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Scientific challenge:Origin of the heavy elements?
Capture reactions are required to shed light on stellar 
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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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Fig. 8. Supernova remnant W49B. One of the major goals of the field is to understand the mechanisms by which stars explode as supernovae. Chandra
X-ray data reveal the distribution of elements in the ejecta (iron in blue, silicon in green) that can be compared to infrared (yellow) and radio data (pink).
Comparison with multi-dimensional supernova models will enable the use nucleosynthesis as a diagnostics of what happens inside a supernova. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Source: X-ray: NASA/CXC/MIT/L. Lopez et al.; Infrared: Palomar; Radio: NSF/NRAO/VLA.

2.3.3. CCSNe—Context
There has been much recent progress in the modeling of massive star collapse. The community agrees that spherically-

symmetric (1D) models of core-collapse supernovae (CCSNe) do not lead to explosions regardless of their level of
sophistication. The challenge is to find amechanism that is able to transfer about a percent of the enormous energy released
in the collapse to the outer layers of the infallingmatter,with the remainder of the energy being emitted as neutrinos. Various
groups agree that multi-dimensional effects, in particular convection and the standing accretion shock instability (SASI), are
crucial for driving an explosion. Two-dimensional (2D; axisymmetric) simulations with spectral (i.e., energy-dependent)
neutrino transport are now available and have demonstrated that the explosion mechanism based on neutrino heating
can work for 2D CCSNe, if all relevant multi-physics components are included, in particular, Boltzmann neutrino transport,
general relativity, and a detailed treatment of electron capture and a neutrino interactions with coupling of energy bins.
However, resulting explosion energies are generally lower than observed.

Progress has also been made in identifying key physics ingredients that affect supernova explosion models: instabilities,
neutrino–matter interactions, neutrino oscillations and transport, general relativity effects, progenitor, nuclear equation of
state, and magnetic fields. The goal of the next decade is to improve the understanding of this input physics, and to find
ways to incorporate the critical aspects into the most sophisticated supernova models.

Astronomical observations of core-collapse supernovae are rich in variety, and extend over many messengers, from
radio through infrared/dust, optical, X-ray, gamma-ray line, and cosmic-ray and even neutrino observations (see Fig. 8).
Furthermore, observational constraints on core-collapse properties derive from global/cosmic supernova rate or star
formation rates, or from compositional studies in galaxy and star clusters.

The connection of long GRBs and extreme CCSNe is now well established observationally, but how and under which
conditions a GRB central engine forms in a dyingmassive star is uncertain.Modeling such extreme events and understanding
their nucleosynthetic consequences is tremendously difficult. It will require bringing together CCSN simulation techniques
with the methods of numerical relativity to address the general-relativistic dynamics associated with black hole formation,
rapid rotation, and ultra-strong magnetic fields important in GRB central engines.

2.3.4. CCSNe—Strategic thrust 1: Towards adequate 3D models
Computational advances are expected to make true 3D simulations of core collapse supernovae possible in the next

decade. Studies indicate that this will be an important if not decisive step towards identifying the supernova explosion
mechanism. Computational advances will also allow modelers to implement the full underlying nuclear physics that
significantly affects supernova model characteristics and observables (see Fig. 9).

First 3D hydrodynamical simulations of core-collapse supernovae with a simple neutrino transport are becoming
available. One of the big challenges of next decade is to improve the microphysics in such simulations which will provide
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Neutron capture reactions

Hauser-Feshbach formalism:
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The formalism appropriate for describing compound-nucleus reactions is the statistical Hauser-
Feshbach theory [2–4]. The average cross section per unit energy in the outgoing channel for reactions
proceeding to an energy region in the final nucleus described by a level density is given by:
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χ′′ℓ′′ s′′ (Eχ′′ )ρI′′ (U′′)dEχ′′

. (1)

Here α denotes the entrance channel a+ A and χ represents the relevant exit channel c + C, Ea is the
kinetic energy of the projectile, and !α is the reduced wavelength in the incident channel. The spin of
the incident particle is i, the target spin is I, the channel spin is s⃗ = ı⃗ + I⃗, and the compound-nucleus
angular momentum and parity are Jπ. The statistical-weight factor ωJ

α is (2J + 1)/[(2i + 1)(2I + 1)].
Similarly, the spin of the outgoing particle is i′, the spin of the residual nucleus is I′, and the channel
spin for χ is s⃗′ = ı⃗′ + I⃗′. The quantities ℓ and ℓ′ are the relative orbital angular momentum in the
entrance and exit channels, respectively. The transmission coefficients are written as T J

αls and ρI′ (U′)
denotes the density of levels of spin I′ at excitation energy U′ in the residual nucleus. All energetically
possible final channels χ′′ have to be taken into account, thus the denominator includes contributions
from decays to discrete levels in the residual nuclei (given by the first sum in the denominator,

∑′) as
well as contributions from decays to regions described by a level density in the residual nuclei (given
by the second sum in the denominator which involves an energy integral of transmission coefficients
and level densities in the residual nuclei). Width fluctuation corrections Wαχ are included in order to
account for correlations between the incident and outgoing reaction channels [5, 6]. In writing Eq. 1,
we have suppressed the parity quantum number except for that of the compound nucleus. In fact, the
level density depends in principle on parity and all sums over quantum numbers must respect parity
conservation.

