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Indirect Methods: Nuclear Reactions

» direct measurement 7Be(p,'y)sB

» transfer reaction .

.
IIIII

Il l iy
« Coulomb dissociation
. . ‘Be
14N(7Be, 3B)13C .B.
e low relative energy

s OHIO

UNIVERSITY

physics +astronomy



Why Reactions?

| . »F — Traditionally used to extract optical potentials,
Elastic: ' rms radii, density distributions
Traditionally used to extract
Inlastic: electromagnetic transitions
or nuclear deformations.
, Traditionally used to extract spin, parity, spectroscopic factors
Transfer: example: 132Sn(d,p)'33Sn
Traditionally used to study two-nucleon correlations and pairing
example: "Li(p,t)°Li
Breakup: 230(Pb Pb)220+n+y

[Nociforo et al, PLB 605 (2005) 79] /

-

20 + y = n + 220
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Theory Challenge:

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

Reaction theories need to map onto the many-body problem!

It is not easy to develop effective field theories for reactions:

There is not always a clear separation of scales.
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Often attempted meeting point between
Structure and Reactions:

B=A+n

?’Zgj

A

overlap function

. \ \ A iSA N

spectroscopic factor (S,,):
norm of overlap function

Extracting spectroscopic factors can provide some handle on structure theory.

However: spectroscopic factors are not observables

Instead: asymptotic normalization coefficients

physics +astronomy
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Direct Reactions with Nuclei:
Dominated by few degrees of freedom

e Elastic & inelastic scattering

. Few.-pa.rticle. transfer 3He(d,p)*He - o)
(stripping, pick-up) N\
e Charge exchange ) ©T0
e Knockout ® .
N
N\ 1405 (d, p)141Sn

s b ?

Task: * Isolate important degrees of freedom in a reaction

» Keep track of important channels
» Connect back to the many-body problem

s OHIO

UNIVERSITY

physics +astronomy



(d,p) Reactions: Effective Three-Body Problem

Hamiltonian for the effective few-body poblem:
H=Hy+V ,+V+V, NN
. nA optical potential

pA
optical potential
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(d,p) Reactions as three-body problem

% - J)\. Deltuva and Fonseca, Phys. Rev. C79, 014606 (2009).

Elastic, breakup, rearrangement channels are included and fully coupled
(compared to e.g. CDCC calculations)

12 13
C(d,p)+3C 48Ca(d,p)*°Ca 1326n(d,p)!33Sn
80 :l LB [ T~rrT ‘ Tent ] LI I] :l LI ] LI l Tind [ LI l: _l LI ] :: L l UL L L I L] T_
- - == CDCC E-\  E,=19.3MeV 1 R :
60 —ragst PPOF 3 o ,’I e L
40F 40F 1t / .
C 3 E \ . - 1 ~. -
20 F 12MeV Jo0F ‘\\ E :— ,/’ Ey=9.5MeV ?
0 pHHHHHHFAATH O —1—-H—H—H—H—H—H—H—H:
- 16 E 56 MeV 3 BN E, = 20 MeV -
12 F = i) T -
1.4 ---cbcc 3 F .
1 4E —FAGS1 J [ ‘\\ 3
E 2 :_ _: — N .
0: EOEIIIIII\ITTrr Eow
0 20 40 60 80 O 20 40 60 800 40 80 120
6 (degrees) 0 (degrees) 0 (degrees)
h ) Courtesy: F.M. Nunes
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Issues:

@ current momentum
space implementation
of Coulomb interaction
(shielding) does not
converge for Z 2 20

& CDCC and FAGS
do not agree in
breakup up
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Generalization of Faddeev-AGS approach needed :

Theory: A.M. Mukhamedzhanov, V.Eremenko and A.l. Sattarov,
Phys.Rev. C86 (2012) 034001

Generalized Faddeev formulation of (d,p) reactions with:
(a) explicit inclusion of the Coulomb interaction (no screening)
(b) explicit inclusion of target excitations

Explicit inclusion of Coulomb interaction:
Formulation of Faddeev equations in Coulomb basis instead of plane waves
Needs: Formulation with separable interactions to avoid pinch singularities

Target excitations:
@ Including specific excited states
— Formulation with separable interactions also useful.
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Faddeev Equations in Coulomb Basis :

