Scattering theory: multi-channel
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within the same partition, the Schrodinger
equations becomes a coupled equation:
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o channel cross section
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o flux leaving the elastic channel (depends only on elastic S-matrix elements)
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o the total cross section is elastic plus reaction cross sections
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Consequence of hermiticity: S-matrix is unitary Z aal o =0
I

Even if the S-matrix is not unitary, it may be that: |§aa_ |2 _ |§ o |2

Symmetry condition is sufficient for detailed balance:
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Scattering: Integral formulation
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(E-T)yp=Vy G=(E-T)" Lippmann-Schwinger equation
- ¢ is incoming free wave

w — ¢ 1 G+ O (only non zero for elastic channel)

A 1 is full wavefunction

= +GT VY,
Partial wave T-matrix T = _ﬂ@( )|V|w) T /qﬁ(R)V(R)l/r(R)dR

Vector T-matrix Scattering amplitude

T(K. k) = RV |¥ (R k). f KK = —5 T k)




Consider your potential can be split into two parts: U=U;+U,

A

Free: [E-T]¢ =0 Gy =[E-T]" ¢ =F
Distorted: [E—T—U;]x =0 x=¢+GlU x —> ¢+THOHT
Full: [E-T—U;—-Usly =0 ¢ =¢+GHUHU)Y ¢ — ¢ +TIHHET




Free: [E—~T]p =0 GF=[E—-T1"! ¢ =F
Distorted: [E—T—U;]x =0 x=¢+GiUx x —> ¢ +TOHT
Full: [E-T-U~Usly =0 ¢ =¢+GjU+U¥ ¢ — ¢+ TIHIHT
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Free: [E—~T]p =0 GF=[E—-T1"! ¢ =F
Distorted: [E—T—U;]x =0 x=¢+GiUx x —> ¢ +TOHT
Full: [E-T-U~Usly =0 ¢ =¢+GjU+U¥ ¢ — ¢+ TIHIHT
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Free: [E—~T]p =0 GF=[E—-T1"! ¢ =F
Distorted: [E—T—U;]x =0 x=¢+GiUx x = ¢+TVHT
Full: [E-T-U~Usly =0 ¢ =¢+GjU+U¥ ¢ — ¢+ TIHIHT
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Remember the Coulomb and nuclear?
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x=¢+GIUIp+GTU[p+GTUL---11]

=+ GIUP+GIUGTUG+GIUGTUGTUG + - -,
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No scattering Single

Double

Triple scattering




(E=T-=U)y=Uyyp

P=x+G;U,y

Born series is truncated after the first term

2
TOWBA = T — = (Ol x)
1t order DWBA: U, appears to first order

There 1s similarly a second-order DWB A expression
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U, appears to second order
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a) DWBA treats the transition potential U, perturbatively

b) DWBA treats the distorted waves perturbatively

c) DWBA treats the full projectile-target interaction perturbatively
d) DWBA is not a perturbative theory




Define a transition matrix (t-matrix) such that: (O itidr) = (ék'lVW’; )

ok + GV (e + GTVYF)
b + GtV +GTVGTV (o + G*VVJ}:)

- (1+§:(G+V)")¢k

Remember the Born series? 1/)?:

I

Multiply by: (@ |V

and we can obtain an operator form of the equation in ¢t = V(1 + Z(G+V) )
terms of the t-matrix n=1

t=V + VGt

often used in few-body methods




Three-body methods




3
y = Z \I](n) (rn’ Rn)
n=I1

(1) () (3)
3 jacobi coordinate sets
3-body Hamiltonian for the problem:

H3b — j\-' + V’UC _l_ VfU[ + Vct

(E—T) — Vo)D) = v, (v® + ¢
(E—T> — Vc;)\l—’(z) — Vct(\p(S) + \Ij(l))
(E—T3 — Vi)W = v, (vD + ¢v@)




[H3, — ElW V(@ ,R)) =0

Expand wfn in eigenstates of projectile’ s internal Hamiltonian:

np
U (L R) = Y )Y, (Ry) + f dk ¢k (r) v (Ry)
p=1
Expand in partial waves:
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Radial wavefunctions for projectile:
heo(d> e+
|:_ 2Ly (dl’z B 72 ) + Vie(r) — €:| u(p,k)(r) =0

bound states with €p < 0

continuum states with energy ¢4 > 0 Eem +e0=E =
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average method kp
iip(r) = ‘/ k<r) dk
kp—1

 non overlaping continuum intervals -
continuum bins are orthogonal
e square integrable

analytic form if potential is zero and 1=0:

r

up(r) o< sin(kpr)




CDCC 3-body wavefunction: ‘ (Hsp, — E)\IJCDCC (r,R) = 0\

'/
R

N
vPECE,R) =) vy R)

p=0
P = {lSjIpr§ (kp—lakp)} ¢

Coupled channel equations:

[Tr + Vpp(R) — Eplyp(R) + Y Vi (R) Yy (R) = 0
p'#p

Coupling potentials: Vi (R) = (ép(r)|UU;—|—Uct|q§p/(r))

Energies: = E—€ 3 p b
nergies L, = E—¢p €p = (Qp (1) |Hint|Pp(T))




- direct measurement 14C(n,y)13C

« Coulomb dissociation

//
// ilow relative energy
- 14

C
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CDCC + set of single particle parameters
» extract ANC from 2 minimum
> error from e=y,,,>+1

Yao, JPG33 (2006) 1

ANC =1.32+0.07 fm1/2

Summers et al., PRC78(2009)069908
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Initial and final bound states:
|Hy — eplpp(r) =0 where H, =T, + V,(r)
[H; — &l (xr') =0 where H; =Ty + V().




