
Dispersive Optical Models: Acheivements and Perspectives

Mack C. Atkinson

Reed College

Perspectives on Nuclear Data for the Next Decade P(ND)2-3



Progress in structure and reaction calculations across the nuclear chart

mackenzie.c.atkinson@gmail.com Mack C. Atkinson Reed College 2

Very hard to describe nuclei
beyond mean-field
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Structure Only!

Precise ab initio reaction calculations
combining structure and continuum
are significantly more demanding

Nuclear Chart from H. Hergert
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Structure Only!

Precise ab initio reaction calculations
combining structure and continuum
are significantly more demanding

Nuclear Chart from H. Hergert
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Structure Only!

Precise ab initio reaction calculations
combining structure and continuum
are significantly more demanding
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Standard Optical Potentials are
applied across the nuclear chart, but

lack nuclear structure

Dispersive Optical Model

The DOM strikes a balance between computational cost and a consistent treatment of bound
and continuum dynamics

C. Hebborn et al., J. of Phys. G 50, 060501 (2023)
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Standard Optical Potentials are
applied across the nuclear chart, but

lack nuclear structure

Dispersive Optical Model

The DOM strikes a balance between computational cost and a consistent treatment of bound
and continuum dynamics

C. Hebborn et al., J. of Phys. G 50, 060501 (2023)



Disclaimer

There are several dispersive optical models
This talk focuses on a particular DOM (Washington University in St. Louis) and its
capabilities
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FIG. 2. (Color online) Calculated total cross sections using the dispersive potential with multiple-band coupling for neutron
induced reactions on 233,235,238U and 232Th targets are compared with calculations using the RIPL 2408 potential [20, 21].
Experimental data are taken from Refs. [83–90].
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FIG. 5: Total cross section for neutron-nucleus scattering as function of the energy. The data (symbols) are from Ref. [19].
Red solid curves correspond to NLD potential (this work) and blue dashed curves to LD potential [3].

The strengths of the model are constrained by disper-
sion relations, allowing a good description of integrated
and angular scattering data. The dispersion relation al-
lows to determine scattering states and bound states of
the target-nucleus with a single potential. We are fully
aware that there remains room for improvement for the
description of bound state properties. We obtain a bet-
ter description of the angular scattering data for A ↭ 65
relative to the LD approach [3]. These improvements ap-
pear more evident in the analyzing power, suggesting the
relevance of nonlocality in the spin-orbit term. This find-
ing goes in line with microscopic studies of nonlocality
[22], where both central and spin-orbit components are
nonlocal. As already mentioned, an important advan-
tage of global phenomenological approaches for nucleon
scattering lies on their simplicity, making it feasible com-
putations which would require physical information on
processes involving the whole nuclear chart and over a
broad energy range. The challenge in this approach is to
identify strengths and form factors as implied from more

fundamental approaches such as microscopic [31–34] or
ab-initio [35–37]. E!orts along this line are under way.
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Appendix A: Resolution of the integro-di!erential
Schrödinger equation

The search procedure for strengths and geometrical pa-
rameters implies comparisons between data and scatter-
ing observables resulting from the nonlocal optical model
we have discussed. This requires solving the integro-
di!erential Schrödinger equation in Eq. (5) for several
targets, energies and varying parameters. Thus, we need
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Dispersive Optical Model (DOM): uniting structure and continuum

mackenzie.c.atkinson@gmail.com Mack C. Atkinson Reed College 6

= + Σ∗

GDOM: Single-Particle Propagator

G
DOM

Self-energy: Σ∗(r , r ′;E ) = Vopt(r , r
′;E )

Dispersive Correction

ReΣℓj(r , r
′;E ) =

1

π
P
∫ ∞

−∞
dE ′ ImΣℓj(r , r

′;E ′)
E − E ′

This constraint ensures bound and scattering quantities are simultaneously described

Exact DOM Vopt
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Fitting the self-energy (40Ca)
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Parameters of self-energy varied to minimize χ2

Reproducing the data means self-energy is found

100

105

1010

1015

1020

1025

1030

0 30 60 90 120 150 180

Elab >100
100>Elab >40
40>Elab >20
20>Elab >10

dσ
/d

Ω
[m

b/
sr

]

p+40Ca

105

1010

1015

1020

1025

1030

0 30 60 90 120 150 180

n+40Ca

θc.m. [deg] θc.m. [deg]

0

5

10

15

20

25

0 30 60 90 120 150 180

Elab >100
100>Elab >40
40>Elab >20
20>Elab >10

A

p+40Ca

0

5

10

15

20

25

0 30 60 90 120 150 180

A

n+40Ca

θc.m. [deg] θc.m. [deg]