For radiative neutron capture (α = n + AZ and χ = γ + A+1Z ), we usually need only the integral
over the energy spectrum of primary γ rays emitted from the compound nucleus. (To determine cross
sections for particular γ transitions or for the production of isomers, additional details of the γ-cascade
need to be accounted for.) We integrate over all energies Eχ of the final-state channel and, in a first
approximation, neglect the width fluctuation correlations. The primary effect of the correlations is an
enhancement of the elastic scattering cross section. This allows us to write the cross section for the
desired reaction as:

σαχ(En ) =
∑

J,π

σCN
α (Eex, J, π) GCN

χ (Eex, J, π) , (2)

where σCN(Eex, J, π) = σ (n + AZ → A+1Z∗) denotes the cross section for forming the compound
nucleus at excitation energy Eex with angular-momentum and parity quantum numbers Jπ and
GCN
χ (Eex, J, π) is the branching ratio for the decay of this compound state into the desired exit channel
χ. It contains transmission coefficients for the competing exit channels as well as the associated level
densities and information on discrete levels. The kinetic energy En of the neutron is related to the ex-
citation energy of the compound nucleus, Eex, via En =

A+1
A (Eex− Sn ), where Sn is the energy required

for separating a neutron from the compound nucleus A+1Z. This factored form embodies the essential
assumptions of the Hauser-Feshbach model, that formation and decay of the compound nucleus are
independent processes, and that the total spin and parity of the compound system must be conserved.

2.2 Ingredients for calculating capture cross sections

Ingredients required to carry out Hauser-Feshbach cross-section calculations include nuclear binding
energies, spins and parities of both ground and excited nuclear states, γ-branching ratios for these
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Fig. 8. Comparison of Maxwellian averaged cross sections from various statistical model codes, Non-smoker [195], TALYS [196] and CIGAR [197], at
T9 = 1.0 to the KADoNiS database [198].

Fig. 9. Comparisons of KADoNiS reaction rate data at T9 = 1.0 to theoretical calculations for (a) Tin (Z = 50, atomic symbol: Sn) and (b) Europium (Z = 63,
atomic symbol: Eu) isotopes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

where the target nucleus I is initially in state µ, is given by

�µ
n,� (E) = ⇡

k2
�
2JµI + 1

�
(2Jn + 1)

X

J⇡
(2J + 1)

Tµ
n (J⇡ )T� (J⇡ )

Ttot(J⇡ )
, (5)

where k is the neutron wave number k = p
2MInEcm/h̄, with MIn the reduced mass and Ecm the center-of-mass energy; Jn

and JµI are the spins of the neutron and target nucleus; Ttot is the total transmission function for the decay of the compound
nucleus; Tµ

n and T� are the transmission functions for the formation and decay channels, respectively; and the sum is over
all possible states J⇡ in the compound nucleus. Ideally the transmission functions are calculated from experimental data;
for r-process nuclei, however, little to no structure information is available. Models of nuclear level densities (for Tn) and
� -strength functions (for T� ) are required in lieu of experimental data. Different choices for these quantities and the other
inputs to HF codes – masses, deformations, particle optical potential models, treatment of a direct capture component, if
any – lead to large variations in the capture rate predictions [10,194].

Fig. 8 compares the predictions of three HF calculations ofMaxwellian-averaged neutron capture rate cross sectionswith
the experimental values compiled in the KADoNiS database [198]. The three model calculations include the widely-used
NONSMOKER rates [195] and rates calculated using the publicly-available TALYS code with microscopic input parameters
consistent with HFB. The third set is from a newly-updated version of NONSMOKER, CIGAR [197]. The KADoNiS database
contains only nuclei on or very close to stability, so the transmission functions in Eq. (5) can be estimated at least in part from
experimentally-known levels. Even here, the predictions of different codes can vary by factors of two. A detailed comparison
of this data is found in [197].

Away from stability, where the rates are no longer constrained by experiment, the model variations are much wider.
This is illustrated in Fig. 9, which shows rate comparisons for the tin and europium isotopic chains from NONSMOKER and
calculated with TALYS and CIGAR as described above. It is clear from this figure that there are no neutron capture rates in
the KADoNiS database relevant to the r process, and that the different model predictions can disagree by over three orders
of magnitude. The neutron capture rate sensitivity studies described in Section 5 use an optimistic factor of 100 for the rate
variations.

