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Resonances, from isolated to strongly overlapping

From Satchler, Introduction to 
Nuclear Reactions (1980)

Resolved 
resonances

Strongly 
overlapping 
resonances

Hauser-Feshbach approach
• Assumes strongly 

overlapping resonances
• Statistical treatment, dealing 

with averages…
• Calculations require 

structure models and 
parameters

R-matrix approach
• Resolved resonances
• In principle an exact 

description
• In practice, fits to known 

resonance data (E,J,p)

Focus of 
this talk!

Focus of Ian 
Thompson’s talk
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Example: Neutron capture reactions

Hauser-Feshbach formalism*:

g

n

A+1Z

n+AZ

Etop

Eex

CN 
populatedCN 

reached by
n emission

Sn

g

n

AZ

(n,g) cross section evaluations
for select stable isotopes (ENDF/B-VII)

n

sac = SJ,p saCN (E,J,p) . GCNc(E,J,p)

Strongly 
overlapping 
resonances

*Width fluctuation corrections are omitted 
here, but accounted for in applications.
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Hauser-Feshbach (statistical reaction) formalism for compound reactions

Need
• Transmission coefficients Tc for all channels c: 

neutron, proton, charged particles, g, fission
• Level densities
• Discrete levels with J,p
• Width fluctuation correction WFC factors

Formation of CN

Probability for decay of CN

𝜎!"# 𝐸, 𝐽, 𝜋 = 𝜋𝜆!𝜔!
$ )

%&

𝑇!%&
$

𝜎!' 𝐸 = )
$(

𝜎!"# 𝐸, 𝐽, 𝜋 𝐺'"# 𝐸, 𝐽, 𝜋

𝐺'"# 𝐸, 𝐽, 𝜋 =
∑!!"! "#!!"!

$ #%!(%!)

∑#!!!!!"!! ∫ "#!!!!!"!!
$ #%!!(%!) ()#!!

*Width fluctuation corrections are omitted 
here, but accounted for in applications.
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Statistical reaction codes

§ Contain much more than the Hauser-Feshbach
expression for compound reactions
— Direct reactions, preequilibrium reactions, compound reactions
— Optical models
— Nuclear structure: discrete levels, level densities, gamma strength 

functions, fission barriers, etc.

§ Are widey used:
— Talys, Empire, Stapre, CoH, YAHFC, and many others
— Deterministic or Monte-Carlo
— Various stages of sophistication and convenience

§ Require optical model potentials:
— For direct reaction calculations: direct use of OMPs
— For compound calculations: via transmission coefficients:

𝑇* = 1 − %
*

|𝑆**+|2

Where 𝑐 = 𝑙𝑠 𝑗𝑙 𝐽(

OMPs here!
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Experts have compiled valuable recommendations
for physics input for statistical reaction codes

Capote et al, Nuclear Data Sheets 110 (2009) 3107
23 authors, 108 pages, many years…

Starting points:
• Use default models and parametriziations, read the manuals for 

instructions on improvements
• Consult RIPL - “Reference Input Parameter Library”: web site 

and review paper www-nds.iaea.org/RIPL-3
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Statistical reaction codes utilize a variety of optical potentials

§ Phenomenological nucleon-nucleus OMPs:
— Spherical OMPs for most nuclei
— Parameters from systematics (global/regional)
— Koning-Delaroche
— Chapel-Hill
— MOM, Bauge et al (semi-microscopic)
— Morillon & Romain (dispersive)

Morillon & Romain, PRC 70, 014601 
(2004); PRC 76, 044601 (2007)

Koning & Delaroche, 
NPA 713 (2003) 231
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Statistical reaction codes utilize a variety of optical potentials

§ Deformed nucleon-nucleus OMPs : 
— Coupled-Channels: Rotational, vibrational, soft-rotor
— Mostly for rare-earth and actinides
— Capote, Sukhovitzkii, et al (dispersive CC)
— MOM by Bauge et al. for n+Gd (semi-microscopic)

Nobre et al, PRC 91, 024618 (2015)

Bauge et al, PRC 61, 034306 (2000)
Sokhovitskii et al, PRC 94, 064605 (2016)
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Statistical reaction codes utilize a variety of optical potentials

§ Composite particles + nucleus:
— OMPs tend to be less well constrained
— Deuterons: 

• Daehnick
• Han (global)
• An and Cai (global)

— Tritions and 3He:
• Becchetti & Greenlees

— Alphas:
• Demetriou (global)
• Kumar (global)
• Avrigeanu

Daehnick et al, PRC 21, 2253 (1980)

Capote et al, NDS 110 (2009) 3107
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OMP selection impacts the reactions predictions

§ Example: n+241Am
— Multiple deformed OMPs predict similar total cross 

sections, but have different absorption behavior at low 
energies

— CC OMPs have been found to require more than a few 
states in a rotational band to converge

§ Example: n+120Sn total inelastic cross section
— Different predictions at 3-5 MeV impact nuclear data 

evaluations

ECIS calculations, Escher, 
LLNL internal (2017)

Talys 1.95 manual (2019)
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OMP selection impacts the reactions predictions

§ Neutron evaporation competes with g
emission:
— Neutron emission dominated by different 

TCs at different energies
— For low level densities: n emission is very 

sensitive to angular-momentum effects, 
due to dominance of few partial waves and 
lack of final states

Escher et al, RMP 84, 353 (2012) 

Forssen, Dietrich, JE, Hoffman, Kelly, 
PRC 75, 055807 (2007) 

Zr transmission coefficients
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OMP selection impacts the reactions predictions

§ Nucleon-nucleus OMPs affect astrophysical simulations:
— Vagena et al utilize microscopic optical model by Bauge et al. (MOM) 

to demonstrate effect on MACS relevant to production of p nuclides.
— Goriely and Delaroche utilize MOM to demonstrate impact of 

isovector imaginary n-nucleus potential for r process. 

Vagena et al, PRC 103, 045806 (2021)

Goriely & Delaroche, PLB 653, 178 (2007)
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Moving far from stability brings challenges for theory 

§ Challenges away from stability:
— Extrapolations become unreliable: optical models, g

strength functions, level densities
— Uncertainties are unknown: need to go beyond 

‘plugging in’ all different models supplied by HF codes
— Statistical descriptions are limited to regions of high 

level density

A. Arcones et al. / Progress in Particle and Nuclear Physics 94 (2017) 1–67 9

Fig. 2. Schematic outline of the various nuclear reaction sequences in astrophysical environments (colored lines) on the chart of nuclides. Stable isotopes
are marked as black squares. A broad range of nuclei are produced in astrophysical environments. The FRIB radioactive beam facility will provide access
to the unstable nuclei that participate in many astrophysical processes, most of which have never been observed in a laboratory. Stable, gamma, and
neutron beam facilities are needed to measure reactions with stable nuclei in stellar burning and the s-process. Note that many of these processes such
as the ⌫p-process, supernova core processes, and neutron star processes have only been identified in the last decade and are not well understood. The
recently discovered i-process operates parallel to the s-process a few mass units towards the neutron rich side and is not yet included in this figure. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Source: Figure from Frank Timmes.

s-process nuclei serve as seeds for the p-process, the nucleosynthetic outcome of the p-process. Of similar importance are
the neutron capture rates on abundant nuclides that absorb neutrons, so called neutron poisons. During advanced burning
stages and during explosive nuclear burning triggered by the shock wave passing through the star when it explodes as a
supernova, proton, neutron, and ↵ induced reactions on heavier stable and unstable nuclei become important.

Masses, �-decay properties, and neutron capture rates on hundreds of unstable nuclei are critical for modeling various
r-processes and the i-process. In the case of the r-process, the nuclei are very far from stability (see Fig. 4) and many have
not yet been produced in laboratories to date. Nevertheless, progress has been made. A wide range of mass measurements
for increasingly unstable nuclei have been successfully carried out using time-of-flight and Penning trap techniques. �-
decay measurements now reach beyond the N = 50 shell in the Ga–Ge region covering the beginning of the r-process, and
similarmeasurements at RIKEN are now verging on the r-processwaiting points in the Rb–Zr region. FRIBwill be essential in
expanding the reach of r-process experiments to cover a significant portion of the r-process path (see Section 3.2). Neutrino
interactions play an important role in the r-process and can also produce some rare isotopes in the so called ⌫-process.

