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Why study nuclear interactions?

e Intrinsic knowledge
Scattering tests theories of structure
Gives relative motion wave functions

T kevoro

Only?\?vayﬁ probe radioactive ion beam nuclei

o Astrophysics — o input to:- - Kobena

The solar model — supernova evolution - Nilssen

Probe of nature of ‘waiting point’ nuclei
Cosmic model — nucleosynthesis at t ~3 min.

e Radiation therapy/protection
Dosimetry relies on neutren cross sections —
Proton cross sections in tissue — KERMA

e Disposal of radioactive waste
Transmutations to remove ‘nasties’
- = limit radioactivities to "acceptable” times

e New power generation systems

e Aircaft/Space technoiogies
Surge errors in integrated circuits Shen
- Radiation protection — astronauts/air crews

/
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Conventional tests of any (nucleonic) model
“description of a nucleus include:—

T any sensible hlgher radial moments (chcfiar&réuncwe

'Tests of nuclear struétilrel

Ground state bmdlng energy, r.m. s. radii, plus

' T - 56&}116&
Spectra = Euz;J*,T Sh ' bane

- (Ex = excitation energles) NQLQNQL,

Static moments v decay rates f fg demnm,J
— 1, Q, B(EL), BMLY | . &

Electron scattering
= Flong(Q), Ft(ra')ns (Q) trans (Q)

Proton/neutron scattering
{elastic, inelastic, charge exchange)

- d |
= -&%(9),Ay(9), . | mm'!-suclq
and RIB-hydrogen scattering Tonsh.

. Craswemq
(by using inverse kinematics)

Particle exchange reactions - heavy ion collisions

(d,p); (2, p); (1%0,2C) - .- = d2(5)

.
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ITy.pical experiméntal data'

ol ;‘
4t .
H
. 4
I 4
2 F s
0 4 1 : PR T A S 4 r i R T N U
1 10 100
E (MeV)

Example: Neutron total scattering from 2C
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Formal theory of NA scatfefing

e The Schrodinger equation in operator form

(B-H)) W) =V|&) Bk,

e Solve formally [Go(E) = (E — Hop)™']

B 1
T =5 —H,
e Solution [ G‘(()+)(E) = |[E = Hp + i€ ']
W) = 100 + g W)
| (Ho-84 | F'7 =0
(Lippmann-Schwinger equation for scattering wave)
o Iterating (drop sub- and superscripts) |

V(W) = Go(B)V |Ty) .

B = [1+GV+GVGV +--]|¢)
_ 1 |
| B 1——GV|¢>
VIg) = [V+VGV+VGVGV +--]|¢)

= Tig) |
| ﬂ,éthSL,;

. - Tondhas: pande Yy,
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Formal theory of NA scattering ctnd.

o T' matrix operator

T = V+VGV+VGVGV +--.
= V+V’GT
TK,kGE) = V(K k

/v

Bkarshe

T(q, k; E) dq

e L-S solution -

1 N |
’lIIIE:+)> — |¢k) + E~H0+ieT|¢k>

e Scattering amplitude — elastic

(no spin) second term at large‘distances =

FRI) = sl g
- Z(2£+1) fo PR - K)
e ' ‘
= Y+ 1)-- (1S P )
£ .

-
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Hilbert-Schmidt expansion of amplitudes

e LS equation in momentum space: (z = E + ie)

(K [T(@)| k) = k' [V(2)| k)

1 [ V@) {a|TE) k)
T8 / z—(¢%/2p) ‘

. Spectral representation: (¢ = [(¢°/2u) + i€])

q

K [T = (K V)| K) + ZXN(k’)xN(k)

z+§?v/2p
1KV q> (@|T()|K)
+8vr3/ z— (¢2/2p) 4a

- o Form factors: with B.E. = {}2\,/2;1 o

= (K + &%) $n,e(k) Vi ()

xn (k). = 2

- o Partial wave expansion: Only continuum case

N /W(ktq’)“%(q,k;z) e

-
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Hilbert-Schmidt expansion ctnd.

e In operator and Weinberg expansion forms:

VelTe()

L _ _ ! %
Te(z) = Vi+ 7 — H, = Zanﬂ gﬁe(k ,2*) gne(k, 2)

e Hilbert-Schmidt theorem (symmetric fa'l eqns.)

- Start with symmetric form of LS eqn.

Ti(@).= Viz )+ Vi(2) Tu(2)

‘where with Go(z) = [Ho — 2] _1_

(2) = —4/Go(z) Ti(z) /Go(z)

Ty
Ve@) = —/Golz) Va(z) V/Gol2)

e Form factors: Eigenfunctions with finite norm

Vf(z) gn,ﬂ(z) : nn,ﬂ(z) gn,E(z)
| <gn,£(z)|g@',e(z)> = Opn

n. quantum numbers characterizing eigenvalues
(1)n,¢) in decreasing absolute magnitude

_



o b= d—~-
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Hilbert-Schmidt expansion ctnd.

o Unsymmetric LS with gn,e(2) = 4/ Go(2) gn,e(2)

Ve(z) Go(2) gn,e(2) = —n,e(2) gne(Z)
1 /Ve(k ,q)1gn,e(g, 2)

272

or

Elgenvalues of W(z)Go(z)andVg(z) are ldentlcal
(operators are related by a sumllarlty transform)

Normalisation for gn.L

1 1

2ﬂ-2 gn’ﬂ(qaz )Z—q2/(2ﬂ.) gnﬂ(q, )q dq = 5’n I

e LS equation expands:

D ane Gre(k',2") gne(k, 2) = Ve(K', k)

n

= Vo(k', k) + Zane e gre(k', 2%) Qng'(k,Z)

)

z— 2/(211) q dq_ '—Tln E(Z) gnf(k z)l

- AL [ VelK,9) 19ne(0,27) -
-I-Z.ane gne(k, 2) ['2'7}‘5/ z—q?/(2p) q"dg

/
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e

e Rearranging: identifies separable form for V'

Hilbert-Schmidt expansion ctnd.