4. Monte Carlo variations of nuclear properties

Section 3 presented rough estimates of the uncertainties in the theoretical nuclear masses, �-decay halflives, and
neutron capture rates important for r-process simulations.Wewish to understand how the uncertainties in these quantities
propagates to uncertainties in the overall abundance pattern. To answer this in a quantitative manner, we examine Monte
Carlo variations of nuclear properties as described in [199,200].

In the Monte Carlo approach, individual nuclear properties are varied throughout the nuclear chart using a probability
distribution based on estimates of their theoretical uncertainties. For each set of varied nuclear inputs, an r-process
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Structure Challenge:
What is the structure of
deep neutron holes?
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Structure Challenge:
What is the structure of
deep neutron holes?
Location? 
Fragmentation?
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Structure of deep neutron holes

Gives energy-averaged 
nuclear properties

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 of renewed interest for 
obtaining reliable potentials for 
scattering calculations

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

Spectral functions Snlj

0 5 10 15 20 25 30
E [MeV]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

S nl
j [1

/M
eV

]

1g9/2
2p1/2
2p3/2
1f5/2
1f7/2
2s1/2
1d3/2
1d5/2
2d5/2

Spectral function for n states in 92Zr
for multiple nlj orbitals, normalized to spectral strength, exp. width D=0.080 MeV

Fri Aug 12 11:01:47 2016

Zr hole structure



Reaction Challenge:
Standard DWBA (p,d) 
calculations insufficient
Two-step mechanisms 
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CN formation involves 2-step processes
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Second-order processes: 
• Inelastic scattering preceeds

or follows neutron pickup

• Include (p,p’)(p’,d) and (p,d’)(d’,d)
• Philosophy of pre-equilibrium theories: forward 

coupling, spectator approximation, no interference
• Structure information on inelastic states from 

experimental literature
• Couple all angular momenta explicitly

Wide range 
of angular 
momenta 
possible:
0.5 to 11.5



Result: Compound-Nucleus Formation via (p,d)

2-step 
processes 
dominate 
the region 
of interest!

High energies (region of interest): 
• absolute cross section approximately reproduced, no normalization!
• 2-step processes dominate 
• measurement and calculation agree, model assumptions valid

Region of interest!

No normalization used!



Result: Compound-Nucleus Jp Distribution

Spin-parity distribution:
• As function of excitation energy of 91Zr
• Calculated from relative contributions 

of final Jp to total (p,d) cross section
• Contributions from spins up to ~J=10

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

g(E,J,p)
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• Select relevant 91Zr g transitions
• Fit to data from 0.5 MeV below Sn to 1.5 MeV above Sn

Fit yields best set of parameters & uncertainty estimate.
P(p,dg)(E)=SJ,p F(p,d)CN(E,J,p).GCN

g(E,J,p)

encompasses the latter within its 1σ 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

δ and determining the
unknown decay parameters from Eq. (2) can be adapted to
determine other cross sections of interest. For example,
proton and α 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.
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FIG. 5. Results for Zr. (a)–(e) Coincidence probabilities used in the fit. (f) The extracted 90Zrðn; γÞ cross section is compared to direct
measurements and several evaluations [25,62–65]. The Forssen calculation usedD0 and hΓγi data, which are typically used—along with
cross section data–to constrain (n, γ) calculations. TENDL (shown with hatched uncertainty band) and ENDF introduced further
adjustments to agree more closely with the direct data.
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92Zr(p,dg) – Bayesian fit 
to surrogate data



90Zr(n,g) cross section from surrogate (p,d) data
• Surrogate data constrains cross section up to En=1.5 MeV
• Result in agreement with direct measurements & evaluations
• Result includes experimental & theoretical uncertainties

Using best set of parameters to calculate 90Zr(n,g)  

s(n,g) = SJ,p sn+targetCN (E,J,p) . GCN
g(E,J,p)
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89Y(p,d) singles results

• Procedure is analogous to the Zr case
• Special feature: Isobaric Analog States (IAS)



89Y(p,dg) – Bayesian fit 
to surrogate data

• Procedure is analogous to the Zr case
• Special feature: Isobaric Analog States (IAS)

contributions are added to this and the resulting distribution
is used in a Hauser-Feshbach-type calculation that models
the CN decay.
With FCN

δ ðEex; J; πÞ obtained in this manner, we can
derive constraints for the decay models, using the measured
coincidence probabilities Pexpt

δγ and Eq. (2). We express the
GCN

γ ðEex; J; πÞ 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 γ-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
δ ðEex; J; πÞ, we vary the weights schematically by

shifting the overall distribution by # 1ℏ.
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, γ) cross section, along with its
uncertainty.
Six γ-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
γ-ray transition in 87Y [see Fig. 3(g)]. The extracted
87Yðn; γÞ cross section, shown in Fig. 4, is higher than
existing evaluations, which rely on regional systematics,
and has a 1σ uncertainty of about # 25%.
For the 90Zrðn; γÞ case, we use five γ transitions and,

again, restrict our fit to data around the separation energy
(Sn ¼ 7.19 MeV). The fit reproduces the data well in the
energy range of interest (Fig. 5). The resulting 90Zrðn; γÞ
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 γ-ray transitions in coincidence with the outgoing deuteron. Results of the fit (gray 1σ
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 87Yðn; γÞ cross section, extracted from the surro-
gate data, with 1σ uncertainty (blue curves, gray band). The
TENDL 2015 (brown curves, with hatched 1σ uncertainty) and
Rosfond 2010 evaluations are based on regional systematics
[59–61]. No direct measurements exist.