3
: g C rS
Three-body scattering state: |‘~I‘} — QJ> + 9o (E)Lﬂ, ‘I’>
a=1
1
95 (E) = (E — Hy — V.5 +i0)
Faddeev components 1,
) =D [ta) =D dailon) + 95 (E)V|D)
_ L |7'."'IIJCL}
e.g. |¢1) is initial state A + (pn)
Faddeev-type equations
¥1) = 11) + 95 (E)VE > |¥a) 1) = 191) + 95 (B)t2 3 |¥a)
a az#1
pa) — o (D)5 Y wa) N [¥2) = a5 (B)t2 3 |va)
a az=2
lig) = gE{E}VBS Z |Ya) l3) = QE(E}tB Z |¥a)
a / a3
- proof of principle work is her'e/ .
physics +astronomy & OHIO




A(d,p)B Reaction using Coulomb Green’s functions

Coulomb-modified Green’s function

YAV |
fc 1 2 O I * L
V = f gop = [E — H[] + EO_IIUE—[]
-__'Cf ___1Cf
c |f;"kg?;><f;"k,?;

N = F T+ 0

* E.LDolinskif and A.M.Mukhamedzhanov. Sov. J. of Nucl. Phys. 3 (1966), 180.
* C.R.Chinn et al. Phys. Rev. C 44 (1991), 1569.

All matrix elements must be calculated in the Coulomb basis
Not trivial |
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Challenge: momentum space Coulomb functions

¢ . . 10~ j T T T
@ ‘Regular 2N =05
N . ,//- N o
representation for 10°F e §";x g
/’f s AN '\"_\.‘"--.
) .FIL‘-. o 5 P e § i h"“m.__
I % E 107 - el —— 1-0 g Sownig
: o = : IS | S
@ ‘Pole-proximity’ - . I;’ & e 1=8 o T
. & J / B
representation for B Y S L e i T
N
p = k: = e N n=3 _
107~ e \ -
(_—I ]. /’ { §
Vikn(P)~ - —. AL, \
kel (p — k +10)t+in 104—1,«;’ ‘\%
sl N
10°0 1, | . | N |
0 0.5 I 1.5 2 2.5 3
-1
p [fm ]

Eremenko et al. Comp. Phys. Comm. 187, 195 (2015)
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Challenge: Matrix elements in the Coulomb basis
tg’zg(k"? k,E) = fdp’ dp 'i,__n,(p’ﬂ tad(p p. E) fﬁw?(fj)

‘ Pinch singularity in the elastic channel:

o E =2uk? =2uk" ®+in
e Since v — +0, singularities of -u‘frfg, " E =k
. . . "1 1 *
and L}gkn are pinching the p P
integration contour ®__;~

If t-matrix separable 1 (k.}.E) =Y u,(k) M2y (E) up, (K)!

zy
. dp p* ~
'U-Ez(iﬁ) = / 52 u - (p)y j(g n(ﬁ)

‘ No pinch singularity!

e Two independent integrals over p ¢ +17y
and p/

e Cauchy’s theorem

@ Numerical calculations use P
Gel'fand-Shilov regularization

physics +astronomy
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Effective Three-Body Problem

Hamiltonian for effective three-body poblem:

H=Hg+V,, + Vo + Vo, NN

. nA optical potential
Needed: . PA
Separable two-body transition matrices optical potential

in all channels (NN, nA, pA)

Challenge:

pA and nA effective interactions

» are complex and energy dependent

» Vary considerably over mass regions of the nuclear chart

» Many nuclei are deformed, i.e. additional degrees of freedom
(rotational,vibrational)

physics +astronomy
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Starting point: Ernst-Shakin-Thaler (EST) representation

D. J. Ernst, C. M. Shakin, and R. M. Thaler, Phys.Rev. C9, 1780 (1974)

Separable expansion of Hermitian operator, V, in basis {|1)}:
Projection operator: P =) |1;) (1]
Projecting V' onto P-subspace yields v = V P(PV P)~1PV

In the limit P — 1 we obtain v =V

EST scheme: choose basis vectors to be |t;-i-£+}} the outgoing solutions of

(Ho+V)|ei "y = Eif i), so that v =3 VI ™)ag (i |v

]