Ve(k', k) =) ane [1 = ne] gie(K',2%) gne(k, 2)

o Define a,¢: Act from right with Go g%,,(k, z*)
and use normalisation constraint

Nme -
[1— Nme)

'hmf - =
e Separable forms:

T, ki2) = = D e gna(k,27) gnelk, 2

- and then one gets

Va(k' k) = Z’ﬂne gne(k's 2%) gne(k, 2)

z Xy (&3 *) *t g (Ry) <&
Note: the mte at which the terms decrease with
Nne determine limits to place on sums

B

/
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| MCAS ]

An algebraic solution
for multi-channel scattering
of nucleons with nuclei

A scattering theory for low energy collisions.
Application to nucleon-*2C scattering in particular

with collaborators:—
G. Pisent (INFN Padova, Italy)
L. Canton (INFN Padova, ltaly)
D. van der Knijff |
~ (Information Div., Melbourne)
J. Svenne (U. Manitoba, Canada)
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[ Multi-channel T matrices.
ptq

e Coupled Lippmann-Schwinger equations o e '4?"5“
Teer (p‘a q; E) — Vcc’( aq) | ot TP \*6 ’
open oo - 1 -
+ Z / - Veer (pa 33) 2 5 . ,Tc”c’ (m7Q: E) CC2 dr
AC‘"“]. g ]{:”—CU +7z€ ' )
closed
. .2

e Expand the potential matrix

‘chc’ (p,q) ~ Zch () 7, Xc m(q)

o_The form factors  (Xen = 7en Qn,c(z; Q))
N IR |
ch(P) Bl _f Fl(p'r)ch(r) dr

0

L I
e Radial terms — link to the potential matrices

o
Xen (’f’) = ) Veer (r).é[)dn('r)

c'=1

A




DREBO3

2

(

N

Separable (Sturmian)-expansions

f it is possible to expand

Vi (prg) = /O'jc(prmcf(r)jg(qr)rzdr

}

| Z ch Xc’n(Q)

n

then (and usuaiIS/ N=30 suffices)

N 1

Tee (pa q, E) = Z ch( ){ s — [GO] .,.})Zc’n’ (Q)

n,n'=1

~ where the Green function elements are

open

1
GU]cc' K Zf Ken (2 — 22 + e ch’ (x) 2* da
c”—l ”
closed
B / oon(®) h2 e (@) o do
c’=1

/
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Sturmians and expansions of V.

“Sturmians are solutions of eigenvalues problems

GoVeer |®ei) = —Nei | Pei)

For given V.. sets can be formed by recursion

Start with Voo = V (known)-"
from which {nggn} and {

<I>£?>} all known

lteration of forms

o - I'xN N 1 |
Vat = SN R0 =518 ()
j=1 n=1 n;
' . r
2w = Y vl (p)
c'=1 :




e

- [Golpp = [ / ch(“")k 2 Xen' () dz

Il\/Iulti-'-channel S matricesl

e Sturmians from eigenvalue equations

Z G(O Vee |‘I)c p) = —Tlp |‘I’6p>

C’

e Separable expansion of multi—channel potential
matrix leads to a multi-channel T (or §) matrix
(¢, ¢’ open.channels, each J™ understood)

Scc’ = 5ccr Zﬂ'u ke kcf chr

— 5cc’ — ilc’_lc_'_lﬂ'ﬂ' E ,

n,n'=1

xv/keken(ke) (11— Gol ™), Rerws (be) V-

e Matrix elements of Gy and 1y

2 — 22 +de

closed
- Z/ xcnx)h2+ e (@ )d]
[n ]nn’ = T dn'n’ )




Finding resonances

e Rapid determination of all narrow resonances
- (nucleon elastic scattering from J = 07 targets)

1= Sa=imp ) kRin(k) [(n—Go) '], Kaw (k)

nn' =1
llevr/.c f: k')zl"’(‘k) [(1 n“%G n‘%)_lJ X1n (K)
= | — 0 -
an/=1 - " Tln - nn' Nn!
Note the diagonal (complex) matrix

] i
nn' 'nn M .

e To find resonances, diagonalise

> |n73 (Gl [n7] | Qun =60

(a complex, symmetric matrix)
e Resonances — get from energy evolution of ¢,
Resonant behavior occurs when an eigenvalue of
the complex ¢, moves near (1,0) in Gauss plane.
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Finding resonances ctnd.

e_S-matrix has poles at corresponding energies

1 1\l N 1 ~
[(1 -"-’)’,_*-2-(;'017_5) ] p— ZQnri_—Cinr.
nn' r=1 ' r

e Resonance existence Cr (Eres) = (1.0 + i0)

L5

Imag(C)

Real (C)
Argand plot of {(E)

15
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‘Argand plots of the 3¥ solutions
(¢ for n4+12C scattering)

35




Imaginary |

Resonance Location ctnd.

100 ‘__ T I T T T 1 T T L a
__ﬁ‘ | | i
) : !
107 | ’, |
. | l"' -
107 | | j’ 1
i | .--a.'"‘"'— 7]
10° / -
-8 /\1 ; ' |
107 r . {
- :‘ T+ y
107 ! |
|
é
0.8 1 1.2

~ Argand plot of the &7 solution
(¢ for n+2C scattering)

1.4

36




i { | I [ | I i i 1

c(b)

5+

Cross section over the 2
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!‘Bound state solutions I |

e Momentum space Schréidi.nger Equation:
- (after partial wave projection with B.E. = -E)

2 1 |
Si(p: F) = —— /V . q) ®o(q; E) ¢°dg
e(p )= E 52 20) 2(p,0) 24(¢; E) ¢
e Linking to complex poles of T': recast as
. B 1 :
T =
: 1~VGV

Simple poIeS when denominator has simple zeros

e Use bound state representation: -
determinants of the matrices that represent the
operators vanish for specific (bound) energies

e Link to MCAS: |
Get Green fn. matrices for NEGATIVE energies
all channels closed, then find zeros of | + G|

g + G| = det {n+G,}

= det < Npdnn + / Ren(T) 5——= Xen' (2) dx

N _
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Collective model for potential matrices

. e _Basis of channel states

M,m

()71 = [[(E® 9)) @ Wr(a))

J

o_Potential matrix .((L',’s)J"I’| W(r) [(Ls)TI)
(deformation disregarded temporarily)

‘Vc’c('r‘) = f('r) {'%&:’c + ‘/ll[e ’ e]c’c + Vss[s ) I]c’c}
+g(?")-st[€" S]c’c

e Tamura collective model

1df(r)

r dr

fry = [14e59] 7 g(r) =

e Rotational model=> nuclear surface

R= R0(1+e) €= Z
L(=2)
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- Mass 13 bound states ctnd.

