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(d,p) reactions are a tool to explore structure of exotic

nuclei
A+2 body j - 3-body problem
oroblem \@ JD\.
Task:  Isolate important degrees of freedom in a reaction

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

Hamiltonian for effective few-body poblem:

H=Hy+ V., +Va+V,a A+1 body problem
T \ ' J K
np interaction Effective interactions p+A and n+A

Effective Three-Body Problem
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Scattering n+A: Lippmann-Schwinger Equation
(Schrodinger Equation in momentum space)

e Hamiltonian: H=H,+V
e Transition amplitude: T=V+VG,T
— Integral equation summing interaction V to all orders
* Free Hamiltonian: Hy=hy+ H,
— h,: kinetic energy of projectile ‘0’
— H,: target hamiltonian with H, |®) = E, |D)
e V:interactions between projectile ‘O’ and target
nucleons ‘i’ 'V =ZXA_, v,
* Propagator is (A+1) body operator
Go(E) = (E—hg—Hp +ie)
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Ansatz suggested by: Watson & Faddeev-Yakubovsky:
- T=%A,Ty
— with Ty = Vg + Vg Go(E) T
Loi = o +veiGolL) Z Ly,
j
— g 4 00, Go(E) Ty, + v0,Go(E) Y T,
i#i

(1 — voiGo(E)) Lo = 'f'w+'1-'u;'(f'u(t-’)z'1iu

Toi = toi +taGo(E) Y Ty,
VEad

With ty = Vg + Vg Go(E) ty;
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Multiple Scattering Problem

Theory developed by
e Watson
 Faddeev & Yakubovsky

Faddeev & Yakubovsky
= Different flavors of equations for practical applications
» Alt-Grassberger-Sandas
o Glockle
Watson E— « Kerman-McManus-Thaler (KMT)

e Spectator Expansion
* Variations thereof

Multiple scattering expansions are schemes to organize the multiple scattering
in terms of two-body (three-body ... ) scattering amplitudes
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2 Active

Spectator Expansion: 0 Nucleons
Single Scattering
Organize according to
+

active particles
3 Active

0
‘ Nucleons
Double Scattering
Written down by

Siciliano, Thaler (1977) i

4 Active
Picklesimer, Thaler (1981) ‘ Nucleons

Triple Scattering

Pauli Principle:

Antisymmetrize in active pairs

e o o +
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Spectator Expansion in equations

T — Z to; —+ Z i — loi — loj) <+ Scattering from pairs
1<J
+ Y (tije — tij — tie — tje + toi + toj + tox) + ...
1<j<k
2"d ordef term: tjj — ('?.f"()j T ’l.-’(]j) T (7--’()1'_ T '?--’(1]'_)G() (.E)t'fja

me===}  Faddeev amplitudes

Single scattering approximation
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Elastic Scattering & optical potential

In- and Out-States have the target in ground state @,

Projector on ground state P = |©y){(D,|

— With 1=P+Q and [P,G]=0

For elastic scattering one needs
PTP=PUP+PUPGLE)PTP

Standard: UM ~ ZA_; 1, (15t order)

with Toi = Voi T Vi Go(E) Q 7
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Toi = Voi ¥ Voi Go(E) Q 7

* Gy(E)=(E—-hy—H, +ig)t
=== (A+1) body operator

— Standard “impulse approximation”:
— Average over Hy, = E,

—> Gy(e) ==: two body operator

Three-body problem with particles:
0—-1-(A-1)-core
0—-1 : NN interaction

[ e

I — (A-1) core : e.g. mean field force
"medium modification”

o Chinn, Elster, Thaler, PRC48, 2956 (1993) o
PthICS + aStJ’Onomq Chinn, Elster, Thaler, Weppner, PRC51 1418 (1995) A e
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e« Deal with Q

— Define “two-body” operator tyree by
— i€ = vg; + Vg Gy(e) ty;™ee

— and relate via integral equation to t,,

— T, = ;e -t, e Gy(e) T,; [integral equation]
— keeps iso-spin character of optical potential

- U =3A_ 1,=: Nt,+Z1,

Neutron and proton contributions are cleanly separated
Important for N£Z nuclei

t,#t, andp,#p,
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Chinn,Elster,Tandy, Redish, Thaler

Calculation . Crespo, Johnson, Tostevin

Arrellano, Love

« Single Scattering Optical Potential U ~X>A_; 1,

Single Scattering

(K [(64| PUP|G1YK) = Un(K k) = 3 ({0l in (€)[6.4)K)