PHYSICAL REVIEW LETTERS 121, 052501 (2018)

052501-4

Fit yields best set of parameters & uncertainty estimate.
P(p,dg)(E)=SJ,p F(p,d)CN(E,J,p).GCN

g(E,J,p)



0.1 1 10En [MeV]
0.0001

0.001

0.01

0.1

1

10

C
ro

ss
 S

ec
tio

n 
[b

]

87Y(n,γ)

Range of fit

This work
TENDL 2015
Rosfond 2010

87Y(n,γ)88Y
Cross section determined from surrogate experiment compared to prior evaluations

Fri Apr 27 10:56:44 2018

87Y(n,g) cross section from surrogate (p,d) data
Surrogate data constrains cross section up to En=1.5 MeV

Result differs from evaluations (based on regional systematics)
Result includes experimental & theoretical uncertainties

Surrogate 
method does not 
use D0 or <Gg> 

Escher et al, PRL 121, 025501 (2018)



Towards inverse-kinematics applications with RIBs…
…the (d,p) reaction 
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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 ξ 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
ξ

2µ12
+ U12(ξ ) + VT 1(Xc.m. − α ξ )

+VT 2(Xc.m. + β ξ ), (1)

where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), α = m2/(m1 + m2), β = 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. − α ξ and x2 = Xc.m. + β ξ , 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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)

where χ0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,
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a one-dimensional model with two degrees of freedom, where
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iWT 1(x1) and iWT 2(x2), which operate in the interior of
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channels model to simulate fusion and is equivalent to the
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The imaginary potentials have the same Woods-Saxon shape:
(W0,a0w) = (−50.0 MeV, 0.1 fm), centered at the minimum
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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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)
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determined by solving the eigenvalue problem,
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(m1 + m2), α = m2/(m1 + m2), β = 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. − α ξ and x2 = Xc.m. + β ξ , 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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)

where χ0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,
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(m1 + m2), α = m2/(m1 + m2), β = 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. − α ξ and x2 = Xc.m. + β ξ , 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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)

where χ0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃χn(ξ ) = Enχn(ξ ), (3)

044610-2

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.
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with the projectile considered is composed of two bodies (or
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(m1 + m2), α = m2/(m1 + m2), β = 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. − α ξ and x2 = Xc.m. + β ξ , as shown in
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nuclear potential for the binary systems in the calculations
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
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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)

where χ0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,
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iWT 1(x1) and iWT 2(x2), which operate in the interior of
the individual Coulomb barriers between the target and the
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use of the ingoing-wave boundary condition (IWBC) [4,11].
The imaginary potentials have the same Woods-Saxon shape:
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can be neglected and the Hamiltonian becomes separable.
Consequently, the initial wave function can be factorized as
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the individual Coulomb barriers between the target and the
projectile fragments. This is usually employed in the coupled-
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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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)

where χ0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃χn(ξ ) = Enχn(ξ ), (3)
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(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 ξ 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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(m1 + m2), α = m2/(m1 + m2), β = m1/(m1 + m2). U12 rep-
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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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and (10.08 MeV,11.12 fm) for 2H + 209Bi. These values are
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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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)

where χ0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃χn(ξ ) = Enχn(ξ ), (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 ξ 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
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where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), α = m2/(m1 + m2), β = 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. − α ξ and x2 = Xc.m. + β ξ , 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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)

where χ0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,
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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 ξ gives the
distance between the projectile constituents. M is the mass
of the target nucleus, while m1 and m2 are the masses of the
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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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209Bi − 6Li −50.000 0.950 1.050 1.2
209Bi − 4He −32.931 1.461 0.605 1.2
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+VT 2(Xc.m. + β ξ ), (1)

where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), α = m2/(m1 + m2), β = 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. − α ξ and x2 = Xc.m. + β ξ , 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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)

where χ0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃χn(ξ ) = Enχn(ξ ), (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 ξ 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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209Bi − 4He −32.931 1.461 0.605 1.2
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p̂2
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+ U12(ξ ) + VT 1(Xc.m. − α ξ )

+VT 2(Xc.m. + β ξ ), (1)

where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), α = m2/(m1 + m2), β = 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. − α ξ and x2 = Xc.m. + β ξ , 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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)

where χ0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃χn(ξ ) = Enχn(ξ ), (3)
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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 ξ gives the
distance between the projectile constituents. M is the mass
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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
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Ĥ =
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+

p̂2
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2µ12
+ U12(ξ ) + VT 1(Xc.m. − α ξ )