For the recently discovered i-process, a neutron capture process with time scales intermediate to the s- and r-process,
the critical nuclei are close to stability. However, accurate neutron capture rates are needed, which are very difficult to
determine experimentally for unstable nuclei. Techniques to carry out such measurements, such as the surrogate approach
using (d, p) and other transfer reactions, are critical. Pioneering measurements have been carried out, for example in the
132Sn region. Promising progress has also been made in utilizing inverse photodissociation or Coulomb breakup processes
as in the case of 60Fe, but all these techniques need to be developed further through experimental and theoretical work.
�-decay, proton capture, (p, ↵), and (n, p) reactions on unstable neutron-deficient nuclei need to be understood for models
of the ⌫p-process as well as nucleosynthesis in nova explosions.

p-process models require reliable (� , n), (� , p), and (� , ↵) reactions on 100s of stable and unstable neutron-deficient
nuclei. The need for experimental data is underlined by findings of large discrepancies between statistical model predictions
and measurements of reactions that involve ↵-particles. Measurements can be performed with � -beams (see Section 3.1)
or, taking advantage of quasi-virtual photons, via Coulomb breakup. However, in many cases, a measurement of the inverse
particle induced capture reaction, and the application of time-reversal invariance, is preferable and is currently a standard
tool for p-process studies. Currently the community worldwide is developing techniques to measure the relevant capture
reactions using radioactive targets or beams. The ReA3 facility at the NSCL and later at FRIB is ideal for such measurements
at astrophysical energies.

Nuclear theory is critical to complement experimental information (see Section 3.6). Even with new facilities expected
to fill in much of the missing information in the coming decade or two, theory is needed to reliably predict properties

TENDL Library... NUCLEAR DATA SHEETS A.J. Koning et al.
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FIG. 15. (Color online) Chart of the nuclides showing the targets include in the TENDL-2017 and EAF-2010 neutron-induced
reaction libraries. Note that TENDL includes all isomeric states with half life above 1 second, amounting to 544 of the 2813
files.
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FIG. 16. (Color online) Comparison of photonuclear data li-
braries and EXFOR data for the 100Mo(!,n)99Mo reaction.

1. Proton Sublibrary

For incident protons, the most important, and most
measured, observables are elastic scattering angular
distributions, total non-elastic cross sections, double-
di!erential particle emission spectra and residual produc-
tion cross sections. The general quality of TENDL for
these reactions is directly related to the quality of the
optical proton models of Ref. [21], and pre-equilibrium

exciton model of Ref. [34] As can be inferred from these
two papers, a rather good description can already be ob-
tained without nuclide-by-nuclide adjustment. Fig. 17
shows an example of TENDL proton cross sections com-
pared with other nuclear data libraries.
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FIG. 17. (Color online) Comparison of proton data libraries
and EXFOR data for the 56Fe(p,n)56Co reaction.

An extensive description of the ENDF-6 procedures
used to build a proton library has been given in [8]. The
TENDL-2017 proton libraries di!ers in two aspects from

28

Koning, NDS 155, 1 (2019)

TENDL 2017 neutron libraries

F.S. Dietrich (2003)
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Surrogate reactions method combines theory and experiment to constrain cross section 
calculations for compound reactions 

Neutron capture
n

87Y
unstable

Surrogate reaction

pd

89Y
stable

88Y

g
n

Problem: 87Y(n,g) 
calculations are highly 
uncertain

Solution: Constrain 
calculation with 
surrogate data

A Surrogate experiment gives

P(p,dg) (E) =SJ,p F(p,d)CN(E,J,p).GCN
g(E,J,p)

87Y(n,g) cross section:

s(n,g) = SJ,p sn+target
CN (E,J,p) . GCN

g(E,J,p)
From 

experiment

From 
theory

To be 
determined

Well modelled from 
nuclear theory

The new cross 
section we want

§ Surrogate reaction method
— Addresses a formidable challenge: nuclear 

reaction data for unstable isotopes

§ Principle:
— Transfer reactions and inelastic scattering 

produce compound nucleus (CN) of interest
— Theory provides formation cross section for CN
— Combine theory & experiment to obtain 

desired cross section

§ Theory challenge:
— Describe mechanisms for populating doorway 

states, for inelastic scattering and transfers

§ Optical potentials:
— Provide information on nuclear structure 

at high excitation energy
— Ingredient for description of direct 

(surrogate) reaction
— Ingredient for HF calculation

*Width fluctuation corrections are omitted 
here, but accounted for in applications.
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contributions are added to this and the resulting distribution
is used in a Hauser-Feshbach-type calculation that models
the CN decay.
With FCN

! !Eex; J; "" obtained in this manner, we can
derive constraints for the decay models, using the measured
coincidence probabilities Pexpt

!# and Eq. (2). We express the
GCN

# !Eex; J; "" in terms of well-established functional
forms for level densities and transmission coefficients
[20,52], with parameters that are to be determined.
Sensitivity studies establish reasonable parameter ranges:
the level density model [53] used has four (five) adjustable
parameters for 88Y (91Zr). The #-ray transmission coeffi-
cient is dominated by electric and magnetic dipole tran-
sitions, requiring nine parameters to be varied [52,54–56].
The neutron transmission coefficients are known quite
accurately for the nuclei considered [36] and are not varied.
For isotopes far from stability, where transmission coef-
ficients are less well known, such variations should be
carried out. To account for uncertainties in the calculated
FCN
! !Eex; J; "", we vary the weights schematically by

shifting the overall distribution by #1!.
Each parameter set leads to predicted coincidence

probabilities according to Eq. (2). A comparison with
the measured probabilities then leads to the sought-after
parameter constraints. In practice, this comparison is
carried out using a Bayesian Monte Carlo approach
[57,58], which allows us to simultaneously account for
uncertainties in the data, the structure information utilized,
and shortcomings in the theoretical description. The pro-
cedure yields the desired (n, #) cross section, along with its
uncertainty.
Six #-ray transitions in 88Y are used to determine the 88Y$

decay parameters. To emphasize the energy region of
interest to neutron capture, data from 0.5 MeV below to

1.5 MeV above the neutron separation energy are utilized.
Data at lower energies serve as a check for the quality of the
approach. Figures 3(a)–3(f) show that all transitions are
simultaneously well reproduced, even at the lower energies.
The effects of the IAS are clearly seen and reproduced. As
an additional check, we compare a predicted and measured
#-ray transition in 87Y [see Fig. 3(g)]. The extracted
87Y!n; #" cross section, shown in Fig. 4, is higher than
existing evaluations, which rely on regional systematics,
and has a 1$ uncertainty of about #25%.
For the 90Zr!n; #" case, we use five # transitions and,

again, restrict our fit to data around the separation energy
(Sn % 7.19 MeV). The fit reproduces the data well in the
energy range of interest (Fig. 5). The resulting 90Zr!n; #"
cross section, shown in (f), agrees with available direct
measurements and evaluations, both in shape and magni-
tude. Its average is about a factor 2 larger than the data, but

FIG. 3. Probabilities for observing specific #-ray transitions in coincidence with the outgoing deuteron. Results of the fit (gray 1$
bands) are compared to experimental data (black symbols). Fitting range and separation energy Sn are indicated. (a)–(f) Transitions in
88Y; (g) gives a transition in 87Y. IAS contributions result in dips or peaks at specific energies.

FIG. 4. The 87Y!n; #" cross section, extracted from the surro-
gate data, with 1$ uncertainty (blue curves, gray band). The
TENDL 2015 (brown curves, with hatched 1$ uncertainty) and
Rosfond 2010 evaluations are based on regional systematics
[59–61]. No direct measurements exist.

