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Exotic Nuclei are usually short lived:

Have to be studied with reactions in inverse kinematics

e.g. direct reaction: i
initial final
state state

Challenge:

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

“@ » o0

Many-body [ Few-body
problem problem
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Example (d,p) Reactions:
Reduce Many-Body to Few-Body Problem

Hamiltonian for effective few-body poblem:
H=H,+V_ +V_,+V,

Solve few-body problem

@ Nucleon-nucleon interaction believed to be well known:
today: chiral interactions

@ Effective proton (neutron) nucleus interactions:
* purely phenomenological optical potentials fitted to data
* optical potentials with theoretical guidance
* microscopic optical potentials

physics +astronomy



Isolate relevant degrees of freedom j\@) m—) f\.

Formally: separate Hilbert space into P and Q space, and calculate in P space

Projection on P space requires introducing effective interactions between
the degrees of freedom that are treated explicitly
(Feshbach, Annals Phys. 5 (1958) 357-390)

Effective Interactions: non-local and energy dependent
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Isolate relevant degrees of freedom C{Q\@) | j\'

Formally: separate Hilbert space into P and Q space, and calculate in P space

Projection on P space requires introducing effective interactions between the degrees
of freedom that are treated explicitly
(Feshbach, Annals Phys. 5 (1958) 357-390)

Effective Interactions: non-local and energy dependent

Often used: Phenomenological optical potentials
Either fitted to a large global data set OR to a restricted
data set

Most general form of optical potential Have central and spin orbit term

¢ 2i[Vazne(r) +1W,;\e(r) ] Operatory

¢ Functions are of Woods-Saxon type Fit cross SeChonS’ angUIar

distributions polarizations, for a set

No connection to microscopic theory of nuclei (lightest usually *C).

Dispersive optical models have some connection to structure
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Today: huge progress in ab initio structure calculations
mm) Goal: effective interaction 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)
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Today’s Goal: effective interaction 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:

X 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 2 active particles)

Spectator Expansion: Expansion in:
o * particles active in the reaction
Siciliano, Thaler (1977) * antisymmetrized in active particles

Picklesimer, Thaler (1981)
“fast reaction”, i.e. = 100 MeV
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Elastic Scattering (Watson approach)

® In- and Out-States have the target in ground state @,
* Projector on ground state P = |® )«®,|
- With 1=P+Q and [P,G,]=0
* For elastic scattering oneneeds: PTP=PUP+PUPG/ (E)PTP

T=U+UG,E)PT

U=V+VG,(E)QU| <« effective (optical) potential

Exact expression » Active
.L_ Nucleons
Spectator Expansion of U : Single Scattering ~
1st order: single scattering: U ~ A T, 0 ? hetive
Double Scattering Jl_f
Chinn, Elster, Thaler, PRC 47, 2242 (1993) "

0 4 Active
o — Nucleons
Triple Scattering e
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Ty = Voi + Vi Go(E) QT

® Deal with (this prevents to use free NN t-matrix here)
Define “two-body” operator t,fre¢ by

- i -— fi
tOi o= VOi + VOi GO(e) 1:Oi e

and relate via integral equation to T, '“tegr |
al =

i : < ay,
- T, = t,free-t,°°G,(e) T,, [integral equation] Srage

o1

- keeps iso-spin character of optical potential
- T(1) = A —.
Neutron and proton contributions are cleanly separated

Important for N#2Z nuclei
t,#t, andp, #p,

G,(E) = many-body operator — use e.g. closure to obtain two-body propagator

i
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Computing the first order folding potential 0® ~ =~ _ <,

2 Active
k9 k J Nucleons

p’ Q\p
—k’—C O )— K

Single Scattering

NN scattering Nuclear
amplitudes one-body density
N . 1 [A+1 A A—
U (Q'- K:J'\'TA'! E) = Z Z /d3K: T (q' K:: K:f\"_‘fl) Tfs (q i (TK:JVA - K:) 15) paKq (K: — A A ! g-_u K + 1 A lg)
a=n,p K, - 4 y

’ ! _ p
’ _ \ /
(" +p) .
- Same NN Interaction can now be
used for NN t-matrix and the one-

body density matrix (ab initio)

q:
K=

b | =S

Effective Potential is non-local and energy dependent

Details of implementation designed for energies = 100 MeV
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NN amplitude: f(k’k;E) = <k’ |t (€) k) with q =K -k
Koy = ¥ (K + K)

Most general form
NN t-matrix in Wolfenstein representation:

Projectile “@" : plane wave basis
Struck nucleon “/” : target basis

M(q. Kyn. &) = Ala, Ky, E) 1 +i-C(q, Kyn, &) (P ®1+1®6?) - fiyn
+ M(q,Kyy, E) (e - iiny) ® (6! - iy v)

e [G[Q- K;\'Nag) H(q,Kyy,E) )( e (‘7“'} ) CI)

+ (G(q,. Kyn, &) + H(q, Kyy, €)) (e K N)® (f"m ‘ Kl\u\.‘)

Evaluating scalar products with o®

requires spin-dependent
one-body density matrices
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Spin-dependent nonlocal one-body density matrix