Bare results

No Pauli exclusion

-

Proton (2J%) Neutron (21")
3 . o
.‘ {:?.c.'t\’;(‘«& R T 5
+ (G5 o IS 3
| e I - 7
. -5
T 10 oy
o + 15
=5
3 .
+ 20 N
o .5
+ 25

Energies in reference to p + *2C and n + 2C thresholds

A

oA !‘UG.{.
{3
S ed e5s




_Includ‘i‘ng the Pauli principle

eBasic collective model = Pauli principle violation:
‘scattering w. fn. not orthogonal to forbidden states

e Solution: g
Add orthogonalizing pseudo-potential (OPP),

Voot (1, 17) = Vot (r) 8(r — 1) + Ao(r) Ac(r') 8o,c
(exact if X, — oo; but suffice A = 100 MeV)

e Choice for Ac(r):
Use the spurious bound state functions

dzAc(r) 2m o l{I+1)
iz [—7-17 (B —we(r)) = =5~

we(r) = [Vo + Val(l + D] fo(r) + go(r)Vae[lL - slc]

e MCAS new potential form factors:

A (r) =0

r

Ken(r) = Z Vee (T)®crn(T) |

c'=1

+_’\Ac(?°) [ / oo Ac(r')®en (?")dr'}

42
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|' Maés 13 bound States'

p+12C

" calculated experimental

..12
n+ C

experimental calculated

(~1.6)

(1.94)

1

Energies in reference to p + 2C and n + '?C thresholds

1

5: (_1.1) B (-1.05)
. -3+ (-1.28) (-1.34)
-1.84)
( ) (-2.03)
- -4.72
(—4.94) ( )
@r

Y




o,b)

I n-12C scattering resultsI

T T ¥ T T T T % T T [ T T T T T T T T T T T T 1 T

——— MCAS ver2
.,+ | : (7*) .
(5

.IHHZH! 3
E (MeV)

Total elastic cross section (2J7)
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n — 12C scattering results ctnd.

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

——— MCAS ver2

B = N W R WU N

Total elastic cross section and polarizations at

two scattering angles

AN _




1.5' | 1 T T T T T ¥ T Y T T T

¢ Reich et al.
MCAS

3
Ep(MeV)

Cross sections at two scattering angles -
54.7° (top) and 90° (bottom)




- 10°

p—1_2‘_.‘C scattering results ctnd.

- - B
L

- E,  (MeV)

Ratio to Rutherford cross sections

e o ¢ Jackson et al. |
Phys. Rev. 89, 369 (1953)
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] Mass 13 spectra with MCAS ' |

18 13¢

ﬁ:exp ' texp

L S
3

Ecalc
2,94

3.64
2,96
. -0.05
2.82
2.09
-1.87
1.46
11.99
-4.86

“Ecalc
| 5.81
- 5.98
3.08
5.14
5.22
4.61
0.71
1.77
0.57
-1.60

+
._l_

6.37
' 5.84
'5.63
5.37
481
1.73
- 1.69
0.46
.1.94 | -4.94

+

+ T

l

+
+

+
+

+
+

+
+

i
I

NI Ml D00 MIOT DIIOT MOI DI~ MOIOT BICY DO
Dol Nf= DI MO NICT RIS BOIOT B0l Do Do

Energies relative to p(n)-12C threshold

-
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|Conclusi0ns' :
An algebraic multi-channel scattering theory has

“been developed and applied that is

- limited only by comp'utational considerations
~(in number of channels that can be used) .

e can a¢xomodate Pauli exclusion effects
(even for collective model Veo(r))

e lends itself to a procedure to specify bound
(subthreshold) states (the compaund nucleus)

e can be used to locate all resonances and specity - |
their characteristics (E;;I';) (in the selected
incident energy range whatever T';)

o spet:ify the complete T' and S matrices off-shell
and predict low energy cross sections |

(= base info. for capture cross sections)

e ascertain inelastic scattering cross sections and

all spin measureables (elastic and inelastic)

N R,
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| ' Future studies I

* Immediate future work

1. to use much larger number of channels and with
larger J™ values and for energies to 20 MeV

2. to use different proton and neutron interactions
(and 'so apply.to analyses of scattering with
"exotic” nuclei near the drip. lines)

3. extend application to non-zero spin targets
* Not so immediate future work Jmagw“"% ?lwd“ge) |

1. use shell model and low energy NN force
information to specify the Voo (r)

2. use S matrices to evaluate proton capture rates

3. formulate and apply an MCAS for o scattering
(and then evaluate o capture _rates) qﬁ:jﬁe

4, Spetify low energy optical potentials

(non-local and complex)

\ __3[_ tnoldcg_ C[\ﬂ@f"[e,:ex o\m\jer Cl\ar\’n-&(s (ﬁ-n) /?L/e .{-)/




| NUcleus%hYdrogeﬁ I

} séattering I

Energies 25 to 250 MeV

| g-foldingwoptical potéhtials
| .a'nd the DWA

~ collaborators:— Ny |
P. K. Deb, Ohio University, U.S.A.
B. A. Brown, N.C.S.L., Michigan, U.S.A.
H. V. von Geramb, Hamburg Univérsity,
- Germany
S. Karataglidis, CEA/DIF/DPTA/SPN,
| Bfuyeres—le-Chatel, France
- B. Giraud, CEA-Saclay, France -
J. Dobaczewski, Warsaw University.
Poland

plus a host of experimentalists

y




| Motivation in Nuclear Physics

e Predictive theory

. A "parameter free”" prescription
For A =1 recovers free NN scattering
Semi-consistent treatment of medium effects

e Direct probe of matter densities
Complemients electron scattering as a probe
- (of charge and current densities)
Proton (neutron) scattering most sensitive
to neutron (proton) distributions
Accounts explicitly for non-local effects
(exchange (knock-out) amplitudes)

e Optical potentials/reaction cross sections
elemental inputs in many other fields of study

"~ Review:—

K. Amos, P. J. Dortmans, H. V. von'Gerah‘lb, '
S. Karataglidis, and J. Raeyn.al,
Adv. in Nucl. Phys. 25, 275 (2000)

/
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- Tests of nuclear structure ctnd.
e Nuclear structure — light mass nuclei:
~ Large space no-core shell model calculations
—— one must diagonalise a_HamiItonian

- H® _Z—&'—‘l—ZV(U ——'Amw 2
1 i<
* Single particle basis — HO with energy hw
* Model space — complete Nfiw
(relative to unperturbed ground)
* Specific cases '

A=3 4 N=6,8,- 32
A=5,6 N=6,8
A=7 N =6
A=8-12 N =4

* Interactions
NN G-matrices — Zheng et al. -
Fitted potentlals - e.g. MK3W, WBP WBT
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Tests of nuclear structure ctnd.