PHYSICAL REVIEW LETTERS 121, 052501 (2018)

052501-4

Escher et al, PRL 121 (2018)

Surrogate (p,d) transfer reactions enable determination of unknown (n,g) reaction cross 
sections

Surrogate (p,d) reaction§ We solved the problem and determined two capture cross sections:
— Benchmark: 90Zr(n,g) from 92Zr(p,dg) data
— Unstable: 87Y(n,g) from 89Y(p,dg) data

§ Two challenges had to be overcome:
— Nucleon removal produces holes deep in nucleus
— Nucleon removal is accompanied by inelastic excitations

§ Theory developments:
— Leverage dispersive optical model parametrization to describe hole structure 
— Implement two-step reaction description to incorporate inelastic effects

89Y(p,d) similarly 
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p

d

neutrons protons

neutron 
hole made 
in reaction

Surrogate
(p,d) reaction

92Zr

Theory for surrogate reactions:
Deep neutron holes

Neutron hole structure relevant 
to (p,d) reaction?

CN 

Sn

g

91Zr

Deep hole

Shallow hole

Potential 
Model
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p

d

neutrons protons

neutron 
hole made 
in reaction

Surrogate
(p,d) reaction

92Zr

Theory for surrogate reactions:
Deep neutron holes

Neutron hole structure relevant 
to (p,d) reaction?

Naïve potential-model picture 
not useful for deep holes
• Hole location not well 

predicted
• Fragmentation not explained

Microscopic structure theories 
are challenged
• Medium-mass or heavy nuclei
• High excitation energies
• Higher-order couplings

CN 

Sn

g

91Zr
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Shallow hole
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Dispersive Optical Model

• Connects OMP for scattering to 
nuclear mean field:

Empirical scattering information 
yields OMP at positive energies

Mean field gives energy-
averaged nuclear properties: 
single-particle Enlj, spectral 
functions Snlj, etc.

• DOMP provides useful structure 
information of reaction 
calculations

Mahaux & Sartor, Adv. Nucl. Phys. 1991
Delaroche et al, PRC 39, 391 (1989)

DOMPExperiment
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Surrogate (d,p) transfer reactions enable determination of unknown 
(n,g) reaction cross sections

MADDALENA BOSELLI AND ALEXIS DIAZ-TORRES PHYSICAL REVIEW C 92, 044610 (2015)

FIG. 1. (Color online) Some key reaction processes induced by a
weakly bound two-body nucleus at low incident energies.

exp(!iĤt/!), with Ĥ being the total Hamiltonian of
the system;

(iii) after a long propagation time tf , to calculate energy-
resolved observables using the wave function !(tf ).

A simple model with two degrees of freedom

As a test case, we will study the 6Li + 209Bi fusion within
a one-dimensional model with two degrees of freedom, where
the 209Bi target and the 6Li fragments ( 4He and 2H) are always
on a line. Figure 2 shows the coordinate system employed in
the model (Jacobi coordinates for a system of three bodies),
with the projectile considered is composed of two bodies (or
fragments). Xc.m. identifies the distance between the target and
the center of mass (c.m.) of the projectile, while " gives the
distance between the projectile constituents. M is the mass
of the target nucleus, while m1 and m2 are the masses of the
projectile constituents. The Hamiltonian of the system in terms

FIG. 2. (Color online) Illustration of the one-dimensional three-
body model and its coordinates.

TABLE I. Parameters of the Woods-Saxon nuclear potential,
which are used for different binary systems in the present calculations,
as well as the radius parameter of the uniformly charged sphere for
their Coulomb interactions (last column).

System V0 (MeV) r0 (fm) a0 (fm) r0c (fm)

209Bi ! 6Li !50.000 0.950 1.050 1.2
209Bi ! 4He !32.931 1.461 0.605 1.2
209Bi ! 2H !26.000 1.465 0.668 1.2
4He + 2H !78.460 1.150 0.700 1.465

of these coordinates reads

Ĥ =
P̂ 2

Xc.m.

2µTP
+

p̂2
"

2µ12
+ U12(" ) + VT 1(Xc.m. ! # " )

+VT 2(Xc.m. + $ " ), (1)

where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), # = m2/(m1 + m2), $ = m1/(m1 + m2). U12 rep-
resents the interaction between the fragments. VT 1 and VT 2
describe the interaction between target and the two projectile
fragments, respectively, which depend on the relative dis-
tances x1 = Xc.m. ! # " and x2 = Xc.m. + $ " , as shown in
Fig. 2. Table I presents the parameters of the Woods-Saxon
nuclear potential for the binary systems in the calculations
below, while for their Coulomb interaction the potential of a
uniformly charged sphere was used. Please note that all the
radius parameters provide a critical distance determined by
r0 A1/3, where A is the heaviest mass in the corresponding
binary system. The Coulomb barriers between the projectile
fragments and the target obtained with these potentials are
as follows: (VB,RB) = (21.25 MeV,10.55 fm) for 4He + 209Bi
and (10.08 MeV,11.12 fm) for 2H + 209Bi. These values are
similar to the Sao Paulo potential barriers [10].

To describe fusion of the projectile fragments with the
target, which is an irreversible process, the Hamiltonian in
Eq. (1) is augmented with two strong imaginary potentials,
iWT 1(x1) and iWT 2(x2), which operate in the interior of
the individual Coulomb barriers between the target and the
projectile fragments. This is usually employed in the coupled-
channels model to simulate fusion and is equivalent to the
use of the ingoing-wave boundary condition (IWBC) [4,11].
The imaginary potentials have the same Woods-Saxon shape:
(W0,a0w) = (!50.0 MeV, 0.1 fm), centered at the minimum
of the individual potential pockets.

1. Initial wave function

Because at the initial time the projectile is considered
to be far away from the target, VT 1 and VT 2 in Eq. (1)
can be neglected and the Hamiltonian becomes separable.
Consequently, the initial wave function can be factorized as

!(",Xc.m.,t = 0) = %0(Xc.m.) &0(" ), (2)

where &0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,
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(iii) after a long propagation time tf , to calculate energy-
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A simple model with two degrees of freedom

As a test case, we will study the 6Li + 209Bi fusion within
a one-dimensional model with two degrees of freedom, where
the 209Bi target and the 6Li fragments ( 4He and 2H) are always
on a line. Figure 2 shows the coordinate system employed in
the model (Jacobi coordinates for a system of three bodies),
with the projectile considered is composed of two bodies (or
fragments). Xc.m. identifies the distance between the target and
the center of mass (c.m.) of the projectile, while " gives the
distance between the projectile constituents. M is the mass
of the target nucleus, while m1 and m2 are the masses of the
projectile constituents. The Hamiltonian of the system in terms
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Ĥ =
P̂ 2

Xc.m.

2µTP
+

p̂2
"

2µ12
+ U12(" ) + VT 1(Xc.m. ! # " )

+VT 2(Xc.m. + $ " ), (1)

where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), # = m2/(m1 + m2), $ = m1/(m1 + m2). U12 rep-
resents the interaction between the fragments. VT 1 and VT 2
describe the interaction between target and the two projectile
fragments, respectively, which depend on the relative dis-
tances x1 = Xc.m. ! # " and x2 = Xc.m. + $ " , as shown in
Fig. 2. Table I presents the parameters of the Woods-Saxon
nuclear potential for the binary systems in the calculations
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fragments and the target obtained with these potentials are
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similar to the Sao Paulo potential barriers [10].