Constraints = 0p; = E(L |1 |1, ))\33
i
J

Constraints ensure that at EST support points, E;, wavefunctions
corresponding to v and V' are identical
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Explicit Construction in Momentum Space:

1. Form factor (half-shell t-matrix): T'(E)|k;) = V [12(+)) given
by LS equation

I_V:+v: v:+vvv:+0!0
1 1 I 1
6 = eily

’

= Vi +wi =V+VgOT
1
¢

2. Separable t-matrix elements are given by
(KHE)R) = D (K V[ ) (B) @7V (E))Ik)
ij

T UE) = WTWVE)) — W7V (E)go(B)V(E;)|e$)

i foJ

Choosing scattering wave functions as basis is easy in momentum space

Evaluating U involves only integrals over half-shell t-matrices, numerically straightfoward

1 '!-J

Quite different from the original EST work in coordinate spacel!

physics +astronomy
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Comp|ex potentia|s ( L. Hlophe, et al. Phys. Rev. C88, 064608 (2013))

Given a time-reversal operator, IC, reciprocity is fulfilled if

KoKt = of

Separable potential v does not satisfy this relation for complex
potentials

Remedy: use ‘in’ states |-1;'}£_:'}, eigenstates of H' = Hy + V*

For non-Hermitian potential V: v =>_ Tr’|-1;"-‘§+]})\f_j {-t,s'l‘;_jﬂf’r
1]

Constraints = 0y = Z{-y}}:j|L”|-¢'l-§+}})uij _ _ _
i v fulfills reciprocity
since \ is symmetric,

) (=) e rt ;
Oif = Z )‘\*.E.j {LE H’ |'1.5”;E:+}} e. A\ij = Ay
J

t-matrix: t(E) =) ‘v’|-1;'h£+)}'r1~j(E){-1.;-'}_5_}|1’r

ij
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Highlights for n-A potential: general set of EST support points

These EST support points

system partial wave(s) rank EST support point(s) [MeV]
> 10 1 40 - L

A8, s ; % 47 provide good .descr|pt|on
L2 6 3 16,36, 47 of the s-matrices and
— : ’ ‘40 ’ cross sections from 0 to

n4+132gp 1> 13 2 35, 48 50 MeV

and 1> 11 3 24, 39, 48

n+298pp 1> 6 4 11, 21, 36, 45 ,

1>0 5 5,11, 21, 36,47 <—+— Universal set

Differential cross section

Elastic scattering s-matrix

0‘6_—|I II T T 17T I LI | TTT1T I LI T I T T T T T T T T T TT I 1 T LI l—_ i I T I T T I T I T '
E —— EST E _
= 0.42—{&\\ //"\\ -—. = original —; 5
= 0.2F - EST
o | / \ ~
lT—' = Og_: 208 \ /"/ E * CHSQ =
< -02E] n+ Pb \ e E ]
) E — = —_— 48 .
) 347 \/ ] = Ca [*40] (E,,=38MeV) =
0.6 1 E ‘ 3
'E-I 11 I 1111 I 111 | 111 I 111 | 111 I 111 | 111 I 111 | 1
2)(]0 _I LI I T T I L L | T 1T I T T | LR L I L 11T 11T | T ] —
a ] [an
- [5. 11,21, 36,47 MeV] i F -
= . 1
o 20 A —
g a0k RO :
-_'a. r & & & r ] 7
= L 4 L4 At a ] |
Fa A A Lk a M : B *‘lﬁfé
OF 44a Ad Sas a A Aka A L a4 A 3
_II II 1 1 I 11 11 | 11 II 111 1 | 11 11 I 11 11 | 1 11 I 1 11 | 1 II_ L L -
0 5 10 15 20 25 30 35 40 45 50 80
E, MV 6 -
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Off shell t-matrix: n+*Ca, | =6, Ej,;, = 16 MeV
CH89