. Shell model for 12C:

Ex(MeV) A

20— 19.67

15 BIT T

10— ;

experiment MK3IW

Energy level diagram for low-lying states in 12C

CK

58
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Tests of nuclear structure ctnd.
.o 12C electron scattering:

10’

10™
107

~3

10
2
109
107

107

10

S S
| q(fm )

12€C longitudinal form factor-




g-folding optical potential J

e Formal theory: e.g. KFT formalism

U =TUou(E) = <@gs

V+Vd“V‘w>

-Z ®gs |90i ()] gs>

=1

e Assumed g-matriX' — satifies a BBG equation

gor(w) = Vi +V61GM(W)901( )
e Convolution in momentum space:

U (k' k; E) /dpdp Z ®! (p', €a)

alép

X (k',p' |9(E + €a)| K, P) 4 B (P, €a)

° Convolutlon in coordmate space:

e B) = o) Yo [ 61(6) a0(r,55) o)

- +Zm @i (r) ge(r,v"; E) @i(r')

N
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" Coordinate space Optical Pot'entiall

Assuming pairwise interactions (Zﬁ:l goi = Ago1)

Una=AE (L. 4) |gn| ¥ (1.... A))

e Cofactor expansions:

(... A \/_Dsomm i [0 (1. A

jmo

e Optical potentlal expansion: -

UpA(O,l)A: Z <\I’! 1yt ot B

7I'm'a’ ma

")

x (9jrma (D) g10 {[@ima(D) — [@ma(0))}

e Three requurements
- a) Nuclear structure — SP states ©Yjima(r)
b) Nuclear structure — density matrix elements
) Effective NN interaction — |

r=|ro — r1)|

901 = géf_.f'(r’ ki (R); B(R)) R=2(rg+r1))

/

)




— " ,
Paat J;J; = <‘I’ laj'm'a'%ma

Coordinate space OMP ctnd.

e One Body Density Matrix Elements (OBDME):
From the many body density matrix elements

mm' M; Mg

j—m '
= Z( D' (img' —m|I - N)

\/2Jf +1

Then, with @;me = (— 1)«" maJ —mon the OBDME

(singly reduced) are
Saalr = <wa ‘ [af, x da]" \I.sz.>

— <IIIJ |[aL, X Ei,a]I l \IIJ> (elast'ic)

e Elastic and spin zero transfer case:
(and no non-Hartree-Fock terms)

Saa'r = Saao = <\II‘ AimaPima

m

the j-shell occupancies for nucleons type o

‘I’> = Mj(a)

-

)

AN
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|The NN t matricesl

‘e NN Lippmann-Schwinger Equation:

t(q',q;w )— Vid,q)
1
(27r / Vid,k . T = k2+ze]

e Use partial wave expanscons (|sospms T =0, 1)

t(k, q;w) dk

X(d quw Z Vivs@)rii (g )yJLs(tJ)
JLL’ST

J, L, §: total, orbital, spin, angular momenta
V. 5(q): tensor spherical harmonics

ST (¢ s w) = VST (¢ a)

2 R el k )
+=) lim /0 [k; k(2q+zz:] JST(k g;w )k2dk

These integral equations are solved numerically
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4

The NN t matrices ctnd.

e Dirac relation:

1 1
- §(k2 — k2
TRt TRk T (ko — k%)

- P = principal value of integral to be taken

o K matrix equations:
(relate to ¢ matrices by the Heitler equation)

tIE(d, qw) = KL (d g w)

—iko Y~ K{3T(d, ko; w)t{E " (Ko, g; w)
{ . ‘

satisfy Fredholm integral equations (2°¢ kind)

KiF(d, q, w) =V (¢, g w)

JST

+2 ZP / Yt 9.0 sk, ;) 2ak

kg — k2]

y
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| I Solutions of NN LS‘equationI

NP Phase Fhifts [deg]

NP Phase Shifts [deg]
1
15

iy 'o..;.-

NP Phase Shifts [deg)
1=] (-] -
i 1 2
\a )
I 4 ] 8 /
13
B d
1 I

100 200 3a0

The single channel SM97 phése shift analysis and results

] 300

NP Phase Shifts [deg) NP Phase Shifts [deg] NP Phage Shifts [deg]

I
-
=

NP Phase Shifta [deg]

301
20}

1o

100 200 30¢
T [MeV]

dec

(=]

(-]

2]

[
T

1
-
T

{
[~
T

1
[~

160 200 . 30C

>

00 30

found using the different forces

/

-
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Solutions of NN LS equation ctnd.

" Low-Energy np scattering + deuteron properties

Property “

Bonn-B | Experiment

as (fm) | -23.7 | -23.748 (10)
a; (fm) 5.42 5.424 (4)
rs (fm) | 270 | 2.75 (5)
re (fm) | 176 | 1.759 (5)
Ep (MeV) | 2.2246 | 2.224589

pp (nm) | 0.8514* | 0.857406 (1)
Qp (fm?) | 0.2783* | 0.2859 (3)

Pp (%) | 499 -

Ag 0.8862 | 0.8802 (20)
D/S 0.0264 | 0.0256 (4)

frns (FfM) | 1.9688 | 1.9627 (38)

* Meson exchange currents not included.

)




The ¢ matrices‘ oﬂ'-shell

e Definition: tIPF (¢, g w o< k)
¢ matrices are said to be off-shell when the variables
g and ¢’ differ from the on-shell momentum value ko

The t matrix is " half-off-shell” if one of the two
variables is fixed at the value of kg

e The Noyes-Kowalskl ratios (f g&T)

For half-off-shell conditions (w ox k2)
a) uncoupled channels L' = L

trr (¢ kosw) _ Kjp" (', kosw)
tJST(kOakU: ) KJST(kOJkO) )

| J.S’T(q k )_

(These ratios are purely real quantiies)
b) coupled states
JST K5 (d ko w)

!/
! k
L'L (q ? 0) J;S'fl’(k‘o, k )

(again ratios purely real quanties)

/
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o

1g,K,)

The ¢t matrices off-shell ctnd. ‘
Kowalski-—Noyes ratios —— Bonn B

Uncoupled channels case @ — — — ©S8e?
e TReie

f-ratios for the 1Sy (left) and 1Py (right) channels.
(The dots represent the on-shell values)

%



(

1(g.k,)

The ¢t matrices off-shell ctnd.
Kowalski-Noyes ratios
Coupled channels case

q(fm™)

f-ratios for the 35; (left) and.®D; (right) channels.
(The dots represent the on-shell values)

)

N
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e

ITWO nucleon g 'matr‘icesl -
e NN Lippmann-Schwinger equation:

With V = VB LS gives NN t matrices
(one nucleon bound — must treat medium)
Medium effects (Mass operator, Pauli blocking)

e Form NN g matrices in infinite matter:

Solutions of Brueckner-Bethe-Goldstone Eqgns.
9(d, a4 K) =V(d,q)+

[ v ) K] b g 1)

- o Momenta:

Pos P; Projectile and Bound state nucleon
k= 1(py —p;) NN relative

K = -%(po +p;) NN C.M. momenta -
kg Fermi momentum

e Pauli operator:

1 if |k £ K| > kf

QK K;ks) =
d | 0 otherwise

)




Two nucleon g matrices ctnd.

e Energy denominator:

2
E(k,K) = f‘n (k* + K?)

+U ([k+ K|) + U ([k - K)
o Auxiliary potentials: U (|k + K|) = U(p,)

These are actually formed by a semi-consistent

folding of g matrices
(detalls in review — Adv. Nucl Phys 25)

e Brueckner angle averages:

E+ KPP~ K2+k2+ (—) kKQ? (k,K; k
lfo K" B 12 2 7 ) QP (k, K )
where
R (R TP P
QKb =4 0 ifk< Jk-K
- K2+ K2 -k} | :
| TmE oth'erWtse.