+VT 2(Xc.m. + β ξ ), (1)

where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), α = m2/(m1 + m2), β = 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. − α ξ and x2 = Xc.m. + β ξ , 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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)

where χ0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃χn(ξ ) = Enχn(ξ ), (3)

044610-2

inelastic

elastic

breakup & 
partial fusion

Complete 
fusion & 
evaporation

AZ

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.
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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 ξ 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
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+

p̂2
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2µ12
+ U12(ξ ) + VT 1(Xc.m. − α ξ )

+VT 2(Xc.m. + β ξ ), (1)

where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), α = m2/(m1 + m2), β = 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. − α ξ and x2 = Xc.m. + β ξ , 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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)

where χ0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃χn(ξ ) = Enχn(ξ ), (3)
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where µTP = M(m1 + m2)/(M + m1 + m2), µ12 = m1m2/
(m1 + m2), α = m2/(m1 + m2), β = 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. − α ξ and x2 = Xc.m. + β ξ , 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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)

where χ0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,

H̃χn(ξ ) = Enχn(ξ ), (3)
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FIG. 1. (Color online) Some key reaction processes induced by a
weakly bound two-body nucleus at low incident energies.
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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 ξ 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.
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4He + 2H −78.460 1.150 0.700 1.465

of these coordinates reads
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(m1 + m2), α = m2/(m1 + m2), β = 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. − α ξ and x2 = Xc.m. + β ξ , 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

!(ξ,Xc.m.,t = 0) = %0(Xc.m.) χ0(ξ ), (2)

where χ0 describes the ground state of the projectile and it is
determined by solving the eigenvalue problem,
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The 95Mo(d,pg) benchmark

Surrogate (d,pg) data

Data by A. Ratkiewicz, J. Cizewski, et al.
Spin distribution calculated by G. Potel

σαχðEnÞ ¼
X

J;π

σCNα ðEex; J; πÞGCN
χ ðEex; J; πÞ: ð1Þ

Here, σCNα ðEex; J; πÞ is the cross section for forming a CN
with some excitation energy Eex and spin-parity Jπ

through the entrance channel α ¼ nþ AZ. The individual
σCNðEex; J; πÞ can be calculated with an appropriate
neutron-nucleus optical potential, such as that described
in Ref. [32]. However, the branching ratios GCN

χ ðEex; J; πÞ
for the decay of the CN through the exit channel χ (here
γ-ray emission), depend on uncertain structural properties
of the nucleus, in particular upon the NLD and γSF, and
thus need to be constrained. This is done with the aid of
surrogate reaction data. The probability of forming the CN
(Aþ1Z) through a surrogate reaction through the entrance
channel δ ¼ dþ AZ and subsequently decaying through
the exit channel of interest, χ ¼ pþ Aþ1Z, is given by:

PδχðEex; θpÞ ¼
X

J;π

FCN
δ ðEex; J; π; θpÞGCN

χ ðEex; J; πÞ: ð2Þ

θp represents the angle between the outgoing proton and
the beam axis. FCN

δ ðEex; J; π; θpÞ is the probability of
forming the CN in the surrogate reaction and is deter-
mined by treating the deuteron-induced reaction as a two-
step process [13,14]: in the first step the deuteron breaks
up, releasing the neutron. The second step describes the
interaction of the neutron with the target nucleus. The
reaction cross section can then be decomposed into
components due to EB and NEB (which includes neutron
capture). The fusion of the dþ A system and subsequent
evaporation of a proton is not included in these calcu-
lations. In the energy region of interest (near SN), con-
tributions from this process are expected to be very small,

based on the analysis in Ref. [14]. The NEB component is
then further decomposed by the transfer of angular
momentum (see Fig. 1), which gives the CN entry
spin-parity distribution FCN

δ ðEex; J; πÞ. The single-particle
structure of the CN strongly affects its spin-parity dis-
tribution, as shown in Ref. [33]. This dependence is
included in the description of the neutron-target inter-
action. For the 95Moðd; pγÞ reaction the FCN

δ ðEex; J; πÞ are
shown in Fig. 2 as a function of the excitation energy in
the 96Mo CN.
In the case of a ðd; pγÞ reaction, the coincidence

probability (Eq. (2) can be measured as:

PpγðEexÞ ¼ NpγðEexÞ=½NpðEexÞϵγ&: ð3Þ

Here, Np is the number of detected ðd; pÞ protons, ϵγ is the
γ-ray photopeak detection efficiency, andNpγ is the number
of coincidences between a proton and a γ ray from the
decay of the CN (Fig. 3). Escher’s approach uses Bayesian
fits to the experimentally extracted PpγðEexÞ [Eq. (3)] to

FIG. 1. Calculations of the 95Moðd; pÞ cross section as a
function of excitation energy decomposed into total elastic
breakup (EB, red line) and nonelastic breakup (NEB, dashed
lines) components. The NEB component is further decomposed
into contributions with different orbital angular momenta of the
captured neutron. The vertical dotted line corresponds to the SN
in the 96Mo CN. These calculations are integrated over the
experimental center-of-mass angular range of 29°–59°.