Proton scattering: Ua (K k) = Z(ﬁ’)’f’) 4+ i\;(;f;f}-z))

Optical Potential is non-local and depends on energy

Off-shell NN t-matrix and nuclear density matrix

physics +astronomy =g OHIO
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C TR IR W L T S TR RSO R . TR R
NN amplitude fy(K’k;E) = C (K’|tyn(E)[K)

Variables (E,k\k,p) = (E, q,K, 0) with q =k -k
K =% (K + k)
Jnvenawt Aowplilinde A
dl A l%tui q‘i)
(@24 T0)- W C (%1 ¥
T, W Oow B (415N M ()
LA Elgngd) o § )
vX R Folax,3®) H )
{ Wollunshin ) ( Woshs 2k )

physics +astronomy

Most general form

DR EFR) = 0 g -ddr
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£)[64)k)

e.g. Jacobi Coordinates

(k kzk k4k4‘()4> — (S(kl + kz + k‘; + k4 + kA - p(})<C1C2C3C4...CA_1‘(.5_4>.

Calculate: (To1) = (K'|(¢.

(To1) /H“’k' /H‘]k! (Al oo — py) (KK 701 (€) kk)

H 5(1{.’,' - k',-)(f(p - IJU) <C1C2C3C4--—C.4—l ’(M)- (2-48)

J=2

With single particle density matrix :

p(C1.C1) = /H d¢y / H dCi(D41C1 ¢3¢0 Clh 1) (C1GC3Cs-Ca1]@a).

(To1) /(]C1 [(IC1 G pU

LA-1, — 1
1 Pu Q_ 1

(€)]k G+ =) plCh )

Po + (1)
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Calculate: (Tor) = (K [(Dal7o1(E) g

oordinates

(k kzk k4 k4‘()_1> — ()(kl + kz + kg +k4 C1Q2 A— ‘()4)

(To1) /H({k’ /Hdk, <);|g{g;g§g lo & 701 (€)|kky)

Hzc)(k —k;)o(p — po) %04 1|()b° (2.48)
X A
(,«")‘,ﬁC' . \o

Cly 1) (€162C3Cs---Ca1]0a).

With single partlcle

T a0 ¢ + Bl (€)e o+ B olch. o)
A-1

A

Po + (1)

&g OHIO
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S TET I W U T LA TUETIONEE NS TR . R T
General Single Particle Density Matrix
Wave function ~  ®o(7) ~ fi(z) ¥, (7) xS)

Single particle density matrix

. I K 1 oL N e
PI M1 .-Lf;(i'-f ') ~ Z ['L»-I} q “U;] < W || Pkq H 'I'I>Xiiq{(?-, i') fi(@) fr (i)
kiqi; ke qss k g

(U K
T{EL(S )| S m:> |ii'! f*‘ 'l':| s s kg
% 1 4s {q i ik

<S M

J
Auxiliary tensor operator T{g(i}) =
fD (§=1): T =2s :
M = F(Se £15))
Wali) =3 (1 3 v v i) <rbital angular
physics +astronomy OHIO




)

s-shell _1

Po000(i 1) ~ < W || poo || v, >X3g(3 ') fu(@) fo(i) <Sms Tno | S'm >

Case k., =0 <<I>n|1(”

p-shell

p0000(isi) ~ 3 (W || pg || W )xilo(i, ) o(0) £ (1)
ki

oot |
<Smg| |S > : ;

B LObS [ = =
(ST
-

Scalar density

Ly OHIO
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Case k=1 (2o |e,)

p-shell

Po000(,1) ~ Z < Wy || Pk || ‘I’n>}\hqf(l i) fp(2) f (')

kiqi; 1gsi kg

] 2 (1 1 k)
< |S m > [Lg ! k] % % 13
g 4s (g 33 L
2 2 )

(2)

Ti0 = 28,
T,+1 = :FE(SI + 1S,

For closed shell nuclei this term is zero
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NN amplitude fy(K’k;E) = C (K’|tyn(E)[K)

Variables (E,k\k,p) = (E, q,K, 0) with q =k -k
K=% (k' +Kk)
Juvonawt L Awplibinde A
dl A l*l .‘}(1 q'i)
(&n"’}ﬂ‘w C Lq\mni'i)
B (40,53

R ()
&whm)

physics +astronomy

Most general form

Kgﬂm %:}L = D - xaﬂﬁ
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Densities used in 1997
for closed shell optical potentials:

» Dirac-Hartree (Horowitz-Serot)