9%
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Two nucleon g matrices ctnd.

e Partial wave g matrices:
90 (d 6 K) = Vi (d,q)

2 e o o |
1230 [ VWK O oK g K R
. l 0 ‘ -

s . 'é(k’afﬂ kf)
Q(k’k Kiks) = [E(k,K) - E(k', K)]

o C.M. momentum average: Use K — K

‘K‘:{ VR +p? — 18k ky) ifkr—p<2k<ks+p

VE2+p2 if0<2k<ks—p.
with E(k, ky) = [(2k +p)? — k;%]

Common approximation for single particle energies

hlq?
(@) = 5 =+U
. h2
Bk K) = — (k*+K")+Us+Us

identifies the effective mass m*

AN
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Two nucleon g matrices ctnd.
Auxiliary potentials

U(p;ky MeV)

The auxiliary potentials found using various

NN interactions and for various values of ky

AT g T— BON}JQ
—_— — S REP
= — JRgpis
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Two nucleon g matrices ctnd.

Table of on-she"ll Bonh-—B K@ matrices

channel iD 65 MeV 200 MeV
free | -0.780 |  -0.064

18, PB | -0799 | -0.073
PB+SCP | -0.741 | —0.042

 free 0.259 |  0.280

'p, PB 0296 | 0282
PB+SCP | 0308 | 0312

free -0.244 0.011

3P PB -0.237 0.017
PB+SCP | -0.228 0.034

- free -1.605 -0.222

35 PB -1.257 -0.260
PB+SCP | -1.020 | -0.209

free -0.072 | .- -0.038

381 ©® Dy PB -0.341 -0.100
PB+SCP | -0.346 | -0.136




| Two nucleon g matrices ctnd.
Kowalski-Noyes ratios

fgk)

q(fm™)

Ratios found at 65 ‘MeV for the Bonn-B interaction. |

The solid, dashed and dot—dashedAIinés refer to the free,
PB, and PB+5CP calculations respectively. The dots
again identify the on-shell values.

AN _




Jeff — Coordin'ate space

- @ Require a mapping:

g(p',p; E, kf) — g('r E,p'{_kf(r)})

where r — |r0 —ril=r
o Operator forms for effective g matrices:

95H ("" E; kf ZQ(Z)S,T (r, B kg)O;

O

gg;gST(r E;ks) = ZS(“)(E k-f

e ©O; — characteristic operators:

— ¢ =1: central forces:
AL (e o), (T -7),(c -0 -T)}

— = - 2: tensor force {S12}

— ¢ = 3: two-body spin-orbit force: {L S’}

o SJ(- )(E;kf) — complex, E-dependent strength_s

AN
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S

ges in coordinate space ctnd.

e 9°® momentum space: (double Bessel transform)

9%, T, (d,q;w)

_..Z 9)/ JL(qr ('r, )iz (gr) dr |

(t)

—Z (8:) 7 (w) / 1“24”‘3'15((1'?“_)('3 ju(er) dr

-Z SO

(a: {LL’JST} and X\ = 2 for the tensor force)

e Optimal set of ranges and strengths sati'sfy:

min := ||g727 (¢, g;w) — 92511/ (¢, & )|

e Setting the ranges: | |
Because off-shell variations (f-—ratios) of t- and

g-matrices are similar (< 1 fm™1), .
Ranges taken INDEPENDENT of enerqgy and density

AN U
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o Tests of the effective interactions:
B Mass and energy variations

Cross sections fqr 65 MeVﬁproton scatt'ering

/
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'Elastic scattering (general) ctnd.
o Tests of the effective interactions: |
Mass and energy variations

64
60

0 20 40 60

Analyzing power's for 65 MeV proton scattering

/




Elastic scattering (general)' ctnd.
. Tests of the effective mteractlons
Mass and energy variations

208
120 197%

Cross sections for 200 MeV proton scattering

/
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Elastic scattering (general) ctnd.

o Tests of the effective interactions:

Mass and energy variations

Analyzing powers for 200 MeV proton scattering

/
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"o Tests of the effective interactions:
Mass and energy variations

Elastic scattering (general) ctnd.

do/dQ (mb/sr)

0 20 40 60 80
0, (deg)

Results for proton scattering from 12¢
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Elastic scattering (general) ctnd.

neutron-'2C scattering -

do/dQ (mb/sr)
. .

[

[a—y
o

T T ; T T

L . 2 i : | L (I

0 20 40 60 - 80

0, . (deg)

40 MeV predictions compared with data
or = 397mb (expt. 383 mb)
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N

- o Effect of nonlocality: Recall -

Elastic scattering (general) ctnd.

U(’Tl‘,'r";‘E) =6(r—7') Zm /goZ‘(s)gD(r,s;’E)w(s) ds

C+ Y ni @i(r) gu(r,T'i E) pi(r)

Lh

<

F-

do/dQ(mb/sr)
ok l—:o Su 8 ot

p—

o_

©
hh

0 20 40 60 80 20 40 60 80
: Bc'm'(deg), ‘

Cross sections and analysing powers

for the scattering of prdtons from 12C.

_/
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‘Elastic scattering (general) ctnd.

o Medium effects in NN gesr(r):

0 20 40 60 0 20 40 60 80
0, . (deg)

65 MeV cross section predictions compared with data -
 —— g matrix

— 1 matrix

85
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o Medium effects in NN gess(r):

Elastic scattering (general) ctnd.

OO

| _
oo ©00O

SO OO QO
Lnoh Lok Lo Lo W

i
&

. 65 MeV analyzing power prédictions compared with data

- —— g matrix

——— t matrix
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Elastic scattering (general) ctnd.
"o Medium effects in NN geff(_r):'

o e e

Lo

COO OO0 OO
O th S Lh WMo LhO Lh

. 65 MeV spin rotation predictions compared with data
= g matrix"

—— t matrix

AN
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.IDifferent for.ces '

. 12 : .
156 MeV p-*“C scattering
1C3 T T T T Tt LIS B R LN L '§\ LA L
’ | fq ] 08
1 0§ 0.6
= 5 0.4
5 > 02
g-‘.ms g . 00 <
% . '—— Melbourne 0.2
S - — von Geramb :
10" ¥ = 0.4
N: o KVI-99, 150 MeV . 10
- - ¢ Orsay-74, 156 MeV. ‘ } - -0.6
2k ~ ' . .
S -1 -0.8
10 E . | 0\, ;_ 1 L L1 j
CK [} ! [} 1 | 3 ! | A | ' ] v | LR
5F O L=V 3 \f\
2 .
10°
Cl 2,
= 2 A
=
& 10' % |
C s : . N
) 'Y . —— Franey-Love _ Jd
;§ (2) *\-.Q\ -—-+« Nakayama-Love t 02
10 *oN\.  © KVI-99, 150 MeV 04
5 ¢ '\\.,\_ ¢ Orsay-74, 156 MeV { 406
2 M TS T
10" Ny -1' S
P S T SR R RS A TR NP TR SR TR '
10 20 30 40 50 60 10 20 30 40 50 60
gc. m, [deg] ' Bc.m. [deg]