13/2

EST

J '  Jp =132 oy
(3) Re[T; ™ (K ) (b) Relt " (4 ks )
4.0 000 o L 0.00
i P - 0,00 I " sl =" i ’ 0.00
T -o.02 P i . _ -0.02
-0.02 f | i -0.02
0,04 Eeme{-0.04 R T Ir""'f 004 EEE=-0.04
m ‘R 'n
_DDE llllll I--D_Dﬁ : _DDE llllll.-D_Dﬁ
-0.08 w0 O I: -0.08 w0
B i
-0.10 010 I Ir -0.10 010
= r X ~ p
i . o -8 12 L LY ‘I' 0.1 homem i o -(3,1 2
-0.14 | | 0.14
-0.14 1.”5' — -0.14
P (K k)
0.00 . 0.00
.00 I N o.o0
||||||||||| -0.02 I |.
r’ B w002
002 L me]-004 [ e b
: [
004 pree o -0, 0B | ' [ = -0.04
. i
S Wy ] !
-0.06 5 -0.06
|
-0 10 | I
y ' =e-0.08
: noE .. oJ-012 | < Y
[ . 1
D.m n n n n n Ny 010 014 n n n n n = " 010
1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0

k [fm™']

k [fm™']

ko = 0.86 fm~1!
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Off-shell t-matrix

B (k' ;) —t]P (k.k':E)
[P (K ks B)+t]F (k.k';E)] /2

Asymmetry: &tgp(ff.’, ks B) =

gy =182

= E;ﬂg,:fiﬂ MEV

(b) At

=6

1.00 pem— 1.01

=-=+0.80 0.8

0.60 0.6l

-=<0.40 0.4

0.20 0.2

0 n. s, T R 001 ! 5 ; 0.0
| 1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0

k[fm '] Elfm ']

Not completely symmetric!
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Complex, energy dependent potentials

L. Hiophe et al. PRC 93, 034601 (2016)

Reuvisit: EST Constraints = 03, = E('l,i’;g_j|1"T(Ei.)|'¥';’£+)>)‘ij

. =11 i
Sk = 32 Mg (U7 IV (BRI

j
Energy dependence of V' breaks symmetry: \;; # A;; = violation
of reciprocity

New: Energy dependent EST (eEST)
Define u(E) = X V(E)wi )i () (7 [V (E;)
1j

Constraint = (¢ |V(E)|¢F) = (U |v(E)|W;F)
U

Matrix elements of v(FE) and V(FE) are identical at all energies

Both EST constraints are satisfied and \;; = \j;
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EST vs eEST separable representation

e EST and eEST schemes have same form factors

e Evaluation of 7;;(E) is different

EST:
RE)-7(E)=1

Rij(E) = (V7 [V(E)|¢;) — (07 [V (Ei)go(E)V(Ej)[¢)

eEST:
R(FE)-7(F) = M(F)

Rij(E) = (07 [V(E)[YT) =3 Min(E) (b5 |V (En)go(E)V (Ej)[4)
e For energy independent potentials M;,(E) = d;,
then EST and eEST schemes are identical

On-shell: no visible difference
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Off shell t-matrix: n+**Ca, | = 6, Ej,; = 16 MeV
CH89

(a) RelT; ;" (¥ .k E)]

r o
F

¢
o

#

]
# n
# #
o

'
Lo

i

I
,

I

L

»
i |

10 2.0 30 40
k[fm']
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4144

404

08 pe

414

t-matrix in [fm?], on

.44
LLL R
e B
IE iR
jm o .08

.10
o 40 12

.14

EST

(b) Reft! 2™ (K.k; )

LII "I;
o F=13/2 ;4 4 1
(e) Imft] ™" (K K E)

i i !

'|II 1|.L

n R e oo
1.0 20 30 4.0

k [fm ]

a.04
.02
404
.04
a.04
a.1a
.12
014

.04
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404

.04

a.08 po

414

4.14

eEST

() Relt*{=6"" (K k)

= — . -
[ Sk ol

" = y ke
U ¥ &

o i o

= P

= it
i

= L
L}

o i
I

=l L
%

A

L] |

| —

10 20 3.0 40
k[fm]

shell momentum at kg = 0.86 fm™!

a.04a
002
0.04
.04
0.08

a.14a
.12
0.14

.14

i

LL R

1.404

<004

oo 000

.14
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Asymmetry: ﬁ.f“;p(g.frf ki E) =

EST

e On shell momentum: kg = 0.86 fm—
ko = 1.36 fm™!