To describe fusion of the projectile fragments with the
target, which is an irreversible process, the Hamiltonian in
Eq. (1) is augmented with two strong imaginary potentials,
iWT 1(x1) and iWT 2(x2), which operate in the interior of
the individual Coulomb barriers between the target and the
projectile fragments. This is usually employed in the coupled-
channels model to simulate fusion and is equivalent to the
use of the ingoing-wave boundary condition (IWBC) [4,11].
The imaginary potentials have the same Woods-Saxon shape:
(W0,a0w) = (!50.0 MeV, 0.1 fm), centered at the minimum
of the individual potential pockets.
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Because at the initial time the projectile is considered
to be far away from the target, VT 1 and VT 2 in Eq. (1)
can be neglected and the Hamiltonian becomes separable.
Consequently, the initial wave function can be factorized as
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with the projectile considered is composed of two bodies (or
fragments). Xc.m. identifies the distance between the target and
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distance between the projectile constituents. M is the mass
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radius parameters provide a critical distance determined by
r0 A1/3, where A is the heaviest mass in the corresponding
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fragments and the target obtained with these potentials are
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and (10.08 MeV,11.12 fm) for 2H + 209Bi. These values are
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To describe fusion of the projectile fragments with the
target, which is an irreversible process, the Hamiltonian in
Eq. (1) is augmented with two strong imaginary potentials,
iWT 1(x1) and iWT 2(x2), which operate in the interior of
the individual Coulomb barriers between the target and the
projectile fragments. This is usually employed in the coupled-
channels model to simulate fusion and is equivalent to the
use of the ingoing-wave boundary condition (IWBC) [4,11].
The imaginary potentials have the same Woods-Saxon shape:
(W0,a0w) = (!50.0 MeV, 0.1 fm), centered at the minimum
of the individual potential pockets.

1. Initial wave function

Because at the initial time the projectile is considered
to be far away from the target, VT 1 and VT 2 in Eq. (1)
can be neglected and the Hamiltonian becomes separable.
Consequently, the initial wave function can be factorized as
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radius parameters provide a critical distance determined by
r0 A1/3, where A is the heaviest mass in the corresponding
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and (10.08 MeV,11.12 fm) for 2H + 209Bi. These values are
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To describe fusion of the projectile fragments with the
target, which is an irreversible process, the Hamiltonian in
Eq. (1) is augmented with two strong imaginary potentials,
iWT 1(x1) and iWT 2(x2), which operate in the interior of
the individual Coulomb barriers between the target and the
projectile fragments. This is usually employed in the coupled-
channels model to simulate fusion and is equivalent to the
use of the ingoing-wave boundary condition (IWBC) [4,11].
The imaginary potentials have the same Woods-Saxon shape:
(W0,a0w) = (!50.0 MeV, 0.1 fm), centered at the minimum
of the individual potential pockets.

1. Initial wave function

Because at the initial time the projectile is considered
to be far away from the target, VT 1 and VT 2 in Eq. (1)
can be neglected and the Hamiltonian becomes separable.
Consequently, the initial wave function can be factorized as

!(",Xc.m.,t = 0) = %0(Xc.m.) &0(" ), (2)

where &0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,
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As a test case, we will study the 6Li + 209Bi fusion within
a one-dimensional model with two degrees of freedom, where
the 209Bi target and the 6Li fragments ( 4He and 2H) are always
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the model (Jacobi coordinates for a system of three bodies),
with the projectile considered is composed of two bodies (or
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tances x1 = Xc.m. ! # " and x2 = Xc.m. + $ " , as shown in
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below, while for their Coulomb interaction the potential of a
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radius parameters provide a critical distance determined by
r0 A1/3, where A is the heaviest mass in the corresponding
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as follows: (VB,RB) = (21.25 MeV,10.55 fm) for 4He + 209Bi
and (10.08 MeV,11.12 fm) for 2H + 209Bi. These values are
similar to the Sao Paulo potential barriers [10].

To describe fusion of the projectile fragments with the
target, which is an irreversible process, the Hamiltonian in
Eq. (1) is augmented with two strong imaginary potentials,
iWT 1(x1) and iWT 2(x2), which operate in the interior of
the individual Coulomb barriers between the target and the
projectile fragments. This is usually employed in the coupled-
channels model to simulate fusion and is equivalent to the
use of the ingoing-wave boundary condition (IWBC) [4,11].
The imaginary potentials have the same Woods-Saxon shape:
(W0,a0w) = (!50.0 MeV, 0.1 fm), centered at the minimum
of the individual potential pockets.
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Because at the initial time the projectile is considered
to be far away from the target, VT 1 and VT 2 in Eq. (1)
can be neglected and the Hamiltonian becomes separable.
Consequently, the initial wave function can be factorized as

!(",Xc.m.,t = 0) = %0(Xc.m.) &0(" ), (2)

where &0 describes the ground state of the projectile and it is
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exp(!iĤt/!), with Ĥ being the total Hamiltonian of
the system;

(iii) after a long propagation time tf , to calculate energy-
resolved observables using the wave function !(tf ).

A simple model with two degrees of freedom

As a test case, we will study the 6Li + 209Bi fusion within
a one-dimensional model with two degrees of freedom, where
the 209Bi target and the 6Li fragments ( 4He and 2H) are always
on a line. Figure 2 shows the coordinate system employed in
the model (Jacobi coordinates for a system of three bodies),
with the projectile considered is composed of two bodies (or
fragments). Xc.m. identifies the distance between the target and
the center of mass (c.m.) of the projectile, while " gives the
distance between the projectile constituents. M is the mass
of the target nucleus, while m1 and m2 are the masses of the
projectile constituents. The Hamiltonian of the system in terms

FIG. 2. (Color online) Illustration of the one-dimensional three-
body model and its coordinates.

TABLE I. Parameters of the Woods-Saxon nuclear potential,
which are used for different binary systems in the present calculations,
as well as the radius parameter of the uniformly charged sphere for
their Coulomb interactions (last column).

System V0 (MeV) r0 (fm) a0 (fm) r0c (fm)

209Bi ! 6Li !50.000 0.950 1.050 1.2
209Bi ! 4He !32.931 1.461 0.605 1.2
209Bi ! 2H !26.000 1.465 0.668 1.2
4He + 2H !78.460 1.150 0.700 1.465

of these coordinates reads
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target, which is an irreversible process, the Hamiltonian in
Eq. (1) is augmented with two strong imaginary potentials,
iWT 1(x1) and iWT 2(x2), which operate in the interior of
the individual Coulomb barriers between the target and the
projectile fragments. This is usually employed in the coupled-
channels model to simulate fusion and is equivalent to the
use of the ingoing-wave boundary condition (IWBC) [4,11].
The imaginary potentials have the same Woods-Saxon shape:
(W0,a0w) = (!50.0 MeV, 0.1 fm), centered at the minimum
of the individual potential pockets.

1. Initial wave function

Because at the initial time the projectile is considered
to be far away from the target, VT 1 and VT 2 in Eq. (1)
can be neglected and the Hamiltonian becomes separable.
Consequently, the initial wave function can be factorized as

!(",Xc.m.,t = 0) = %0(Xc.m.) &0(" ), (2)

where &0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃&n(" ) = En&n(" ), (3)
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exp(!iĤt/!), with Ĥ being the total Hamiltonian of
the system;

(iii) after a long propagation time tf , to calculate energy-
resolved observables using the wave function !(tf ).

A simple model with two degrees of freedom

As a test case, we will study the 6Li + 209Bi fusion within
a one-dimensional model with two degrees of freedom, where
the 209Bi target and the 6Li fragments ( 4He and 2H) are always
on a line. Figure 2 shows the coordinate system employed in
the model (Jacobi coordinates for a system of three bodies),
with the projectile considered is composed of two bodies (or
fragments). Xc.m. identifies the distance between the target and
the center of mass (c.m.) of the projectile, while " gives the
distance between the projectile constituents. M is the mass
of the target nucleus, while m1 and m2 are the masses of the
projectile constituents. The Hamiltonian of the system in terms

FIG. 2. (Color online) Illustration of the one-dimensional three-
body model and its coordinates.

