12C and n+12C thresholds. Problem! Pauli principle is

violated.




OPP correction for Pauli




Conclusions

. Presented optical models and at low and intermediate energies for NA scattering.

. Potentials found are complex, nonlocal, target- and energy-dependent.

. For quasi-free scattering with radioactive nuclel at intermediate energies, such potentials are necessary to

obtain relative wave functions of the projectile and target.

. Elastic scattering is essential to constrain the optical potentials used in the analyses of data coming from such

experiments.
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