Z (-;'n,,y._t ( ) (]'n 22t (f) n r.r At ( 'r) Fn,!f._t:(f 2J +1 Z *mﬂ mg
20+ 1 f

el oyl e
nu ! r / / iy

pt:(rr?r) — I‘)

 Gogny (collaboration with C.R. Chinn crucial)
e Harmonic Oscillator (home-made for 6Q) for tests

AT soar . 4
—(P*/vs+q° [4vy)
p(q. P) = —¢ ! :

Ve

)4il 9 9
P</v,+q- /41,
(P*/v, — ¢* JAv,)e T /vota?/in)

pp(q,P) =

3 Vp
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: 1 A1

Better V_arlables for k=K--q ( =P+ -
calculation: 2 :

, 1 ,_P_A—l

k =K+ Eq CL 9 A q
) 1 24 — 1 PL. 1 24 -1 Po
(’f‘m):(E(K—PJr 7 —To) T()1(5)|§(K—P— 5 _T»

A—1 A—-1

P — P+ - 2.59
p(P 51 4P+ q) (2.59)

Similar energy behavior as in
phq51c5+astronomq Faddeev calculation %IV—EIRIS 19



S
= Solid: fixed g, (H,)=0 MeV
é}j Dashed: integrated ¢ and
~Z (H,=0 MeV
o
§o; Dotted: integrated ¢ and
(Hp)= -8 MeV
<
Physics:

Polarization Ay —
- o ] Spin dependence
0 20 40 60 out of the scattering plane

Spin rotation parameter Q —
Spin dependence in the
scattering plane

i

£g OHIO
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Toi = Voi ¥ Voi Go(E) Q 7

* Gy(E)=(E—-hy—H, +ig)t
=== (A+1) body operator

— Standard “impulse approximation”:
— Average over Hy, = E,

—> Gy(e) ==: two body operator

Three-body problem with particles:
0—-1-(A-1)-core
0—-1 : NN interaction

[ e

I — (A-1) core : e.g. mean field force
"medium modification”

o Chinn, Elster, Thaler, PRC48, 2956 (1993) o
PthICS + aStJ’Onomq Chinn, Elster, Thaler, Weppner, PRC51 1418 (1995) A e

e OHIO
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Propagator (A+1) body operator:
Go(E) = (E — hg — Hp + ig)!

A
HA — hi + Z A H' Chinn, Elster, Thaler
! PRC 48, 2956 (1993)

J#i
h, : kinetic energy of nucleon i
v; - interaction potential between 1 and |

H' : (A-1) Hamiltionian — (H" = &' = c-number

vy =U; = mean field
gh+g; = (Hp)=0
Two-body N i
operator via Go(Eial) = (E -& )_ho —h, - U,
construction E =F.- [gi te ]+ c

i
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12C is not closed shell

do/d€2 [mb/sr]

65 MeV
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RIKEN:
3
6He(p,p)6He 1[] DDJD-I I I T T I T | T T I T | T T
— . 71MeV/nucleon (a)
and E 102 =
8He(p,p)8He ’E 10l
% 109 T
S. Sakaguchi et al. N 8
5 10 _\E

PRC 87, 021601(R) (2013)

'|,'-._,

A
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h I -
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"'-n_%
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Unalyzing Sewers 05
of °Fe and °Fte S

. < P
befiave differently! 0.0 [} \Ej T

A new A, puzzle ?

|I T | T T 7T ]1TrTI'II TTTT
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CTETR IR T WL T O TR T TR T N
General Single Particle Density Matrix
Wave function ~  ®o(4) ~ fi(z) Y™ (7) x(;)

Single particle density matrix

. I K I b N g
Pr My 1 .u;(?s ?-’) ~ Z [-\I} q ,UJ < vy || Pkq H ‘1’1>Xi{efff(?"' ?") hi(@) fﬂ’(?")

k! QI;ks qs;kq

[ A
<S Mg TéiL‘(S) { S’ n1i> |:§! i‘a L:| s s kg
11 4s ( J jf k

Auxiliary tensor operator ’r{gé) =4
,i- () _
'r,‘(::% (S = %) Tio = 28, ,
71(11 = q:ﬁ(sr £ i5y)
Wy ey |0 R N (at Orbital angular
) =2 (- 3 ) i) < Sl ans
physics +astronomy & OHIO