H — HpI‘iOI' — TR T UI(R) + Hp(r) + Vl(Ra r)
— HpOSt — TR/ . Uf (R/) —I— H[ (r/) _I_ Vf (Rla rl)a

ViR,r) = V,(t') + Upe(Re) — Ui(R)
or Vr(R',x') = V,(r) + Use(R,) — Ur (R)).




ViR, 1) = Vi (t') + Upc(Re) — Ui(R)
or Vi(R,r') = V,(r) + Use(Re) — Us(R)).

o

remnant
term




Q-value matching: similar k in incident and exit distorted waves

TR = (™ Rp) @101, () VI @1, (0 1 (Ry))

Angular momentum dependence in zero-range approximation

T};WBA =Dy f IR, . (R)dR

=S i@+ 1) f F1(0, gR)/ (qR)Py(cos 0)®7,.1, (R)dR.
[=0
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Fig. 14.2. Transfer cross sections for different Q-values for 'C(d.p)'*C at
20 MeV. The Q-value is varied arbitrarily.

a) Solid

b) Dotted

c) Dashed
d) Dot-dashed
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Fig. 14.2. Transfer cross sections for different Q-values for 'C(d.p)'*C at

20 MeV. The Q-value is varied arbitrarily.
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Fig. 14.3. Dependence of the transfer angular distribution on the transferred
angular momentum for **Ni(d,p)>’Ni at 8§ MeV, with data from [2]. Reprinted
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from [3], with permission.
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Typical Approximations:
Eikonal
Adiabatic




T = h2 K; L 7 gal Ve 19 (. R))
dominating term in V¢ is V,,(r), short range
thus exact wfn only needed for small r!
DWBA ADWA
bo(r) xo(R) $0(0)x (R) = W*(0,R)

Uad(R) = Ust(R) + Uy (R),

Johnson and Soper potential




Johnson and Soper potential is based on the zero-range approx

Uad(R) = Ut (R) + Ut (R)

Tandy and Johnson reformulated the adiabatic model without
the zero-range approx and obtain a new adiabatic potential for
the deuteron including breakup effect and finite-range:

(¢, 1V,,(U,+U,)|¢,)
(9,17, 19,)

VTJ (R) =

Effective diffuseness increases!




a) ADWA treats deuteron breakup pertubatively

b) ADWA is valid for high beam energies

c) ADWA takes the np relative energies to be the beam energy
d) ADWA can be used to calculate deuteron elastic scattering
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Faddeev AGS: EXACT

« all three Jacobi components are included

» elastic, breakup and rearrangement
channels are fully coupled

« computationally expensive
Deltuva and Fonseca, Phys. Rev. C79, 014606 (2009). S @ @
3 jacobi coordinate sets

CDCC:

* only one Jacobi component

« elastic and breakup fully coupled (no rearrangement)
« computationally expensive

ADWA:

 only one Jacobi component

« elastic and breakup fully coupled (no rearrangement)

« approximation for breakup — one term in Weinberg expansion
* runs on desktop — practical use
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«Constraining p-A elastic
reduces uncertainties but
remaining uncertainty not
neglegible

-Important to include good
optical potential
information




DOE Nuclear Physics Mission is to understand the fundamental forces and particles of nature as manifested

in nuclear matter, and provide the necessary expertise and tools from nuclear science to meet national needs

DOE Nuclear Physics Mission is accomplished by supporting scientists who
answer overarching questions in major scientific thrusts of basic nuclear physics research

Science Drivers (Thrusts) from NRC RISAC

Overarching Questions from NSAC 2007 LRP

Applications of Isotopes

What is the nature of the
nuclear force that binds
rotons and neutrons into
stable nuclei and rare
isotopes?
What is the origin of
simple patterns in
complex nuclei?

What is the nature of
neutron stars and dense*
nuclear matter?

What is the origin of the
elements in the cosmos”

What are the nuclear
reactions that drive star
and stellar explosions?

Why is there now more
matter than antimatter in
the universe?

Overarching questions are answered by rare isotope research

What are new applications
of isotopes to meet the
needs of society?

17 Benchmarks from NSAC RIB TF measure capability to perform rare isotope research

=== Shell structure

2. Superheavies
3. Skins
Pairing
. Symmetries
> Limits of stability
Weakly bound nuclei
5. Mass surface

6. Equation of State (EOS)
> r-Process

8. *0O(a,y)

9. *Fe supernovae

15. Mass surface

16. rp-Process

17. Weak interactions

12. Atomic electric
dipole moment

10. Medical
11. Stewardship




Reactions Ab-initio reaction theory, consistent with nuclear structure, adequate Q1, Q2, Q4: B1-6, Bl11,
for many domains of experimental interest, including (d,p), dripline B13-15
nuclei and superheavy synthesis;
Multi-nucleon transfer, knockout and breakup models for production
of nuclei at and beyond the dripline to extract structural information;
Unified treatment of structure and reactions for open nuclear
systems;
Nuclear reactions study at the limits of stability to extract crucial Q2,Q3:B3,B17
isovector indicators such as neutron skins;
Reaction theory with quantified uncertainties for charge-exchange;
Reaction observables to isolate the role of pairing correlations and Q2: B4, BS
characterize the pairing interaction;

Microscopic theory of spontaneous and neutron-induced fission; Q4:B10,B11
Ab-initio theory for light-ion fusion;
Reaction theory for fusion consistent with structure Q2: B2,B14,

Consistent reaction theory for (d,p) transfer and (n,y), (p, v) capture Q1,Q2: B1-6,B16
reactions on medium mass and heavy nuclei;

Microscopic theory for nuclear fusion to predict thermo- and pycno-

nuclear fusion rates in the neutron star crust;

Reliable transport theory with quantified errors for heavy-ion Q1,Q2:B3,B5B6
reactions from low to intermediate energies;