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 1 2 3 4 5 6 7 8

ρ
[e
·fm

-3
]

r [fm]

Experiment
DOM

0

200

400

600

800

0 50 100 150 200

p+40Ca

σ
[m

b]

Elab [MeV]

0
500
1000
1500
2000
2500
3000
3500
4000

0 50 100 150 200

n+40Ca

σ
[m

b]

Elab [MeV]

σtot
σreact

M.C. Atkinson et al., PRC 98, 044627 (2018)



Fitting the self-energy (40Ca)

mackenzie.c.atkinson@gmail.com Mack C. Atkinson Reed College 7

Parameters of self-energy varied to minimize χ2

Reproducing the data means self-energy is found
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Parameters of self-energy varied to minimize χ2

Reproducing the data means self-energy is found
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Parameters of self-energy varied to minimize χ2

Reproducing the data means self-energy is found
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Parameters of self-energy varied to minimize χ2

Reproducing the data means self-energy is found
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Parameters of self-energy varied to minimize χ2

Reproducing the data means self-energy is found

100

105

1010

1015

1020

1025

1030

0 30 60 90 120 150 180

Elab >100
100>Elab >40
40>Elab >20
20>Elab >10

dσ
/d

Ω
[m

b/
sr

]

p+40Ca

105

1010

1015

1020

1025

1030

0 30 60 90 120 150 180

n+40Ca

θc.m. [deg] θc.m. [deg]

0

5

10

15

20

25

0 30 60 90 120 150 180

Elab >100
100>Elab >40
40>Elab >20
20>Elab >10

A

p+40Ca

0

5

10

15

20

25

0 30 60 90 120 150 180

A

n+40Ca

θc.m. [deg] θc.m. [deg]

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 1 2 3 4 5 6 7 8

ρ
[e
·fm

-3
]

r [fm]

Experiment
DOM

0

200

400

600

800

0 50 100 150 200

p+40Ca

σ
[m

b]

Elab [MeV]

0
500
1000
1500
2000
2500
3000
3500
4000

0 50 100 150 200

n+40Ca

σ
[m

b]

Elab [MeV]

σtot
σreact

M.C. Atkinson et al., PRC 98, 044627 (2018)



Fitting the self-energy (48Ca)

mackenzie.c.atkinson@gmail.com Mack C. Atkinson Reed College 8

Parameters of self-energy varied to minimize χ2

Reproducing the data means self-energy is found
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Parameters of self-energy varied to minimize χ2

Reproducing the data means self-energy is found
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rn can be measured through parity-violating electron scattering (weak)

PREX-II at Jefferson Lab measured 208Pb skin

Small skin from CREX very surprising
DOM can reproduce both skins!
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Protons are more correlated in 48Ca!
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Dispersion distributes the energy dependence of Σ∗

More strength above ϵf depletes the strength below

High-energy σreact has strong effect on SF

0

200

400

600

800

0 50 100 150 200

p+40Ca

σ
[m

b]

Elab [MeV]

0

200

400

600

800

1000

0 50 100 150 200

p+48Ca

σ
[m

b]

Elab [MeV]

10−4

10−3

10−2

10−1

−100 −50 0 50 100

S
(E

)
[M

eV
-1
]

Ec.m. [MeV]

0d3/2
1s1/2

SF d 3
2
: 0.65 → 0.58



Constraints for SF

mackenzie.c.atkinson@gmail.com Mack C. Atkinson Reed College 13

Dispersion distributes the energy dependence of Σ∗

More strength above ϵf depletes the strength below

High-energy σreact has strong effect on SF

0

200

400

600

800

0 50 100 150 200

p+40Ca

σ
[m

b]

Elab [MeV]

0

200

400

600

800

1000

0 50 100 150 200

p+48Ca

σ
[m

b]

Elab [MeV]

10−4

10−3

10−2

10−1

−100 −50 0 50 100

S
(E

)
[M

eV
-1
]

Ec.m. [MeV]

0d3/2
1s1/2

SF d 3
2
: 0.65 → 0.58



Constraints for SF

mackenzie.c.atkinson@gmail.com Mack C. Atkinson Reed College 13

Dispersion distributes the energy dependence of Σ∗

More strength above ϵf depletes the strength below

High-energy σreact has strong effect on SF

0

200

400

600

800

0 50 100 150 200

p+40Ca

σ
[m

b]

Elab [MeV]