Case k=1 (2o |e,)

p-shell

Po000(,1) ~ Z < Wy || Pk || ‘I’n>}\hqf(l i) fp(2) f (')

kiqi; 1gsi kg

)
k‘g 1 k } } AI

< | S"m > 5 3 L3
q 4s g 33 L

2 2 N

’Tl(é) = 28,

T,+1 = q:ﬁ(sr + 1S,

For closed shell nuclei this term is zero

Ly OHIO
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o1 (5) |(=5.4>k>

Reminder: calculate (7o) = (K'|(¢4

NN t-matrix in Wolfenstein representation:

Projectile “0” : plane wave basis
Struck nucleon “” : target basis

ﬁ(q KNN' F) — A(q KNN' (c") 1+ C(qa KNN! S} (Jm] »14+1® J(ﬂ) ) ﬁi\'f‘v"
+ M4, Kyn.E)e? - niyn) @ (67 - niww)
+ (G(Q- Kyn, &) — H(q, Ky, g))(a.(”} - q) @ (ﬂ'm - q)

+ (G(q KI\.'N:I 5) T H(qJ KIVN? 5))[6“” ) Ki""-";""-") G0 (JHIJ ’ Kﬁ-’h‘)

Couple to k=1 in
single particle density matrix

OHIO
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Model Ansatz for ground states of ®He and 8He

s-shell: foo (€) = (QW)%Q - e:z:‘p( Cz) yo

HO o
p-shell: f01 (2m) '%/2‘/ 372 \/7— P ) mj(&)
Vp
q=K k="
With change of variables C+¢ k+K

k,=0 >

1 P? A—1\2¢°
Jq.P) = ———exp| — —(7) — .
paP) = s (- (500

2 1 A — 1\ 2 P2 A —1\2 q2
P)= "= P? — ? "\ oa ) o,
pP(q? ) 3?1_3/21};3/2 ( ( 2A ) q ) eETP ( v ( 2A ) Vp)

k=1

5L P) = N 2 (—1) (AQAl) q % P| exp (Pz B (A2A1)2 qz)

P i/QL,?/?

physics +astronomy

UNIVERSITY



=0 Diagonal Densities

S
ﬁ‘-\'_\' L ' kszl
5L . 6 — — s-shell ||
- N, He —— p-shell|-

A -—- Total |] 0.71 N _
. i \ \. 7 f \ —_— 'ﬁ
= 3t NN - 06t He| -
a \ i / A ——"He| |

2 A i \ S

/ |
/
7
K4
fﬂ’
i
B
=
in
-

S 04r \ —_

- : 8He ;

[b]

p(q)
e o L T LY. T = R I ]

0

.3.

T ey
2

q(fm’")

g OHIO
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Comments:

Ansatz for ®He as s-shell core (closed shell) plus two valence neutrons
IS cluster picture, not shell model.

Two valence neutrons only in p;, shell is unrealistic from a NCSM point of view

—)

Contributions from open shells in this picture are too small to
Influence the scattering calculation.

s OHIO
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Flow of calculation:
Expectation Values for struck target nucleon in target (A) intrinsic frame

L= [ d¢ aé @0(&) o i By() 6(¢ - ¢ — cosace)

B {2

L=, / d& d& o(&') o & By(&) §(E - & — cosace)

L= — [t d& 0(&) o P ®y(&) 6(¢ - & — cosace)

~ 82
Projection to the NN frame for combining with NN Wolfenstein functions:
) (i) . . . 2 ; 2 C!Q
‘IJP(C )0’ : n:"\"A'V‘IIp(C) — —LW |C X C | exrp (—2—% — E) CcOS ,d
v )o - q,(¢) =0

~f

qj;(c )0.(1) : KNNlI’p(é) = —1

/ ¢? ("2)
X Er] = =— COS «v
¢ x ¢ p( 2, o,

3/2.,5/2
9m3/2y,

Final optical potential as integral over Wolfenstein functions
and single particle density matrices calculated in the A+1 c.m. frame
as input to the p+A scattering code

s OHIO
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Optical Potential for °He
with the terms from the valence neutrons (p;, shell)

[()Ht q K Z [C'Olt (1 K) ['T'val(q-K)
i=N P

. T TC
["'*Ua.EEE?H?ﬂI — L"A q. K} B ["'}'1 (Q; K)

Lrvﬂ*fspiﬂ—mrbit — '[Tl'?(q K) B L'Tﬁrf (q K)

.