TABLE I. Parameters of the Woods-Saxon nuclear potential,
which are used for different binary systems in the present calculations,
as well as the radius parameter of the uniformly charged sphere for
their Coulomb interactions (last column).
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209Bi ! 6Li !50.000 0.950 1.050 1.2
209Bi ! 4He !32.931 1.461 0.605 1.2
209Bi ! 2H !26.000 1.465 0.668 1.2
4He + 2H !78.460 1.150 0.700 1.465
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where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), # = m2/(m1 + m2), $ = m1/(m1 + m2). U12 rep-
resents the interaction between the fragments. VT 1 and VT 2
describe the interaction between target and the two projectile
fragments, respectively, which depend on the relative dis-
tances x1 = Xc.m. ! # " and x2 = Xc.m. + $ " , as shown in
Fig. 2. Table I presents the parameters of the Woods-Saxon
nuclear potential for the binary systems in the calculations
below, while for their Coulomb interaction the potential of a
uniformly charged sphere was used. Please note that all the
radius parameters provide a critical distance determined by
r0 A1/3, where A is the heaviest mass in the corresponding
binary system. The Coulomb barriers between the projectile
fragments and the target obtained with these potentials are
as follows: (VB,RB) = (21.25 MeV,10.55 fm) for 4He + 209Bi
and (10.08 MeV,11.12 fm) for 2H + 209Bi. These values are
similar to the Sao Paulo potential barriers [10].

To describe fusion of the projectile fragments with the
target, which is an irreversible process, the Hamiltonian in
Eq. (1) is augmented with two strong imaginary potentials,
iWT 1(x1) and iWT 2(x2), which operate in the interior of
the individual Coulomb barriers between the target and the
projectile fragments. This is usually employed in the coupled-
channels model to simulate fusion and is equivalent to the
use of the ingoing-wave boundary condition (IWBC) [4,11].
The imaginary potentials have the same Woods-Saxon shape:
(W0,a0w) = (!50.0 MeV, 0.1 fm), centered at the minimum
of the individual potential pockets.

1. Initial wave function

Because at the initial time the projectile is considered
to be far away from the target, VT 1 and VT 2 in Eq. (1)
can be neglected and the Hamiltonian becomes separable.
Consequently, the initial wave function can be factorized as

!(",Xc.m.,t = 0) = %0(Xc.m.) &0(" ), (2)

where &0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃&n(" ) = En&n(" ), (3)
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A simple model with two degrees of freedom

As a test case, we will study the 6Li + 209Bi fusion within
a one-dimensional model with two degrees of freedom, where
the 209Bi target and the 6Li fragments ( 4He and 2H) are always
on a line. Figure 2 shows the coordinate system employed in
the model (Jacobi coordinates for a system of three bodies),
with the projectile considered is composed of two bodies (or
fragments). Xc.m. identifies the distance between the target and
the center of mass (c.m.) of the projectile, while " gives the
distance between the projectile constituents. M is the mass
of the target nucleus, while m1 and m2 are the masses of the
projectile constituents. The Hamiltonian of the system in terms
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TABLE I. Parameters of the Woods-Saxon nuclear potential,
which are used for different binary systems in the present calculations,
as well as the radius parameter of the uniformly charged sphere for
their Coulomb interactions (last column).
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where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), # = m2/(m1 + m2), $ = m1/(m1 + m2). U12 rep-
resents the interaction between the fragments. VT 1 and VT 2
describe the interaction between target and the two projectile
fragments, respectively, which depend on the relative dis-
tances x1 = Xc.m. ! # " and x2 = Xc.m. + $ " , as shown in
Fig. 2. Table I presents the parameters of the Woods-Saxon
nuclear potential for the binary systems in the calculations
below, while for their Coulomb interaction the potential of a
uniformly charged sphere was used. Please note that all the
radius parameters provide a critical distance determined by
r0 A1/3, where A is the heaviest mass in the corresponding
binary system. The Coulomb barriers between the projectile
fragments and the target obtained with these potentials are
as follows: (VB,RB) = (21.25 MeV,10.55 fm) for 4He + 209Bi
and (10.08 MeV,11.12 fm) for 2H + 209Bi. These values are
similar to the Sao Paulo potential barriers [10].

To describe fusion of the projectile fragments with the
target, which is an irreversible process, the Hamiltonian in
Eq. (1) is augmented with two strong imaginary potentials,
iWT 1(x1) and iWT 2(x2), which operate in the interior of
the individual Coulomb barriers between the target and the
projectile fragments. This is usually employed in the coupled-
channels model to simulate fusion and is equivalent to the
use of the ingoing-wave boundary condition (IWBC) [4,11].
The imaginary potentials have the same Woods-Saxon shape:
(W0,a0w) = (!50.0 MeV, 0.1 fm), centered at the minimum
of the individual potential pockets.

1. Initial wave function

Because at the initial time the projectile is considered
to be far away from the target, VT 1 and VT 2 in Eq. (1)
can be neglected and the Hamiltonian becomes separable.
Consequently, the initial wave function can be factorized as

!(",Xc.m.,t = 0) = %0(Xc.m.) &0(" ), (2)

where &0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃&n(" ) = En&n(" ), (3)
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resolved observables using the wave function !(tf ).

A simple model with two degrees of freedom

As a test case, we will study the 6Li + 209Bi fusion within
a one-dimensional model with two degrees of freedom, where
the 209Bi target and the 6Li fragments ( 4He and 2H) are always
on a line. Figure 2 shows the coordinate system employed in
the model (Jacobi coordinates for a system of three bodies),
with the projectile considered is composed of two bodies (or
fragments). Xc.m. identifies the distance between the target and
the center of mass (c.m.) of the projectile, while " gives the
distance between the projectile constituents. M is the mass
of the target nucleus, while m1 and m2 are the masses of the
projectile constituents. The Hamiltonian of the system in terms
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TABLE I. Parameters of the Woods-Saxon nuclear potential,
which are used for different binary systems in the present calculations,
as well as the radius parameter of the uniformly charged sphere for
their Coulomb interactions (last column).

System V0 (MeV) r0 (fm) a0 (fm) r0c (fm)

209Bi ! 6Li !50.000 0.950 1.050 1.2
209Bi ! 4He !32.931 1.461 0.605 1.2
209Bi ! 2H !26.000 1.465 0.668 1.2
4He + 2H !78.460 1.150 0.700 1.465
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Ĥ =
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2µTP
+

p̂2
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2µ12
+ U12(" ) + VT 1(Xc.m. ! # " )

+VT 2(Xc.m. + $ " ), (1)

where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), # = m2/(m1 + m2), $ = m1/(m1 + m2). U12 rep-
resents the interaction between the fragments. VT 1 and VT 2
describe the interaction between target and the two projectile
fragments, respectively, which depend on the relative dis-
tances x1 = Xc.m. ! # " and x2 = Xc.m. + $ " , as shown in
Fig. 2. Table I presents the parameters of the Woods-Saxon
nuclear potential for the binary systems in the calculations
below, while for their Coulomb interaction the potential of a
uniformly charged sphere was used. Please note that all the
radius parameters provide a critical distance determined by
r0 A1/3, where A is the heaviest mass in the corresponding
binary system. The Coulomb barriers between the projectile
fragments and the target obtained with these potentials are
as follows: (VB,RB) = (21.25 MeV,10.55 fm) for 4He + 209Bi
and (10.08 MeV,11.12 fm) for 2H + 209Bi. These values are
similar to the Sao Paulo potential barriers [10].

To describe fusion of the projectile fragments with the
target, which is an irreversible process, the Hamiltonian in
Eq. (1) is augmented with two strong imaginary potentials,
iWT 1(x1) and iWT 2(x2), which operate in the interior of
the individual Coulomb barriers between the target and the
projectile fragments. This is usually employed in the coupled-
channels model to simulate fusion and is equivalent to the
use of the ingoing-wave boundary condition (IWBC) [4,11].
The imaginary potentials have the same Woods-Saxon shape:
(W0,a0w) = (!50.0 MeV, 0.1 fm), centered at the minimum
of the individual potential pockets.