Predi_ctions'compared with dat'e;
(Shell Model — (0 + 2)hw)

-
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006 -

002 |

008 FIIiTT—

0.06 |

Matter densities in

| Analyses of Ca isotopes' |

40,44,48 a' -

0.1 (———

—
_— -
e —

0.04 [

0.02 |

]

.. protons

0.08 |

0.04 |

SHF model densities
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Analyses of Ca isotopes.ctnd.
Proton-*’Ca scattering
10* , . .
103 - ——- ﬁO model- =
—— .SHF model
. 2 .
o 10
Z
"a 10' +
o
| % 10°
=
@)
=
107 |
107 | °© o
: ~
~
. ! . L N
0 20 4 60
0. (deg)
Data and predictions for 200 MeV proton scattering
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Analyses of Ca isotopes-ctnd.
Total reaction cross sections

2 : 1 T | 1 1
1.5
-
< 1k
[~
o]
i - ® 4OCa
0.5 r ¢ A“Ca(+02b). .
¥ *%Ca(+0.4b) -
w ®Ca (+0.8b)
0 - 1 | 1 ‘ i L ] L 1 L i
0 10 20 ‘ 30 40 50
Ep(MeV)

Proton-40:42:4448C3 scattering’

Predictions compared with "shifted” data

J



P,

P,(D)

Shell and SHF model densities

0.15 , . T |

0.1 |

0.05

0.1

0.05

%0 2 4 6 :
" r (fm)
SHF and HO densities with séme rms radii
- - - Ohw

)
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Analyses of **Pb ctnd.
Diverse SHF model densities

- r (fm)

. Proton (top) and neutron (bottom) densities

- - - - SHFI model
= = = SHF2 model

— SHF3 model, . J




Analyses of 2°Pb ctnd. |

208pp eleétron form factor

100 T T T T T

10

L]

-3 i \

10 f 7 ™
l'l ) ;

-4 i \ o X

10 1 ! ,r'f \'\
FZ i | \
| i ¥
L .5 ! y \ ."‘0'“.
; = { \ ' .
10 ‘ l/."'\_\ A
¥ N -.-\\

Iilll'!l! Illll i

i
- -8 l P
10 i Y
i! . =; “
-9 — | A | i | i i 1 Ll )]
2.5

15 2.0

q (fm™)

oy
<o

o

o

05 10

——— SHF1 model
~—— SHF2 model
.= SHF3 model
HO model

— .'._-.

/

-
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Analyses of 2%Pb ctnd. |
25Pb — 65 MeV scattering

il I T T ! T ¥ I

~do/dQ (mblsy)

Proton (left) and neutron (right) cross sections

N
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Analyses of 2Pb ctnd.

do/dQ(mb/sr) |

200 MeV proton— Pb scattering

10 ! I.: ' | T ] T - T

-\ ---- Ohw
1l — — - SHF-0.25
100+ | —— SHF-0.16

0 0 20 30 40
- 6,,,(deg)

Predictions compared with cross-section data
label is skin thickness; 0fiw model = 0.16 fm

)
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do/dQ(mb/sr)
o

Analyses of 2%Pb ctnd.

96 MeV neutrori— Pb elastic

0 10 20 30 40 50 60 70
. 0,,(deg)

Predictions compared with cross-section data

o o — Data, (preliminary) from Upsalla

AN
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- Analyses of *Pb ctnd.

RMS radii - 28Pb neutron skins
| Model rp o | (Tp —Tn) ‘
| Ohiw |545 561| 0.16
SHF1 |-5.45 5.61| 0.16
SHF2 1545 570 |- 0.25
SHF3 | 545 562 | 0.17

Total cross sections (barn)

Energy SHF model Expt.

40 MeV 4,73 4.39

65MeV | 467 463
200 MeV 2.95 209




Analyses of 5Pb ctnd.
Integral observables
neutron scattering

1.5

0. | . 7100‘ : .'2(‘)OI | I300
E, (MeV) |

~ Total neutron scattering cross sections
from 2C (top) and 2°®Pb (bottom)

- ——  SHF3 model
= -~ Ohw model




p,(fm™)

pn ( fIIl_J) :

008 |

0.10

0.06

0.12 T T — — T T . T
0.10 | | | - —— 100 -

006 L~ =
0.04 [
002 [
0.00 |

0.08

0.04
0.02
0.00

Proton (top) and neutron (bottom) densities
(using SKF model structures)




- Analyses of Sn isotopes ctnd.

 do/dQ(mblsr)
.

65 MeV' protonfllgsh scattering

1 ! ] . | T I ' [

—— SKF (JD modetl)
— — Ohaw shell model

10'20I3|0'410I50
0 m(deg)

Proton scattering cross sections

60 70




|Ex0tic nucl’ei'

"o Structure of exotic nuclei:
(Shell model of halo/neutron skin nuclei)
Application regime p, > 10-15% central value
~ For larger radii — cluster models etc.

General pro'perti_e‘s- of (light mass) halo nuclei
1. Usually 1 or 2 nucleons IooSer bound to a core

2. Those particles (protons or neutrons): can exist
some distance outside the core (makes the halo)

3. Halo particles orbit with low angular momentum
| (centrifugal barrier causes confinement)
Halo states formed by orbits with £ <1

4. Two halo particles —
the interaction between them binds the system

Often system is "Borromean” => clustering

-/
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RIB studies — new forms of matter
Light mass exotic nuclei

! e
[
50

i[Na 5

Table of Isotopes (1995) 2
A-120

Decay -velue Remge
Qi

Q(B-)»0

Q(E-) 50

Q(-)>0 + QEC)0
Sratio m Rata Decay

QP
M Notwelly Abundent

a3




~

- e specific cases: %%He,

Exotic nuclei — structure ctnd. =
9,11 LI '

* Ground state of 6He: (in hw decomposition)

¥ (°He)) =

77.95% |0hw) + 11.01% |2Fw) + 11.04% |4Fiw)

% Ground state of 'Li: (in fiw deéomposition) .

(ML) = 62.71%0hw) + 37.29% |2hw)

Its 2hw com ponents

(0d)? configurations — 19. 62%
(1s)2 configurations — 10.02%

To make the *halo’ conditions:— |
- Use Woods Saxon functions that fit electron
scattering form factors of ®Li; °Be
(but see later with Local Scale Transforms)

6.8He ~ Op states 2 MeV; higher 0.5 MeV
“HLi ~ Opy + higher states — 0.5 MeV

Y,
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xotic nuclei — structure ctnd.