physics +astronomy
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0.40
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1.00

Symmetric

0.80
0.60
0.40

0.20

0.01

10 2.0
k [fm-! ]

3.0 4.0

jP{k: f{'E} jP (k fc’r'E]

[t jp(ﬂc*’ k; E)—l—f’?*" kk'E

1.00
0.80
0.60
0.40
0.20
0.01

)1/2

(b) a.z*‘-r.‘-'-"-. E,,=40 MeV

.5

(d) At /3" Ey,=—40 MeV

Symmetric

E[fm]

1 at 16 MeV,

at 40 MeV

00 10 2.0 30
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0.01
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0.20
0.01
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EST and eEST schemes for proton-nucleus scattering

(L. Hlophe, et al., Phys. Rev. C90, 061602 (2014))

(+) >

(1) Coulomb-distorted nuclear scattering states, [1;" are used

in the separable expansion

(2) Free propagator go(E) = (E — Hp + i)™ ! replaced by
Coulomb Green's function g.(F) = (E — Hy — V° + -1'.;;)—1

& Separable t-matrix becomes
t(E) = V(B ) (B) (57|85
17

B Form factor I"TS(Ei)|'I;';‘fC{+]> = T7°(E)| o, ) evaluated from

(| TP(E) Pk, = (PwlUr" | Dik,) + / dpp® (i U7 | 6,)
X (Pipl9e(E)|Pip) (Dipl T (E)| ik, )

[ Ch. Elster et al., J.Phys. G19, 2123 (1993)]
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Proton-nucleus differential cross section

N S I I I L A e e B s B B B
48 ,
3 Ca [*4] (E, =38 MeV ) =
: *
§ 1 =
E i
o) ]
5 _
z . ® CH89| A
0.1
by (E Z45MeV)
( lab— ©
0.0] b lovv v bvv v v by v by v v v g vy b by 1
0 20 40 60 80 100 120 140 160 180
0

General set of EST support points also valid for p+A optical
potentials
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Off shell t-matrix: p+2°2Pb208, I = 0

=1/2 i, =1/2 }
(a) A", Ep,=29 MeV (b) Atf "5 Epy=45 MeV
4.0 T T 1.00 1.00 . -- ———r
.; l 2] Boso  |---- 0.80
n 8 . B0.60 |- H0.60
EST S M = _ 0.40 - 0.40
= S
g =~ Bo.20 0.20
0,15 'j o = | 0.01 0.01
£ s e —
[C} .&t I'v_“ 4 E;ﬂb—zg MEV
Y S — 1.00 1.00
i 0.80  }----1 0.80
5y : 0.60 |- Jo.60
eEST"
..,E .0 Symmetric Symumetric
== 0.40  }----1 0.40
i
1o 0.20 0.20
01— 555 35 4o U0t 0.1 005 Lo 20 30
k[fm™'] k [fm™]

e On shell momentum: kg = 0.96 fm~! at 16 MeV,

physics +astronomy

ko = 1.36 fm~1 at 40 MeV
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Excitations of Nucleus:
Multichannel Separable Potentials

o EST form factors become the multichannel half-shell

t-matrices 7'/ o Ei) | kn>

e Requires solutions of the multichannel t-matrix LS equation

e Multichannel separable t-matrix

tl J(E)=>>T np(E)G‘z k“) {E}<fﬁzgk;

po ij

T (E;)

where TSJ(E) is defined by

R(E)-7(E) = M(E),

I’FJ[_ETJ = <§ﬁ‘gpkf| Tp E;) + ZT 5(E:)Gp(E; )TJ (E;)

Pl kg >
¢5sgk;>

g OHIO

UNIVERSITY

— E% ZH:M (E)<"33 k Tsa (En)G_S’(E)IS{g(Ej)
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Neutron Scattering from a deformed nucleus

e Deformed nuclei possess rotational excitation levels

e During a scattering process the low-lying rotational levels
couple strongly to the ground state

e Employ a deformed optical model potential (DOMP)
R(0) = Ro(1+ Y 67(6.0))
A0
e DOMP is expanded in multipoles
U(r.6) =Y VArUx(r)YY(6.0)
A

1

U\(r) = V7 / dcosf U(F)YL2(0,0)