1. Initial wave function

Because at the initial time the projectile is considered
to be far away from the target, VT 1 and VT 2 in Eq. (1)
can be neglected and the Hamiltonian becomes separable.
Consequently, the initial wave function can be factorized as

!(",Xc.m.,t = 0) = %0(Xc.m.) &0(" ), (2)

where &0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃&n(" ) = En&n(" ), (3)
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A simple model with two degrees of freedom

As a test case, we will study the 6Li + 209Bi fusion within
a one-dimensional model with two degrees of freedom, where
the 209Bi target and the 6Li fragments ( 4He and 2H) are always
on a line. Figure 2 shows the coordinate system employed in
the model (Jacobi coordinates for a system of three bodies),
with the projectile considered is composed of two bodies (or
fragments). Xc.m. identifies the distance between the target and
the center of mass (c.m.) of the projectile, while " gives the
distance between the projectile constituents. M is the mass
of the target nucleus, while m1 and m2 are the masses of the
projectile constituents. The Hamiltonian of the system in terms
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TABLE I. Parameters of the Woods-Saxon nuclear potential,
which are used for different binary systems in the present calculations,
as well as the radius parameter of the uniformly charged sphere for
their Coulomb interactions (last column).
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where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), # = m2/(m1 + m2), $ = m1/(m1 + m2). U12 rep-
resents the interaction between the fragments. VT 1 and VT 2
describe the interaction between target and the two projectile
fragments, respectively, which depend on the relative dis-
tances x1 = Xc.m. ! # " and x2 = Xc.m. + $ " , as shown in
Fig. 2. Table I presents the parameters of the Woods-Saxon
nuclear potential for the binary systems in the calculations
below, while for their Coulomb interaction the potential of a
uniformly charged sphere was used. Please note that all the
radius parameters provide a critical distance determined by
r0 A1/3, where A is the heaviest mass in the corresponding
binary system. The Coulomb barriers between the projectile
fragments and the target obtained with these potentials are
as follows: (VB,RB) = (21.25 MeV,10.55 fm) for 4He + 209Bi
and (10.08 MeV,11.12 fm) for 2H + 209Bi. These values are
similar to the Sao Paulo potential barriers [10].

To describe fusion of the projectile fragments with the
target, which is an irreversible process, the Hamiltonian in
Eq. (1) is augmented with two strong imaginary potentials,
iWT 1(x1) and iWT 2(x2), which operate in the interior of
the individual Coulomb barriers between the target and the
projectile fragments. This is usually employed in the coupled-
channels model to simulate fusion and is equivalent to the
use of the ingoing-wave boundary condition (IWBC) [4,11].
The imaginary potentials have the same Woods-Saxon shape:
(W0,a0w) = (!50.0 MeV, 0.1 fm), centered at the minimum
of the individual potential pockets.

1. Initial wave function

Because at the initial time the projectile is considered
to be far away from the target, VT 1 and VT 2 in Eq. (1)
can be neglected and the Hamiltonian becomes separable.
Consequently, the initial wave function can be factorized as

!(",Xc.m.,t = 0) = %0(Xc.m.) &0(" ), (2)

where &0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃&n(" ) = En&n(" ), (3)
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where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), # = m2/(m1 + m2), $ = m1/(m1 + m2). U12 rep-
resents the interaction between the fragments. VT 1 and VT 2
describe the interaction between target and the two projectile
fragments, respectively, which depend on the relative dis-
tances x1 = Xc.m. ! # " and x2 = Xc.m. + $ " , as shown in
Fig. 2. Table I presents the parameters of the Woods-Saxon
nuclear potential for the binary systems in the calculations
below, while for their Coulomb interaction the potential of a
uniformly charged sphere was used. Please note that all the
radius parameters provide a critical distance determined by
r0 A1/3, where A is the heaviest mass in the corresponding
binary system. The Coulomb barriers between the projectile
fragments and the target obtained with these potentials are
as follows: (VB,RB) = (21.25 MeV,10.55 fm) for 4He + 209Bi
and (10.08 MeV,11.12 fm) for 2H + 209Bi. These values are
similar to the Sao Paulo potential barriers [10].

To describe fusion of the projectile fragments with the
target, which is an irreversible process, the Hamiltonian in
Eq. (1) is augmented with two strong imaginary potentials,
iWT 1(x1) and iWT 2(x2), which operate in the interior of
the individual Coulomb barriers between the target and the
projectile fragments. This is usually employed in the coupled-
channels model to simulate fusion and is equivalent to the
use of the ingoing-wave boundary condition (IWBC) [4,11].
The imaginary potentials have the same Woods-Saxon shape:
(W0,a0w) = (!50.0 MeV, 0.1 fm), centered at the minimum
of the individual potential pockets.

1. Initial wave function

Because at the initial time the projectile is considered
to be far away from the target, VT 1 and VT 2 in Eq. (1)
can be neglected and the Hamiltonian becomes separable.
Consequently, the initial wave function can be factorized as

!(",Xc.m.,t = 0) = %0(Xc.m.) &0(" ), (2)

where &0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃&n(" ) = En&n(" ), (3)
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Surrogate (d,p) reaction
§ Opportunities:

— Important (n,g) reactions become accessible. 
— Inverse-kinematics experiments at radioactive beam 

facilities
— Example: 95Mo(n,g)

§ Theory challenge:
— Describe deuteron breakup and propagation in nuclear 

field, neutron absorption

§ Optical potentials:
— Provide information on nuclear structure at high 

excitation energy and on neutron absorption
— Ingredient for description of direct (surrogate) reaction
— Ingredient for HF calculation

Application to 95Mo: Ratkiewicz et al, PRL 122, 052502 (2019)
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Surrogate (d,p) transfer reactions enable determination of unknown 
(n,g) reaction cross sections

Optical model provided
Ø essential nuclear structure information
Ø effective interactions for surrogate (direct) reaction description
Ø TCs for HF calculations

Ratkiewicz, Cizewski, JE, Potel, et al, PRL 122, 052502 (2019)
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Current applications of surrogate reaction method can be 
improved with better OMPs

Future improvements
Ø Implement UQ
Ø Implement dispersive OMP, to simultaneously describe transfer to 

bound and resonance states

See C. Pruitt’s talk (2022)

G. Potel, priv. communication (2022)
G. Potel et al, EPJA 53, 178 (2017)
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Summary and Outlook

§ Optical models play a crucial role for statistical 
reaction predictions
— Enter in direct and compound reaction calculations
— Multiple nucleon-nucleus and charged-particle OMPs 

are in use
— Choice of OMP impact nuclear data evaluations and 

astrophysical simulations

§ Optical models are critical for surrogate reaction 
applications
— Provide nuclear structure information not 

readily accessible otherwise
— Provide TCs for HF calculations

A. Arcones et al. / Progress in Particle and Nuclear Physics 94 (2017) 1–67 9

Fig. 2. Schematic outline of the various nuclear reaction sequences in astrophysical environments (colored lines) on the chart of nuclides. Stable isotopes
are marked as black squares. A broad range of nuclei are produced in astrophysical environments. The FRIB radioactive beam facility will provide access
to the unstable nuclei that participate in many astrophysical processes, most of which have never been observed in a laboratory. Stable, gamma, and
neutron beam facilities are needed to measure reactions with stable nuclei in stellar burning and the s-process. Note that many of these processes such
as the ⌫p-process, supernova core processes, and neutron star processes have only been identified in the last decade and are not well understood. The
recently discovered i-process operates parallel to the s-process a few mass units towards the neutron rich side and is not yet included in this figure. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Source: Figure from Frank Timmes.

s-process nuclei serve as seeds for the p-process, the nucleosynthetic outcome of the p-process. Of similar importance are
the neutron capture rates on abundant nuclides that absorb neutrons, so called neutron poisons. During advanced burning
stages and during explosive nuclear burning triggered by the shock wave passing through the star when it explodes as a
supernova, proton, neutron, and ↵ induced reactions on heavier stable and unstable nuclei become important.

Masses, �-decay properties, and neutron capture rates on hundreds of unstable nuclei are critical for modeling various
r-processes and the i-process. In the case of the r-process, the nuclei are very far from stability (see Fig. 4) and many have
not yet been produced in laboratories to date. Nevertheless, progress has been made. A wide range of mass measurements
for increasingly unstable nuclei have been successfully carried out using time-of-flight and Penning trap techniques. �-
decay measurements now reach beyond the N = 50 shell in the Ga–Ge region covering the beginning of the r-process, and
similarmeasurements at RIKEN are now verging on the r-processwaiting points in the Rb–Zr region. FRIBwill be essential in
expanding the reach of r-process experiments to cover a significant portion of the r-process path (see Section 3.2). Neutrino
interactions play an important role in the r-process and can also produce some rare isotopes in the so called ⌫-process.