A
define pre (p,p') = <‘I>’ Y 5% (pi — p)8*(p; — p)o ) ‘1*>
i=1 —
K.=0: (6)p=1 < Scalar OBDM
K=y (o) o < Spin-dependent OBDM
(6)°1 = 5 (02 —ioy)
(C'n')i = _% (o +ioy)

Needed: Spin-projected momentum distribution [here ~ (c®-n)]

A
Z ‘53(15& — p}ﬁg(p; _ p’)ﬁéz}h:l
i=1

Sn (p:p!} - Z <‘I) ‘I)> (_1)@.;(:&!1:.&“)_%_

9
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Spin-projected momentum distribution ~ (¢(¥-n)

Evaluation based on NCSM matrix elemlents
Change of variablesto g¢=p"—-p K= 5 (@ +p) toremove CoM

1+

Sn(qJC)=Z(—1}‘%\/§Yiqs(m > > Z > (Kikilgd Kk)

nljn'l'j’ Kj=|l—l'| ki=—K; Kk

' 1 K,
(—1)"“"f(_ir % é)t—l)-*imm s s 1 }{z’f”
i K
Y (nklc.ngly s Koo'l nl : Kp) gy Ry (K) Rt (0) Vi (@.K)
Mg, nc,lg.l
L K 4 bz 5

(al 1) ) H ANT ) e

reduced NCSM <
matrix elements

technical details in Burrows et al. arXiv:2005.00111
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Spin-projected momentum distribution ~ (¢(¥-n)

Evaluation based on NCSM matrix elements

Change of variablesto g¢=p"—-p K= %( +p) nove CoM

1+

Sn(qﬁ)=Z(—1}‘%\/§Yiqs(m > > Z > (Kikilgd Kk)

nljn'l'j’ Kj=|l—l'| ki=—K; Kk

I" I K
(—1)J““'f(_‘iff ir)t—l)-*}fsfim s s 1 }u)”f
Mok i K
Z <nﬁ.iﬁ, nqq K{‘ﬂf nl : K{} -Rngig(}C)erqlq(Q)y;{gf;f(a:K:}
Mg, nc,lg.l
K K N 52 )

(al 1) ) H ANT ) e

reduced NCSM <
matrix elements

technical details in Burrows et al. arXiv:2005.00111

Similarly: spin-projected momentum distributions (e(*).q) and (c®.K)

Both give zero contribution due to parity arguments
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NN amplitude: f(k’k;E) = <k’ |t (€) k) with q =K -k
Koy = ¥ (K + K)

. _— Most general form
NN amplitudes contributing to g

effective nucleon-nucleus interaction:
Approximation neglecting spin

__ _ of struck nucleon
ﬂf(‘i:'}cﬂfﬂf:f) ‘4-((]:?{:4"\?4“9'16)1 ®1
iC(q, KCn N, €) (cr'i”J n) 91

iC(g,KnN,€) 1® (a(*‘) : n)
M(q,Knn,€) (0 -n)® (™ - n)
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NNLO,, Wolfenstein Amplitudes A, C, M

fitted to

E =125 MeV - max. momentum transfer = 2.45 fm
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‘He Niar=18 i N =10 160

q =~ 480 MeV = 2.45 fm~!
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Open-shell nuclei at 200 MeV
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Reaction cross section and extracted point proton radius

16
240 12g 0 f’f
—_— 300 - Expt. e
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o e i R
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At ! 20 1
190 - o 1
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calculations are performed for Ny, = 6, 8, and 10, and for fiw = 16, 20, and 24 MeV.
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Open-shell nuclei at 100 MeV

Bc.m. [deq]
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_ Oc.m. [deg]
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Can we learn more from the spin projected momentum
distribution?

Define: Sn(q) = /d?’KSn(q, K) == spin form factor

Proton Spin Formfactor
He Isotopes (h @=20 MeV)

T | T T T T | T T
4
— = He Nml8 b
— 6He Nml8
— *He Nml4
=
o
= 0.015 —
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)
. ]
\_‘_ ]
~ ]
PRI N el — TP R
5 6
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Spin form factors

Proton Spin Formfactor
He Isotopes (h @=20 MeV)
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Neutron Spin Formfactor
He Isotopes (h ®=20 MeV)
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Spin contribution in wave function
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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

Today: Consistent approach to p+A effective interaction becomes possible.

@ In the multiple scattering approach leading order term can be
calculated consistently ab initio

Effect of spin of the struck nucleon visible in spin-observables for
N#Z nuclei in He isotopes

@
@ Effectin other isotope chains?