(a)

(b)

FIG. 2. (A) Calculations of the cumulative probability of
forming the CN through 95Moðd; pÞ [

P
FCN

95Moðd;pÞ]. The shaded

region, from E0 ¼ 8.55 MeV to E1 ¼ 10.65 MeV, indicates the
excitation energies over which the surrogate data are fit. The
states are plotted from largest contribution over the fitting range
(3−) to least (≥ 5þ). The vertical dotted line represents SN .
(B) Histogram of the total contribution to CN formation over the
shaded range in (A) as a function of angular momentum,
decomposed into positive and negative parities, and normalized
to one over the integration region. Negative-parity, low-J states
dominate near SN.
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coincidence probabilities Ppγ displayed with statistical
uncertainties. The agreement between the data and the fits
is excellent over the fitting range used, both above and
below SN. These constrained HF-model parameters were
then used with Eq. (1) to deduce the cross section for
95Moðn; γÞ, shown in Fig. 5. The σCN values were calcu-
lated using the neutron-nucleus optical potential parameters
from Ref. [32]. The resulting cross section is shown with an
uncertainty band that arises from the experimental uncer-
tainties and the error in the Bayesian fit. Uncertainties
arising from the choice of the deuteron and neutron optical
potentials are expected to be negligible for this case, as they
have been found to have little impact on the entry spin
distribution. For applications away from stability, where
the optical potentials are less well known, this has to be
revisited. However, the simultaneous measurement of the
angular distributions of reaction protons and elastic scatter-
ing from a ðd; pÞ measurement in inverse kinematics
could constrain the optical potentials. Overall, the present
result is in excellent agreement with previous direct
measurements of the 95Moðn; γÞ cross section [15,36]
and to the cross section reported in the ENDF/B-VIII.0
evaluation [37].
To demonstrate the importance of the proper treatment

of the spin-parity distribution produced in the surrogate
reaction (shown in Fig. 1), we also show (Fig. 5) the cross
section obtained when the WE approximation is employed.
Obviously it is not appropriate to employ the WE approxi-
mation when determining ðn; γÞ cross sections from the
ðd; pÞ data. This overestimation of the ðn; γÞ cross section
was also observed in previous studies employing the
WE approximation [22,26,27]. The current Letter confirms
previous suggestions (cf. Refs. [11,13,22,26–29]) that a
proper treatment of such differences is critical to accu-
rately constrain the ðn; γÞ reaction cross section through
the SRM.

In summary, we have demonstrated that a measurement
of the ðd; pÞ reaction, when combined with the proper
theoretical treatment, can be used to indirectly determine
ðn; γÞ cross sections. The 95Moðd; pγÞ reaction was mea-
sured to validate the ðd; pγÞ reaction as a surrogate for
neutron capture, a reaction important for the synthesis of
almost all of the elements heavier than iron and for
applications in nuclear energy and security. This Letter
shows the power of the SRM developed in Refs. [11,30,31]
with the proper treatment of the spin-parity distribution
[13,14] of the CN created in ðd; pÞ. This approach moves
beyond the WE approximation which has been previously
shown, and here confirmed, to be inadequate for neutron
capture [22,26,27]. We show that a robust model of the
formation of the CN [13,14] and proper treatment of its
decay [30,31] within the framework of the SRM [11,30,31]
is necessary to extract from ðd; pγÞ data a capture cross
section that agrees with the directly measured ðn; γÞ cross
section. We note that the kinematics of the ðd; pÞ reaction
are ideal for measurements with short-lived beams in
inverse kinematics. Therefore, the ðd; pγÞ surrogate reac-
tion is a promising tool to extract ðn; γÞ reaction cross
sections for exotic, r-process nuclei and for nuclei created
in other high-neutron-fluence environments. The bench-
marking of the surrogate reactions method for ðn; γÞ with
measurements of the ðd; pγÞ reaction presented here opens
the door to important measurements in an exciting area of
the nuclear chart, which is becoming increasingly acces-
sible at modern accelerator facilities.
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FIG. 5. Cross sections for the 95Moðn; γÞ reaction. The ðn; γÞ
cross section obtained from the SRM (solid blue curve) is in
excellent agreement with direct measurements of the cross
section [15,36] (red circles and black squares). The uncertainty
due to experimental data and fitting error is indicated by the
shaded band. The result obtained using the WE approximation is
also shown (gold diamonds).
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Excellent agreement of cross section with benchmark.
This is encouraging for inverse-kinematics (d,p) measurements.
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coincidence probabilities Ppγ displayed with statistical
uncertainties. The agreement between the data and the fits
is excellent over the fitting range used, both above and
below SN. These constrained HF-model parameters were
then used with Eq. (1) to deduce the cross section for
95Moðn; γÞ, shown in Fig. 5. The σCN values were calcu-
lated using the neutron-nucleus optical potential parameters
from Ref. [32]. The resulting cross section is shown with an
uncertainty band that arises from the experimental uncer-
tainties and the error in the Bayesian fit. Uncertainties
arising from the choice of the deuteron and neutron optical
potentials are expected to be negligible for this case, as they
have been found to have little impact on the entry spin
distribution. For applications away from stability, where
the optical potentials are less well known, this has to be
revisited. However, the simultaneous measurement of the
angular distributions of reaction protons and elastic scatter-
ing from a ðd; pÞ measurement in inverse kinematics
could constrain the optical potentials. Overall, the present
result is in excellent agreement with previous direct
measurements of the 95Moðn; γÞ cross section [15,36]
and to the cross section reported in the ENDF/B-VIII.0
evaluation [37].
To demonstrate the importance of the proper treatment