—1
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Olsson 89 DOMP: n+'2C scattering

e 12C rotational band: I™ =07, 2. 4+ ..

e Scattering processes: elastic 07 — 0T and inelastic
scattering 07 — 27

e Olsson 89 DOMP n+12C fitted to elastic and inelastic

scattering data
[B. Olsson,et al., Nucl. Phys. A469, 505, (1989).]

e Parameters:

Strength [MeV] Radius [fm] Diffusiveness [fm]
V., = 64.02 — 0.674E,, R, — 1.093A41/3 a, = 0.619

W, =116+ 0.251F, R,=1.319A413 as = 0.327
Vso = 6.2 R, = 105043 aso = 0.550

£ OHIO
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Reproduced the Olsson calculations with an eEST separable representation:

n~+12C cross sections for elastic and inelastic scattering

— 1 1 1 T 1 1 1 1 1 1 1 1 1 1 1 T 1 1 ]Dg
ofF | | 1'=0" (0 MeV) E | IJ=2" (443 MEV}F
10 *%s0,, 165 MeV 1 4
B 2940,, seste ()
8 3
10°E 16.5 MeV Seeae, ]
= cive 2o, 17.6 MeV — ]Dﬁ
]D? = +* o retet s 3
17.6 MeV s, -
— a " -
I Dﬂ R vearet® 20, ]‘E‘?: Me‘\f‘"“‘ E 10°
= 5 18.7MeV s 3
o s, =
s sk ~ o’ "'0 — 4
= 10°E vet*t *e  19.8 MeV 310
B, : 198 MeV S0 — %0 0e corons
2 o'k “es 10
= F 20.9 MeV e, as’— ,, 20.9 MeV 310
© 3k *oe, * spptt
© IR 21.6 MeV e 1,02
n ' - ., 21.6MeV 5 10
2L FY o . 3
" 22 MeV if e, ] o
18 . . 22MeV E
10 S * ¢ = . P, ]
5 el _ ‘Q‘O ] 0
0 bey q10
]D EI Ll I | I I I | | | I I I | | L™ | | | | | | 1 | | | | | 1 | | | -
0 50 100 150 0 50 100 150
0, Ide] 0, [deg]
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Off-shell EST separable t-matrix n+'2C, E;;, = 20.9

a REM.M (K& E)]

c Reﬂ'“ (K& E))

‘.‘

1.0 2.0 3.0 4.0
ke [fm~]

k’ E"{'rn‘l ]

.l.:’ Efm‘l]

0.40

0.20

0.00

-0.20

-0.40

0.05
0.00
-0.05

0.60

0.40

«{0.20

-0.10 =

-0.15
0.20

0.00
-0.20
-0.40
0.20

10.15

0.10
0.05
0.00
-0.05
-0.10
-0.15
-0.20

(b) Re[t; " (K k)]

Ret‘r 5K kB

0.0 1.0 2.0 3.0 4.0
ke [fm~]

e EST support points: 6, 20, 40 MeV

e Asymmetry much more pronounced, off-diagonal on-shell
t-matrix Is not symmetric
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Off-shell eEST separable t-matrix n+2C, E;, = 20.9

a) Re[t ) 7 (K. k;E)] (b) Re[t . 7 (K, k:E))

0.60 0.20
0.40 0.40 0.05 {10.15
0.20 ’ 0.00 m===(0.10
R e 0.20 NI [l e 0.05
-0.05 [ __J 0.00

0.00 .
--40.00 -0.10 p=+=4{-0.05
-0.20 .0.20 ) ====-0.10
0.15 0.15
-0.40 -0.40 -0.20 -0.20

(d) Re[t 1= (K k:E)]

0.20 0.01
0.05 10.15 0.01
0.00 -ﬁég 000 [71000
-0.05 |..40.00 -0.01 R==d-0.01
0.10 -0.05 -0.02
0.15 "“:g:}g 003 0%
0.20 0.20 -0.03

1.0 2.0 3.0 4.0 ‘ 0.0 1.0 2.0 3.0 4.0
k[fm=!] k[fm™']

e eEST scheme leads to symmetric off-shell t-matrix
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Asymmetry, n+12C, Ej,p = 20.9 MeV