Spectra of %8He and %!'Li

[
X
(MeV)
l+
10k 021
o 856 I 8360°
8 [~ I 35 2+ \‘ \\‘
= \N632 %
6 — \\ “ 5.60
sl 5.64 K
r 7
41— ‘361
3 28420 544 346 T
2~ ~.18 180
1 L ' .
N okl __ o 0% 0%1
4hiw 6w VMC  Expt
0He spectrum
E, (MeV), ”
7 M\
. 643
6 smar &8
w519 K
ST 469 37
41— ~ 400
s A4z .
% 2.69
2 \“ f"
‘\1,32 ,”
1 —
P — T T R 1 s . )/ 347
Oho 4t Expl.

{ . : '
YLi spectrum

}
By
{(MeV)
i 185 ¢
10}
g -
8- 161
T+
6 .
sl a8 2
4 - \\\ ’
3 234 o .28
2
1 .
olooo. g2 . o2 .. o2
‘ 4hm VMC Expt
3He spectrum
E, (MeV)
sl
Al ‘
3.63
_ 325 St
3 268 W2t
2l — 87 wx 201
T8 3er
e 14 32 07
ol---- TSR L
. 10) Expt.

NLj spectrum




 Exotic nuclei — structure ctnd.

Nucleon occupancies in '!Li ground state

Orbit ”‘Protohs. Neutrons -| Total

0.0016 0.0031 | 0.0046
0.0000 0.0012 | 0.0012

ol
S

0s; | 1.9874  1.9988 | 3.9862
Ops | .0.9352  3.7738 4.7090
Opy 0.0343  1.5446 | 1.5789
0ds | 0.0162  0.3568 | 0.3730 |
0d; | 0.0196  0.0617 | 0.0813
1sy | 0.0057  0.2597 | 0.2654
0f; | 0.0000  0.0001 | 0.0001
0fs { 0.0000  0.0002 | 0.0002

3

2

L

2

M
3.
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Exotic nuclei — structure Ctmﬂ;
¢ Shell model densities: %%He, %L

10 .
.
107} He
10” L
10"3 \\\
o
N\
3_.% 10° R
Q 9 .
107! Li
102
3 — Nohalo
10" r — Halo
" | ~~- Proton

r {fm)

Note that the creation of a halo — extended neutron
distribution — comes at the expense of the neutron
density at, and inside of, the nuclear radius

)




-~ do/dQ (mb/sr)

0 20 40 60 0 20 40 60
6. . (deg)
Elastic scattering predictions, E = 60-72A MeV

C— Nd halo-

— Halo

80
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Scattering of exotic nuclei ctnd.

25A MeV GHe scattering from Hydrogen

I ' b T | ' | 1 T

 do/d€2(mb/sr)

20 40 60 80 100 120 140
| 0__(deg)

Predictions compared with data
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Scattering of exotic nuclei
SHe scattering from Hydrogen

" do/d (mblsr)

0 20 40 60 800 20 40 60 80
Bc.m.(deg)-

Predictions compared with data )

40.9A MeV ®He-p reaction cross section:—
| o%Pt: = 415 + 5% mb
o°c ~, 350 ~  No halo cases
o°¥c = 406 — 440  Halo cases
{4hw — 8hw} |

AN
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| Scattering of exotic 'nuc‘lei
| ‘He scattering from hydrogen

2 ,
10 |
]
E
1 A\
=10 \ 1
% p no halo
B & ,._L_
=3 \i/ : }.. \\24.5A MeV
0 é o .~ |
10 N 3
"I Q?Q#E
70.5A MeV L S

10 30 50 70 90 110 130 150
0__(deg) o

Predictions if ®He has a neutron halo

O ),




Local Scale Transforms (LST)

o Purpose: | .
" To vary the long range properties of HO states

(usual SM wave functions) to have exponential

~long range forms and which are

() consistent with specific single nucleon B.E.s
- (b) make a minimal change of structure in
nucleus | o

e Methodology:
Consuder a starting wave functlon u(r), where

/ w?(r)r? dr =1
0
Under LST with r — f(r)

u(r) —o(r) = —f('r) df(r)u[f('r)]
3 H. O. character changed by

—1 —
e 2T —3 eV R2

A




114
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Local Scale Transforms (LST) ctnd.
o LST properties: With r — 0, f(r) > r |

| \ 1t
r—o0: f(r) = yVF S’Of)/zb[-}%—e-]

o Useful form: Harmonic mean (ra’nk. m)

o[ () T

10 '
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Local Scale Transforms (LST)"clt-nd.

‘He —-— Op functions

- 6,®

r(fm)

Proton (top) and neutron (bottom) functions

- - LST(j=2) B.E..— 7.76 (p), 2.5 (n)
—— LST(j=3) B.E.~6.53(p): 1.8 (n)

= «==HQ functions

N
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Local Scale Transforms (LST) ctnd.

6He densities

‘10 : - T T T

p.(r)

r(fm)

Proton (top) and neutron (bottom) densities

LST defined
— — — HO functions

)
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Local Scale Transforms (LST)"ctnd. '

‘He-p scatfering

10°E ——T—
10°F 3
ot :
S ]
& 1
S 10F E
B [ :
= I g
10'F E
10—1 . ‘ \
1067730 60 90 120 150

O.m. (de8)

Predictions for halo structure models

24 .5A, 40.9A and 70.5A _MeV elastic
—— LST defined ; - - — WS functions

AN _
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'.ael(E) kzZ{H—l |s+—1| +z|s——1| }

* from which

“Integral observables_l -
The S matrix, defined in terms of phase shifts:
gt — Slzlz(. ) = 627,5:':(19) :I:(k) 27,9%[5*(19)]
where ..
" +
mi =y (k) =S (k)] = €7 s[5 (’“)]

Wlth E o k?

"R(E)":EEZ {a+1) [1 — (m*) N+ifi- @) }

o0

A - |
= @Za“)(E) — 5 [ or(EN) dx

r(E) = 0a(E) + on(E)
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Integral observables ctnd.

" 6(b)

2.5 ——
2.0
1.5

1.0

.05

Reaction cross sections
100 MeV proton scattering

III T T T =T T T T ¥ T T T L—— ¥ T T

P STV SO YOO TN U S S SR FSUSH SO0 MO S VU R
50 - 100 - 150 200

A

‘Total reaction cross section vs mass

—— g-folding
—— t-folding

250
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/ — — n * \é

Integral observables ctnd.
. Reaction cross sections
protons scattering from 4°Ca

o;(b)

10 730 40 5060 80 100 200 300
| - E (MeV) |

Total reaction cross section vs energy.