0

200

400

600

800

1000

0 50 100 150 200

p+48Ca

σ
[m

b]

Elab [MeV]

10−4

10−3

10−2

10−1

−100 −50 0 50 100

S
(E

)
[M

eV
-1
]

Ec.m. [MeV]

0d3/2
1s1/2

SF d 3
2
: 0.65 → 0.58



Constraints for SF

mackenzie.c.atkinson@gmail.com Mack C. Atkinson Reed College 13

Dispersion distributes the energy dependence of Σ∗

More strength above ϵf depletes the strength below

High-energy σreact has strong effect on SF

0

200

400

600

800

0 50 100 150 200

p+40Ca

σ
[m

b]

Elab [MeV]

0

200

400

600

800

1000

0 50 100 150 200

p+48Ca

σ
[m

b]

Elab [MeV]

10−4

10−3

10−2

10−1

−100 −50 0 50 100

S
(E

)
[M

eV
-1
]

Ec.m. [MeV]

0d3/2
1s1/2

SF d 3
2
: 0.65 → 0.58



Constraints for SF

mackenzie.c.atkinson@gmail.com Mack C. Atkinson Reed College 13

Dispersion distributes the energy dependence of Σ∗

More strength above ϵf depletes the strength below

High-energy σreact has strong effect on SF

0

200

400

600

800

0 50 100 150 200

p+40Ca

σ
[m

b]

Elab [MeV]

0

200

400

600

800

1000

0 50 100 150 200

p+48Ca

σ
[m

b]

Elab [MeV]

10−4

10−3

10−2

10−1

−100 −50 0 50 100

S
(E

)
[M

eV
-1
]

Ec.m. [MeV]

0d3/2
1s1/2

SF d 3
2
: 0.65 → 0.58



Constraints for SF

mackenzie.c.atkinson@gmail.com Mack C. Atkinson Reed College 13

Dispersion distributes the energy dependence of Σ∗

More strength above ϵf depletes the strength below

High-energy σreact has strong effect on SF

0

200

400

600

800

0 50 100 150 200

p+40Ca

σ
[m

b]

Elab [MeV]

0

200

400

600

800

1000

0 50 100 150 200

p+48Ca

σ
[m

b]

Elab [MeV]

10−4

10−3

10−2

10−1

−100 −50 0 50 100

S
(E

)
[M

eV
-1
]

Ec.m. [MeV]

0d3/2
1s1/2

SF d 3
2
: 0.65 → 0.58



Quenching

mackenzie.c.atkinson@gmail.com Mack C. Atkinson Reed College 14

0.1
−30 −20 −10 0 10 20

J.A. Tostevin, A. Gade Phys. Rev. C 90, 057602 (2014)



Quenching

mackenzie.c.atkinson@gmail.com Mack C. Atkinson Reed College 14

0.1
−30 −20 −10 0 10 20

J.A. Tostevin, A. Gade Phys. Rev. C 90, 057602 (2014)



Now try calculating with a hadronic probe: 40Ca(p, 2p)39K
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T ≈
∫

dR tNNχ
(−)∗
1 (R)χ

(−)∗
2 (R)χ
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0 (R)e−iαRK0·Rϕn

ljm(R).

Same DOM ingredients used

Remember that SF comes directly from Σ∗
DOM

Main difference is the probe =⇒ problem is likely Vpp
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The DOM provides consistent ingredients for knockout reactions

Discrepancy between 40Ca(e, e ′p)39K and 40Ca(p, 2p)39K

Through Green’s function formalism, the DOM can also describe how a
proton propagates through the nucleus (propagator GDOM)
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Why not just use (e, e ′p) for all single-knockout experiments?
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Proton knockout reactions

Experimental sketch for stable nuclei Experimental sketch for exotic nuclei (RIB)

Electron beam

Reaction mechanism well-understood



Nucleus-informed pp interaction: Vpp → Γpp
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Try varying VNN to see effect on SF

Dependence of SF on choice of VNN is another sign
the problem lies in VNN

Interactions need information about the nucleus

Gpp ≈
∫
GDOM × GDOM

Similar to G -matrix, except this is calculated in
finite nuclei

Good approximation for typical (p, 2p) energies
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Currently, the goal is to improve reaction models by providing nucleus-informed ΓNN

In any way possible (phenomenologically or microscopically)

Γ can also be used to calculate the nucleon self-energy (OMP)

Γ =
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The DOM provides consistent ingredients for knockout reactions

The DOM provides a path toward improvement through the
nucleus-informed NN interaction ΓNN

Combine this capability with a global DOM to extend the reach
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