of the spin-parity distribution produced in the surrogate
reaction (shown in Fig. 1), we also show (Fig. 5) the cross
section obtained when the WE approximation is employed.
Obviously it is not appropriate to employ the WE approxi-
mation when determining ðn; γÞ cross sections from the
ðd; pÞ data. This overestimation of the ðn; γÞ cross section
was also observed in previous studies employing the
WE approximation [22,26,27]. The current Letter confirms
previous suggestions (cf. Refs. [11,13,22,26–29]) that a
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rately constrain the ðn; γÞ reaction cross section through
the SRM.

In summary, we have demonstrated that a measurement
of the ðd; pÞ reaction, when combined with the proper
theoretical treatment, can be used to indirectly determine
ðn; γÞ cross sections. The 95Moðd; pγÞ reaction was mea-
sured to validate the ðd; pγÞ reaction as a surrogate for
neutron capture, a reaction important for the synthesis of
almost all of the elements heavier than iron and for
applications in nuclear energy and security. This Letter
shows the power of the SRM developed in Refs. [11,30,31]
with the proper treatment of the spin-parity distribution
[13,14] of the CN created in ðd; pÞ. This approach moves
beyond the WE approximation which has been previously
shown, and here confirmed, to be inadequate for neutron
capture [22,26,27]. We show that a robust model of the
formation of the CN [13,14] and proper treatment of its
decay [30,31] within the framework of the SRM [11,30,31]
is necessary to extract from ðd; pγÞ data a capture cross
section that agrees with the directly measured ðn; γÞ cross
section. We note that the kinematics of the ðd; pÞ reaction
are ideal for measurements with short-lived beams in
inverse kinematics. Therefore, the ðd; pγÞ surrogate reac-
tion is a promising tool to extract ðn; γÞ reaction cross
sections for exotic, r-process nuclei and for nuclei created
in other high-neutron-fluence environments. The bench-
marking of the surrogate reactions method for ðn; γÞ with
measurements of the ðd; pγÞ reaction presented here opens
the door to important measurements in an exciting area of
the nuclear chart, which is becoming increasingly acces-
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The authors thank the staff of the Texas A&M Cyclotron
Institute for providing the beams used in this work. This
work was supported in part by the U.S. Department of
Energy National Nuclear Security Administration under
the Stewardship Science Academic Alliances program,
NNSA Grants No. DE-FG52-09NA29467 and No. DE-
NA0000979, Lawrence Livermore National Laboratory
Contract No. DE-AC52-07NA27344 and LDRD 16-
ERD-022, Texas A&M Nuclear Physics Grant No. DE-
FG02-93ER40773, the Office of Nuclear Physics, and the
National Science Foundation.

*ratkiewicz1@llnl.gov
[1] B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo

Collaboration), GW170817: Observation of Gravitational
Waves from a Binary Neutron Star Inspiral, Phys. Rev. Lett.
119 , 161101 (2017).

[2] N. R. Tanvir, A. J. Levan, C. González-Fernández, O.
Korobkin, I. Mandel, S. Rosswog, J. Hjorth, P. D’Avanzo,
A. S. Fruchter, C. L. Fryer et al., The emergence of a
lanthanide-rich kilonova following the merger of two
neutron stars, Astrophys. J. Lett. 848, L27 (2017).

[3] E. Pian, P. D’Avanzo, S. Benetti, M. Branchesi, E. Brocato,
S. Campana, E. Cappellaro, S. Covino, V. D’Elia, J. P. U.
Fynbo et al., Spectroscopic identification of r-process