Remark:

» Transition ps,-d5, = Wolfenstein will G+H and D contribute

Ly OHIO
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Central Terms

[MeV fm?3]
3 1.4 1.2
1 !
« k=0 S 1 0.8
5 e 3 0.8 o6
< | 0.6 104
o UA(qIK) ; 2 | ] D-ﬂl. | 02
1 0.2 0
I 0 02
0 18.0.2 0.4
0.002 5 : : ' - 0.002
4 - e I 0.001
. k5:1 ~ -1 0.0015 Re(Uy) |,
=
¢ = L4 0.001 10001
g () < H-0.002
0.0005 e
I-o.om
0 50 -0.004
A-1\° ,
— + K* =k
( o4 ) 1 0
On-shell condition
physics +astronomy &y OHIO




L J
2N

1
o

[ ]
-
.
O
)

k=1

U, (a.K)

A-1\*
(2A ) ¢+ K* =kj

physics +astronomy

Spin-Orbit Terms

K (fm™)

On-shell condition

0.1

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

0.06
0.05
0.04
0.03
0.02
0.01

-0.01

0.002

-0.002
-0.004
-0.006
-0.008
-0.01
-0.012
-0.014

[MeV fm3]
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Scattering Observables for °He

L L B 3

-
o=
[’
i

=
T

200 MeV/u

[a—
=
3=
T
—_—
=
b
T

71 MeViu

[a—
:}_
T

—_—

D.—

=)

[

do/dQ (mbsr)
cI

do/dQ (mb/sr)
S

—_— —_— —
=
(%) . ]
T

-l

,_.
QI

-U.ﬁ:-....|....|....|....|....|—f 0.6 £ l ! I I =
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 2.5

q (fm™) g (fm™)
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Optical Potential for
6He as cluster a+n+n

Weppner, Elster, PRC 85, 044617 (2012)
physics +astronomy
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Cluster Folding Optical Potential (n+n+q)

. 1
Jacobi momenta Pj; = 7 (AP — Aipsy)

-“

Correlation Density

N.
peorr(Pj1:Pjy) = /Hdl)ﬂ/ H dp;,, (0alPjiPi5--Piy,) (P Pjy-Piy, |04)
=2 m= \

p;, HO state
Cluster optical potential

Ualq, K) Z Z f(]P ([PJ /)CO,,(P )

c=1,N, i=n¢.pe
. A+1 A-1 A—-1
70 (q 5 (TK P) 8) Pe; (P 52 q.P + 54 q)

s OHIO
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Cluster folding potential for °He+p

GHC[,J"‘TE'l(q. K) — (—"‘Ta + ‘—)[f‘rn — | A | A 1 A 1
: A+ A 2
Z /([P ([Pja' /—%cﬂ‘:"(lpja) T0; (q 7 (TK - P) 8) [_')a,' (P - 9 4 q P + 9 q)

-

1=mn.,p

A
, A 1 A+1 A—-1 A—-1
+2 / dP dpjn /-)CO'I"F‘(Pj n.) Ton (q _(—K - P) 8) Pn (P - q, P + —q) .

2" A 2A 2A

For calculation:

NN t-matrix: Nijmegen Il potential

Densities:

COSMA density == s & p- shell harmonic oscillator
wave functions

Fitted to give rms radius of °®He (older value)

and for “He: Gogny density with coupling to medium

i

s OHIO
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TR T WU T WO T R e
®He (p,p) °*He @ 71 MeV

107 2
S10F T COSMA
S10'E 4 single
& of - particle OP
. 10 3
< = COSMA
BIO 5
s 5 cluster OP

107

107 : ' ' | 1 ' ' l - a- HFB

10 T [ T [ T | T [ T [

n - COSMA
a-HFB
n-COSMA
no
correlations

0 e [ - R—- | E— 7T

CM Angle (deg)
physics +astronomy =g OHIO
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®He (p,p) °*He @ 71 MeV

COSMA
§ T | T ] T T T | T [ Single
300 - - particle OP
~250f T=- K COSMA
<2 f . cluster OP
S 200 2
S [ T
S 150 E a- HFB
s 1 n-cosmA
< 100 g
50 _ a - HFB
- | | Bl T “ n —- COSMA
5 10 15 20 23 30 35 no
CM Angle (deg) :
correlations

& OHIO
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Summarizing and Reflecting

» Microscopic folding potentials: extensive work for
closed shell nuclei

» Open shell nuclei: single particle density matrix has
spin independent and spin dependent parts.

> In a microscopic first order optical potential with a shell
model density all amplitudes of the NN t-matrix will
contribute.

> Single scattering: for energies ~ 70 to 500 MeV
(relativistic kinematics @ higher energies)

» Going lower: Double scattering needs to be considered.

» First calculation:
» HO ansatz with filled s-shell (alpha core) and valence neutrons
In py,, shell (COSM)
» Needed: calculation with NCSM density.
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