0t ® sj/z — 0t ® .s—j/g 0+t ® sj/? — 2t ® dgﬁ

(b) Atg7e®

7 gl00 1.00 1.00 1.00

s|' 0.80 [--40.80 0.80 |---/0.80

0.60 |- 0.60 0.60 |- 0.60

0.40 F-=--040 10.40 F---10.40

0.20 0.20 0.20 0.20

0.01 0,01 H 0.01 0.01

1.00 1.00 LALEER 1.00 1.00

0.80 L-=<0.80 0.80 L.--=0.80

0.60 }ieoned 0.60 | 1 B0.60 |.-... 0.60

:-i ' i Symmetric 0.40 k-=-0.40 Symmetric 0.40 F==-0.40

1.0r 0.20 020 [ 1 Ho.20 0.20

03520 =0 4o O R IS T T TR oot
ke [fm™1] k[fm~]

Asymmetry for EST more pronounced in multichannel scattering

eEST important when taking into account excitations
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COUTWLE T T T GO S T ) e
Straightforward extension to p+'2C scattering

Similar to single-channel case:

(1) Coulomb-distorted nuclear scattering states, \fz_.,-"',-'fc(ﬂ) are used

in the separable expansion

(2) Free propagator go(E) = (E — Hy + i)~ replaced by
Coulomb Green's function g.(E) = (E — Hy — V¢ +ig)~}

4
l[) |||||||||||| T S S I S S S S S S S S — — — T
+ B +
O 17 =27 (443 MeV)
Potential and data from:
2
10 B 7
A. S, Meigooni, R. W. Finlay,
= J. 5. Petler, and J. P. Delaroche,
3 0 Nuel. Phys., vol. A445 pp. 304-332, 1985.
= 10
— .4
> 10
% N = 4 spherical sr-Coul.| J
B o T — Separable 7]
=
E
10°f
E °
02k 65 MeV %
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1
0 50 100 150 0 50 100 150
0 0,
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Future: Numerical implementation of Faddeev-AGS equations

With this we can solve the effective three-body problem
for (d,p) reactions for nuclei across the nuclear chart

Can we test this picture?

@ Scattering d+*He can be calculated as many body problem
by NCSM+RGM

Benchmark elastic and breakup scattering for d+4He

@ Only reactions with light nuclei will allow benchmarks

(i.e. with calculations by A. Deltuva)
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Further Challenge:
Determine effective interactions V

= V. is effective interaction between N+A
and should describe elastic scattering
NN ,
. nA optical potential

Hamiltonian for effective few-body poblem:

pzx
H — HO + Vnp + VnA + VpA optical potential @

= V,,is well understood
= V,aandV,, are effective interactions
» Most used: phenomenological approaches
= Global optical potential fits to elastic scattering data
» Most data available for stable nuclei
= Extrapolation to exotic nuclei questionable
= Microscopic approaches need to be developed or existing ones
refined and adapted for exotic nuclei
= Microscopic approaches were developed for A being a closed
shell nucleus.

physics +astronomy =g OHIO

UNIVERSITY



Nuclear Landscape

Goal for Reaction Theory:

Determine the topography of the
nuclear landscape according to
reactions described in definite
schemes

« At present “traditional’ few-body methods are being successfully
applied to a subset of nuclear reactions (with light nuclei)
« Challenge: reactions with heavier nuclei

» Establish overlaps and benchmarks, where different approaches can
be firmly tested.

« “cross fertilization’ of different fields (structure and reactions) carries a
lot of promise for developing the theoretical tools necessary for R
physics.
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p+A and n+A effective interactions (optical potentials)

» Renewed urgency in reaction theory community for
microscopic input to e.g. (d,p) reaction models .

» Most likely complementary approaches needed for different
energy regimes

o In the multiple scattering approach not even the first order term is
fully explored: all work concentrates on closed-shell nuclei

Via (@, ®,) results from nuclear structure calculations enter

@ — Structure and Reaction calculations can be treated with similar
sophistication

Older microscopic calculations concentrated on closed shell spin-0 nuclei
(ground state wave functions were not available)

@ Today one can start to explore importance of open-shells in light nuclei
full complexity of the NN interactions enters

Experimental relevance: Polarization measurements for °He — p at
RIKEN
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