- —  g-folding
- t-folding




integral observables ctnd.

Matching energies
(equal reaction cross sections)

60 ! L v “ll ¥ I ."- I

G

E '(MeV)

20

0 50 100 - 150 200 250
| A

Energies where t- and g folding results are equal

- —— E = (2804)°3%

L -




Integral observables ctnd.

- Total neutron scattering cross sections

T T T T T

15

5, (b)

0o | ;-.:" 100 T 00
- Ey (MeV) |

- 12C (top) and 2°*Pb (bottom) |
— SHF1 model
- — —  0Qhw model




Integral observables ctnd.

partial wave elements

30 to 300 MeV protons on 2°®Pb




Functional Form for &R(E)

% Data from 208pp -
(30, 40, 50, 65, 100, 160, 200, 250, 300 MeV)
= 0% (E) has a simple functional form

) ; — —1
oL (E) = (2l+1) [1+e—°"”a”] |
o | (Hg)]—?

(2l0 1) [1.+e' :

1o(E,A), (E A) and e(E A) smooth functuons
* Assume: em—15and | S

a,(E A) ~ 1 02k 0. 25 Where k f ——-—\/E'2 — m?2c*

lg(E A) functlon form = measured O‘R(E)

* high energy limit:
- As total reaction cross sectlon sum limited to lmax
" For lmas(E — 00), function = a triangle so

™

R = 5 ——lmaz (2lmaz + 1) & ﬁzﬁm = 1 R?

the geometric cross section

N
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Functional form ctnd;

Data fit values of I

25 e IR L LS AR R R L R B Fr T

20

Values of [y given fixed values for ¢, a

- with which many measured reaction cross sections are fit

at diverse energies between 10 to 200 MeV

/
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Functional form ctnd.

Reaction cross section fits

10 20 3040 60° 100 - 20 3040 60 100
. | | E,(MeV) - o
Reaction cross sections compared with predictions and

function form fits

‘Function fc;rm
~ ==~ g-folding OMP.

S
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‘Inelastic Scatteringl |

The D.W.A. and inelastic scattering

'Elements in D. W A. analyseS'—~

1. Dlstorted Wave Approximation:—
FuIIy antusymmetrused theory
mvolvmg nonlocal opt|cal potentials

2. An effectlve (N N ) interaction:—
from a mappmg of NN g matrices

3. Nuclear spectroscopy Shell model
Example - 12C ;

- J) states - (O 4 2)hw basis
J) states — (1 + 3)hw basis
- OBDME

4. Single nucleon bound state functions:—
Fit electron scattermg form factors
or given with the Shell model states
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Inelastic scattering ctnd. |
e The D.W.A. amplitudes: T= TﬁSM 'V

T = (X7 (60)| (3, (1 4)] Agers (0,1)

><.A01 {Ix,(,+)(k'0 > ‘|\If,] Mm;(1--

% Cofactor expand structure wave functlons

|‘I’JM>-’ \/—ZW’Jm(I >a3m"I’JM>

J,m

*Expanded matrrx elements

T = Y (Wepa|d] ams 3i1ma [Vi00)

<\I’Jfo la'}g'mg aj1m1.|\I’J1:Mz'> = Z(_l)(jlmml) C;':}J’;?zz
‘ I(N) |
X <‘I’Jfo [a’;r'z X a'jl]m U, >

. J1.,92

< (60 (Psama ) uﬁé;mo 1

><A01 {|X(+)(kz‘0)> |41 ma (1)>}

e The density mat-rlx elements:
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Inelastic scattering ctnd.

Use the ngner—-Eckart theorem .

<‘I'Jfo |a32m2 aJlmlI l]:IJ M, > Z( 1)(31—m1)0‘;7:;13’2_,}n2
M;,N 1 -
X.CJ“I J_f ZJf n T 831.72'[

Sjijsl are the OBDME
o The expanded D W.A. amplltudes

( )(31 my)
/2Jp +1
(@iama(1)] Eess(0,1)

-' ><.A01 {lXa(/H(kzO)) |‘P31m1(1))}

M;,N
CJz;L} Jg 831:32:

T = § :j1’j2am13m2’I(N)

Ploiets m2< 7 (ko0)

31:32:1-

e Three mgredlents
a) gers(0, 1) - transition operator
effective interaction used to form g-folding
~ potentials = distorted waves -’
'b) S}, j»,; — OBDME from structure
¢) @;jm — Single particle bound states
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- Excitation of the 4.44 MeV o+ state in 12C
10™ | .."". | | | ‘ :

o1 1_1’ E
q(fm )

“E2 Longitudinal (top) and transverse (bottorﬁ) form factors

(Model space and/or components as indicated)
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Inelastic scattering: applications ctnd.

200 MeV p-12C to the 4.44 MeV 2+ state

~ do/dQ(mblst)

0 20 - 40 60
0, (deg)

2hw predictions compared with data

— g matrix

- - - t matrix




4

Inelastic scattering: app_licatidns ctnd.
| Model spectra for ©Li
E, (MeV) | |
A -
| 6222%1 614 o
o 864 537
5 4.83 2° .
' o " 4.44 . ~\4’23 4.31
4 ‘ 384 |
5 370 ==
3.38 01-,!‘// g ‘ \:..3_‘_5_6____
3 293
2.523" L o,
22T om0 T Ny
2 .
I
0~‘."-'- 1+;O_ ' I R |
| 4ho 6h VMC Expt
(Two shell models and a VMC result)
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Inelastic scattering: applications ctnd.
Electron scattering to the 37 state in °Li
107 —— - . '

2

107§

107
2 10

10° ¢/

q(fm™)

E2 Long.ifudinél form factor

—— 4w shell model
— — =~ 2w shell model
- = Ohw shell ‘model
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Inelastic scattering: applications ctnd.

200 MeV p-°Li to the 2.186.MeV 3™ state

107

do/dQ(mb/sr)

107

0 '-20 T 4IO | .60
o 8, (e "

Predictions.comp-ared with data
— 4hw sh'ell model
- —— 2hw shell model
— —  OAw shell model
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" do/dQ (mb/st)

4

Inelastic scattering; applicatiolns ctnd.

40.9A MeV SHe-p to the 2+ (1.8 MeV) state

5"

10 T l"; —— T T T '..'1

| L 1 L

0 20 .40 60 80
0, (deg) |
- Predictions compared with data

——— Halo

— — = No-halo

100

=~
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Inelastic Scattering: applications ctnd.
| ®He scattering from Hydrogen

10° |
10° |

a—
<

~ do/dq (mb—fm)
S

0408 12 16
Elastic (top) and inelastic (bottom) scattering
(all results assuming a halo structure)

24.5A MeV:~ filled circles, solid lines
40.9A MeV:- open circles, dashed lines
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