For the recently discovered i-process, a neutron capture process with time scales intermediate to the s- and r-process,
the critical nuclei are close to stability. However, accurate neutron capture rates are needed, which are very difficult to
determine experimentally for unstable nuclei. Techniques to carry out such measurements, such as the surrogate approach
using (d, p) and other transfer reactions, are critical. Pioneering measurements have been carried out, for example in the
132Sn region. Promising progress has also been made in utilizing inverse photodissociation or Coulomb breakup processes
as in the case of 60Fe, but all these techniques need to be developed further through experimental and theoretical work.
�-decay, proton capture, (p, ↵), and (n, p) reactions on unstable neutron-deficient nuclei need to be understood for models
of the ⌫p-process as well as nucleosynthesis in nova explosions.

p-process models require reliable (� , n), (� , p), and (� , ↵) reactions on 100s of stable and unstable neutron-deficient
nuclei. The need for experimental data is underlined by findings of large discrepancies between statistical model predictions
and measurements of reactions that involve ↵-particles. Measurements can be performed with � -beams (see Section 3.1)
or, taking advantage of quasi-virtual photons, via Coulomb breakup. However, in many cases, a measurement of the inverse
particle induced capture reaction, and the application of time-reversal invariance, is preferable and is currently a standard
tool for p-process studies. Currently the community worldwide is developing techniques to measure the relevant capture
reactions using radioactive targets or beams. The ReA3 facility at the NSCL and later at FRIB is ideal for such measurements
at astrophysical energies.

Nuclear theory is critical to complement experimental information (see Section 3.6). Even with new facilities expected
to fill in much of the missing information in the coming decade or two, theory is needed to reliably predict properties

§ Further improvements are needed (and underway)
— Uncertainty quantification
— Implementation and use of dispersion relation, 

improved N-Z asymmetry, non-locality
— Implementation of deformed OMPs
— Move to develop and utilize microscopic optical models

§ Challenge: 
— Treatment of nuclei far from stability
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Thank you!

A thank you to my collaborators:
LLNL:  E. Chimanski, E. In, C. Pruitt, W. Younes, R. Casperson, J. Harke, R. Hughes, G. Potel, A. Ratkiewicz, N. Scielzo, 

I.J. Thompson, B. Isselhardt, B. Alan, J. Crowhurst, W. Ong, C. Reingold, M. Savina, Z. Shulaker, R. Trappitsch, P. Weber
Notre Dame: O. Gomez, A. Simon

Rutgers U.: J. Cizewski
SDSU: O. Gorton

Texas A&M: S. Ota
UTK/ORNL: R. Grzywacz, J. Heideman

CEA/France: M. Dupuis, S. Peru
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Towards optical-model potentials for nuclei 
far from stability

Microscopic optical potentials
• Predictive OMPs as touch stones for 

phenomenological forms
• Multiple microscopic approaches, based on 

successful structure approaches
• Challenges: limited applicability, accuracy, 

imaginary part

Arellano & Blanchon, PRC 98, 054616 (2018)

Constraining optical model potentials
• Need: Data, data, data!
• Also: Uncertainties!
• Obvious: Elastic scattering angular 

distributions, analyzing powers, reaction and 
total cross sections -> non-trivial

• Other: bound-state information, single-
particle energies, resonance parameters, 
nuclear radii, charge distributions

We have NO DATA 
for r-process nuclei!

A. Arcones et al. / Progress in Particle and Nuclear Physics 94 (2017) 1–67 9

Fig. 2. Schematic outline of the various nuclear reaction sequences in astrophysical environments (colored lines) on the chart of nuclides. Stable isotopes
are marked as black squares. A broad range of nuclei are produced in astrophysical environments. The FRIB radioactive beam facility will provide access
to the unstable nuclei that participate in many astrophysical processes, most of which have never been observed in a laboratory. Stable, gamma, and
neutron beam facilities are needed to measure reactions with stable nuclei in stellar burning and the s-process. Note that many of these processes such
as the ⌫p-process, supernova core processes, and neutron star processes have only been identified in the last decade and are not well understood. The
recently discovered i-process operates parallel to the s-process a few mass units towards the neutron rich side and is not yet included in this figure. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Source: Figure from Frank Timmes.

s-process nuclei serve as seeds for the p-process, the nucleosynthetic outcome of the p-process. Of similar importance are
the neutron capture rates on abundant nuclides that absorb neutrons, so called neutron poisons. During advanced burning
stages and during explosive nuclear burning triggered by the shock wave passing through the star when it explodes as a
supernova, proton, neutron, and ↵ induced reactions on heavier stable and unstable nuclei become important.

Masses, �-decay properties, and neutron capture rates on hundreds of unstable nuclei are critical for modeling various
r-processes and the i-process. In the case of the r-process, the nuclei are very far from stability (see Fig. 4) and many have
not yet been produced in laboratories to date. Nevertheless, progress has been made. A wide range of mass measurements
for increasingly unstable nuclei have been successfully carried out using time-of-flight and Penning trap techniques. �-
decay measurements now reach beyond the N = 50 shell in the Ga–Ge region covering the beginning of the r-process, and
similarmeasurements at RIKEN are now verging on the r-processwaiting points in the Rb–Zr region. FRIBwill be essential in
expanding the reach of r-process experiments to cover a significant portion of the r-process path (see Section 3.2). Neutrino
interactions play an important role in the r-process and can also produce some rare isotopes in the so called ⌫-process.

For the recently discovered i-process, a neutron capture process with time scales intermediate to the s- and r-process,
the critical nuclei are close to stability. However, accurate neutron capture rates are needed, which are very difficult to
determine experimentally for unstable nuclei. Techniques to carry out such measurements, such as the surrogate approach
using (d, p) and other transfer reactions, are critical. Pioneering measurements have been carried out, for example in the
132Sn region. Promising progress has also been made in utilizing inverse photodissociation or Coulomb breakup processes
as in the case of 60Fe, but all these techniques need to be developed further through experimental and theoretical work.
�-decay, proton capture, (p, ↵), and (n, p) reactions on unstable neutron-deficient nuclei need to be understood for models
of the ⌫p-process as well as nucleosynthesis in nova explosions.

p-process models require reliable (� , n), (� , p), and (� , ↵) reactions on 100s of stable and unstable neutron-deficient
nuclei. The need for experimental data is underlined by findings of large discrepancies between statistical model predictions
and measurements of reactions that involve ↵-particles. Measurements can be performed with � -beams (see Section 3.1)
or, taking advantage of quasi-virtual photons, via Coulomb breakup. However, in many cases, a measurement of the inverse
particle induced capture reaction, and the application of time-reversal invariance, is preferable and is currently a standard
tool for p-process studies. Currently the community worldwide is developing techniques to measure the relevant capture
reactions using radioactive targets or beams. The ReA3 facility at the NSCL and later at FRIB is ideal for such measurements
at astrophysical energies.

Nuclear theory is critical to complement experimental information (see Section 3.6). Even with new facilities expected
to fill in much of the missing information in the coming decade or two, theory is needed to reliably predict properties
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Semi-microscopic OMP for Gd isotopes

Bauge et al, PRC (2000)
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Surrogate reactions and the role of optical model potentials

§ Surrogate reaction method
— Addresses a formidable challenge: nuclear reaction 

data for unstable isotopes
— Combines indirect measurements with theory to 

constrain calculations for unknown cross sections

§ Beneficiaries: 
— Nuclear astrophysics
— National security
— Nuclear energy

Nuclear astrophysics:
Understanding the production 
of the heavy elements 
requires knowledge of 
neutron capture cross 
sections
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FIGURE 1. The s-process path around the branching point 95Zr. The main flow of the s-process is
marked with thick lines, thinner lines indicate branches. Grey shaded boxes illustrate stable isotopes with
the numbers at the bottom of the boxes being their natural abundances. The black box of 96Mo stresses
that we have an s-only nucleus. The white boxes display β -instable nuclei: dashed boundaries are used
for β!-decay, dotted lines are used to indicate β+- or ε-instable isotopes. In this cases the numbers at the
bottom of the boxes are the half-lives of the ground-states.

reason for the deviation between the measured and predicted abundance patterns might
be the uncertainty in the half-life T1/2 of 95Zr at s-process temperatures. However, as
confirmed by a recent measurement [17] the first excited level is at E = 954 keV and
thus, is not significantly populated at kT = 30 keV. Hence, the half-life of 95Zr does not
depend on temperature under s-process conditions and can be omitted as an error source
because of its small error: T1/2(95Zr) = (64.032±0.006) d [18].