Connection of spin form factors to observables?
@
@

*
*
. UNDER
S ONSTRUCTION

Dependence on NN forces employed

Refinement of calculation of leading order term for energies below 100 MeV

physics +astronomy
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Backup Slides
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.l
PR le W E LR T i Tt NN IR A . L LR S P

Off-shell: cos (g°K) =0

proton 5,(qg, K) [fm3] neutron

4 5.6<107° 1.7-1071
e -3.6x107* 1.3x107¢
> -7.7<1074 1.0-1071
- -1.2x1073 6.7x1072
1 ~1.6x1073 3.3x1072
=Sl —-2.0<1073 -1.6107*
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| 3 —4.8<1074 3.0<1071
E 2 -9.6x1074 2.3x1071
Y 1 —1.4x1073 1.51071
—_— 1 ~1.9%1073 7.6%10°2
Q 0 —2.4%1073 —~8.7%1075
4 8.8x1072 8.9x1072
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5 5.3x10°2 5.3x1072
3.5%1072 3.5x10°2
1 1.7x1072 1.8x10"2
0 -2.2x1074 -2.2x1074

2 3 4

0O 1
q [fm~1]

Lines indicate on-shell condition: g?+4 K2 = 4k, 2
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Proton Scalar Form Factor
He isotopes (h ®=20 MeV)
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Local one-body density p(q)

Neutron Scalar Form Factor
He isotopes (h®=20 MeV)
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NNLO,, Wolfenstein Amplitudes A, C, M

fitted to

- ~ -1
E, =125 MeV max. momentum transfer = 2.45 fm

1

-1 -
-1 -1
qlfm ] q[fm ] q [fm ] qlfm ]
0.0 1.31 2.38 3.0 0.0 1.31 238 3.0 0.0 1.31 238 3.0 0.0 1.31 2.38 3.0
T T T | T T T | T T T | T T . ‘_ T T T | T T T | T T T | T E : T T T T | T T T T | T T T T | T T4 0.4 E‘_‘ T T T | T T T T ‘ T T T T | T T -
08 E gi E 3 04E Re ERE ) Im E
—_ ] Sa=u =3 = Eo~ r TE 3
06 7 03F 2 £ 02k 1  oF 3
= 0.4 4 02F = = v B ]
0.2 4 %E = 0 T 3 -02F SN
0 T e T -CL]E—I ' | —i 70‘2:| PN N N N N A A N A |: 70‘4:\ c b by |_ =
0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
— T T T | T 0 T T T | T T T | T T T | T 008 T T T | T T T T T | T T 05 L 1T T T | T T T ‘ T T T | T ]
o 3 0251 = _ 006 041 .
E 00F 1 02p oS3 1 E gl 03f AT ]
= E 3 o - O =004 i ]
—_ 0‘ | 0 15 C - ] ’—‘ [ 0 b ) —
o E 201 *3 - Y002 o1k ]
0.05F = 0.05 — 7 T
Fo vl v | *ety, 3 [ )/ —— L by oy n 0 Q111 Lo i Loy |_ L
0 50 100 150 0 50 100 150 o> 50 100 150 0 30 100 150
04 T T T T T T | T T T | 1] T T T | T T T | T T T | T ] N L - ; ‘ T | T
g e i - 3 0=
- 02 4 0TE 200 MeV > s
= 9 | 005F 3 = 5L
= — NNLO, i - ] 02 »
0.2 — = CD-Bonn 9 0F = 03 I M I LM I | I B
_04 1 1 1 | 1 1 1 | | 1 1 | 1 | g _005 E 1 1 1 | 1 1 1 | | 1 1 | 1 V: -04 Ll L L L1 L1 4 -008 L Ll Ll — L
0 50 100 150 0 50 100 150 0 30 6 ‘010 150 0 50 6 ‘30 150
0 o [deg] 8, ldeg] o ldeg] o ldeg

physics +astronomy

OHIO

UNIVERSITY




4%:.:1?1, [deg] "j;ln — (?;1-‘4 = {;;‘ 4H e

10* T T T T =
7 | ¢ ~ 480 MeV = 2.45 fm—? Nmax=18
102 T e 2T L,
“‘-‘H‘ﬂ"‘“-——_.__..
:_3; 101 i HtLITL ldegj
= 20 40 60 80 100
100 ] 1.0} ) ) ) ) i
‘He(p,p)*He 100 MeV | 05 ‘He(p,p)*He
05 10 15 2.0 25 . 100 MeV
. < 0.0
10* I T T T |
; 0.5
10° b == *’*& E
:-—:_._t = 3 -1.0p |- -
o310t | T 05 1.0 15 2.0 2.5
[} E
10" b — NNLOO t
150 MeV ] _ P
. . . ] fitted up to
05 10 15 20 25 3.0
,t Elab=125
10 " T T T T T T T T
E MeV
10* _
o2 10!
o]
10° ]
_____ 200 MeV
05 1.0 15 20 25 30 35
qlfm*]
Burrows, Elster, Weppner, Launey, Maris, Nogga, Popa
PHYSICAL REVIEW C 99, 044603 (2019)

0.5 1.0 15 20 25 3.0 3.5 O
q [fm " TY

physics +astronomy



10 20 30 40 50 60
Bc.m. [deq]

Burrows, Elster, Weppner, Launey,
Maris, Nogga, Popa

PHYSICAL REVIEW C 99, 044603 (2019)

physics +astronomy

160

N, =10
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q == 480 MeV = 2.45 fm—!

NNLO,,

fitted up to
Elab=125
MeV

Charge Radius

12 2.70318402
16 2.49584345
20 2.37548417
24 2.29262311

Experiment 2.73 +0.025 fm["]
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Neutron Spin Form Factor
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