3.2. Constraints of the experiment

To use our experimental method the constraints described in Section 2 have to be
fullfilled for the activation reaction 96Zr(γ ,n)95Zr. The threshold of this reaction is
Sn = 7854 keV, which can be easily reached at our setup providing energies up to 10
MeV. The abundance of 96Zr in a naturally composed target is 2.8% and thus, high
enough for the activation method.
The properties of the decay of 95Zr are summarized in Fig. 2. The characteristics

claimed in Section 2 are achieved for Eγ = 724.2 keV and Eγ = 756.7 keV.
Due to the half-life of 95Zr of about 64 days it is mandatory to observe the decay for

several hours to reach good statistics. During this time the β!-decay of the daughter
nucleus 95Nb also starts to take place. The assignment of the measured γ-rays to the
decays of 95Zr or 95Nb can either be done by a determination of the observed half-life
or by comparing their different behaviour in time. As shown in Fig. 3 the ratio of the
two peaks at 724.2 and 756.7 keV remains unchanged if the measurement takes place
different times after activation. Thus, both lines correspond to the same decay and are
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particle induced capture reaction, and the application of time-reversal invariance, is preferable and is currently a standard
tool for p-process studies. Currently the community worldwide is developing techniques to measure the relevant capture
reactions using radioactive targets or beams. The ReA3 facility at the NSCL and later at FRIB is ideal for such measurements
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Surrogate (p,d) transfer reactions enable determination of unknown (n,g) reaction cross 
sections

encompasses the latter within its 1! uncertainty. The result
is a significant improvement over previous attempts to
determine capture cross sections from surrogate reaction
data and is notable since it is achieved for an isotope that is
very sensitive to spin-parity effects [26].
To summarize, we have presented a new approach for

determining neutron-capture cross sections for unstable
isotopes using a combination of surrogate reaction data
and theory. We have demonstrated that a theoretical descrip-
tion of the surrogate reaction is key to overcoming the
limitations encountered in previous applications of this
approach. The method makes no use of auxiliary con-
straining quantities, such as neutron resonance data, or
average radiative widths, which are not available for
short-lived isotopes. This approach will open up the pos-
sibility of determining unknown cross sections, with far-
reaching implications for improving our understanding of
stellar evolution and nucleosynthesis of the heavy elements:
near stability, stable-beam experiments can be used to
determine cross sections that shed light on the slow
neutron-capture process (s process) [66], while further away
from stability, radioactive beam experiments can provide
reaction data relevant to rapid-neutron-capture (r process)
nucleosynthesis [67].
Our approach of predicting FCN

" and determining the
unknown decay parameters from Eq. (2) can be adapted to
determine other cross sections of interest. For example,
proton and # capture can be treated in direct analogy to the
cases presented here. Furthermore, other surrogate reaction
mechanisms can be used to form the CN, including
inelastic scattering and reactions that transfer nucleons to

the target: for the (d, p) reaction, a prime candidate for
inverse-kinematic experiments, a reaction description has
recently been developed [68–70] and surrogate benchmark
tests are underway [17,71]. Thus, the present work estab-
lishes a more general procedure for obtaining cross sections
for short-lived nuclei from light-ion surrogate reactions.

We recognize the multiple contributions our friend and
collaborator Cornelius Beausang made to this effort. We
thank M. Dupuis, T. Bailey, B. Beck, A. C. Dreyfuss,
R. Soltz, I. J. Thompson, C. Tong, and M. A. E. Williams
for valuable discussions and A. Koning for the TENDL
comparison data. This work was performed under the
auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-
07NA27344.
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FIG. 5. Results for Zr. (a)–(e) Coincidence probabilities used in the fit. (f) The extracted 90Zr!n; $" cross section is compared to direct
measurements and several evaluations [25,62–65]. The Forssen calculation usedD0 and h!$i data, which are typically used—along with
cross section data–to constrain (n, $) calculations. TENDL (shown with hatched uncertainty band) and ENDF introduced further
adjustments to agree more closely with the direct data.
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contributions are added to this and the resulting distribution
is used in a Hauser-Feshbach-type calculation that models
the CN decay.
With FCN

! !Eex; J; "" obtained in this manner, we can
derive constraints for the decay models, using the measured
coincidence probabilities Pexpt

!# and Eq. (2). We express the
GCN

# !Eex; J; "" in terms of well-established functional
forms for level densities and transmission coefficients
[20,52], with parameters that are to be determined.
Sensitivity studies establish reasonable parameter ranges:
the level density model [53] used has four (five) adjustable
parameters for 88Y (91Zr). The #-ray transmission coeffi-
cient is dominated by electric and magnetic dipole tran-
sitions, requiring nine parameters to be varied [52,54–56].
The neutron transmission coefficients are known quite
accurately for the nuclei considered [36] and are not varied.
For isotopes far from stability, where transmission coef-
ficients are less well known, such variations should be
carried out. To account for uncertainties in the calculated
FCN
! !Eex; J; "", we vary the weights schematically by

shifting the overall distribution by #1!.
Each parameter set leads to predicted coincidence

probabilities according to Eq. (2). A comparison with
the measured probabilities then leads to the sought-after
parameter constraints. In practice, this comparison is
carried out using a Bayesian Monte Carlo approach
[57,58], which allows us to simultaneously account for
uncertainties in the data, the structure information utilized,
and shortcomings in the theoretical description. The pro-
cedure yields the desired (n, #) cross section, along with its
uncertainty.
Six #-ray transitions in 88Y are used to determine the 88Y$

decay parameters. To emphasize the energy region of
interest to neutron capture, data from 0.5 MeV below to

1.5 MeV above the neutron separation energy are utilized.
Data at lower energies serve as a check for the quality of the
approach. Figures 3(a)–3(f) show that all transitions are
simultaneously well reproduced, even at the lower energies.
The effects of the IAS are clearly seen and reproduced. As
an additional check, we compare a predicted and measured
#-ray transition in 87Y [see Fig. 3(g)]. The extracted
87Y!n; #" cross section, shown in Fig. 4, is higher than
existing evaluations, which rely on regional systematics,
and has a 1$ uncertainty of about #25%.
For the 90Zr!n; #" case, we use five # transitions and,

again, restrict our fit to data around the separation energy
(Sn % 7.19 MeV). The fit reproduces the data well in the
energy range of interest (Fig. 5). The resulting 90Zr!n; #"
cross section, shown in (f), agrees with available direct
measurements and evaluations, both in shape and magni-
tude. Its average is about a factor 2 larger than the data, but

FIG. 3. Probabilities for observing specific #-ray transitions in coincidence with the outgoing deuteron. Results of the fit (gray 1$
bands) are compared to experimental data (black symbols). Fitting range and separation energy Sn are indicated. (a)–(f) Transitions in
88Y; (g) gives a transition in 87Y. IAS contributions result in dips or peaks at specific energies.

FIG. 4. The 87Y!n; #" cross section, extracted from the surro-
gate data, with 1$ uncertainty (blue curves, gray band). The
TENDL 2015 (brown curves, with hatched 1$ uncertainty) and
Rosfond 2010 evaluations are based on regional systematics
[59–61]. No direct measurements exist.
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✓ Benchmark: 90Zr(n,g) from 92Zr(p,dg) Application: 87Y(n,g) cross section from 89Y(p,dg)

Escher et al.

unstable

Optical model provided
Ø essential nuclear structure information
Ø effective interactions for surrogate (direct) reaction description
Ø TCs for HF calculations