FIG. 5. Cross sections for the 95Moðn; γÞ reaction. The ðn; γÞ
cross section obtained from the SRM (solid blue curve) is in
excellent agreement with direct measurements of the cross
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coincidence probabilities Ppγ displayed with statistical
uncertainties. The agreement between the data and the fits
is excellent over the fitting range used, both above and
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then used with Eq. (1) to deduce the cross section for
95Moðn; γÞ, shown in Fig. 5. The σCN values were calcu-
lated using the neutron-nucleus optical potential parameters
from Ref. [32]. The resulting cross section is shown with an
uncertainty band that arises from the experimental uncer-
tainties and the error in the Bayesian fit. Uncertainties
arising from the choice of the deuteron and neutron optical
potentials are expected to be negligible for this case, as they
have been found to have little impact on the entry spin
distribution. For applications away from stability, where
the optical potentials are less well known, this has to be
revisited. However, the simultaneous measurement of the
angular distributions of reaction protons and elastic scatter-
ing from a ðd; pÞ measurement in inverse kinematics
could constrain the optical potentials. Overall, the present
result is in excellent agreement with previous direct
measurements of the 95Moðn; γÞ cross section [15,36]
and to the cross section reported in the ENDF/B-VIII.0
evaluation [37].
To demonstrate the importance of the proper treatment

of the spin-parity distribution produced in the surrogate
reaction (shown in Fig. 1), we also show (Fig. 5) the cross
section obtained when the WE approximation is employed.
Obviously it is not appropriate to employ the WE approxi-
mation when determining ðn; γÞ cross sections from the
ðd; pÞ data. This overestimation of the ðn; γÞ cross section
was also observed in previous studies employing the
WE approximation [22,26,27]. The current Letter confirms
previous suggestions (cf. Refs. [11,13,22,26–29]) that a
proper treatment of such differences is critical to accu-
rately constrain the ðn; γÞ reaction cross section through
the SRM.

In summary, we have demonstrated that a measurement
of the ðd; pÞ reaction, when combined with the proper
theoretical treatment, can be used to indirectly determine
ðn; γÞ cross sections. The 95Moðd; pγÞ reaction was mea-
sured to validate the ðd; pγÞ reaction as a surrogate for
neutron capture, a reaction important for the synthesis of
almost all of the elements heavier than iron and for
applications in nuclear energy and security. This Letter
shows the power of the SRM developed in Refs. [11,30,31]
with the proper treatment of the spin-parity distribution
[13,14] of the CN created in ðd; pÞ. This approach moves
beyond the WE approximation which has been previously
shown, and here confirmed, to be inadequate for neutron
capture [22,26,27]. We show that a robust model of the
formation of the CN [13,14] and proper treatment of its
decay [30,31] within the framework of the SRM [11,30,31]
is necessary to extract from ðd; pγÞ data a capture cross
section that agrees with the directly measured ðn; γÞ cross
section. We note that the kinematics of the ðd; pÞ reaction
are ideal for measurements with short-lived beams in
inverse kinematics. Therefore, the ðd; pγÞ surrogate reac-
tion is a promising tool to extract ðn; γÞ reaction cross
sections for exotic, r-process nuclei and for nuclei created
in other high-neutron-fluence environments. The bench-
marking of the surrogate reactions method for ðn; γÞ with
measurements of the ðd; pγÞ reaction presented here opens
the door to important measurements in an exciting area of
the nuclear chart, which is becoming increasingly acces-
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Inelastic scattering as a surrogate reaction?
The 90Zr(n,2n) cross section as a first goal

91Zr
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S3n
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CN 
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CN 
reached by
n emission

Eex

n
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91Zr
3He

3He’
Surrogate

(3He,3He’) reaction

Benchmark case:
Experiment populates compound nucleus 
in energy range Eex = 0 – 30 MeV

Inelastic scattering:
• Potentially useful in inverse kinematics
• Reaction populates wide range of Eex

• Progress in nuclear structure calculations: 
(Q)RPA transition densities now available



Preliminary -

Work in progress

Pg(E) for 1512 keV in 89Zr
Predictions vs. data

Pg(E) for 890 keV in 90Zr
Predictions vs. data

Pg(E) for 2170 keV in 91Zr
Predictions vs. data

Experiment at LBNL:
• 90,91,92Zr(3He,3He’) and 89Y(3He,3He’)
• Measured by N.D. Scielzo et al
• Goal: determine (n,2n) cross section
• Observed g-rays in 3 isotopes, 

corresponding to (n,g), (n,n’), (n,2n)
• Inelastic scattering calculations using 

(Q)RPA transition densities
• Decay calculations simultaneously 

reproduce observed g

91Zr

n+90Zr

2n+89Zr
Sn

S3n

S2n

Etop

CN 
populated

CN 
reached by
n emission

Eex

Data from N.D. Scielzo

Using inelastic scattering to determine (n,g), (n,n’), (n,2n)

For (n,g) For (n,n’) For (n,2n)

Preliminary
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Another network of reactions:

To fully understand the network one 
needs to have cross sections for 
reaction of isomers.

Focus on creation and destruction of 88Y by 
neutron-induced reactions

106.65 d

15.7 s  909.0 keV0.3 ms 392.9 keV13.4 h    380.8 keV

79.8 h stable
87Y 88Y 89Y

13.9 ms 674.6 keV

Complicated system with many short-lived isotopes/isomers…

… two reactions identified as particularly important: 
88Y(n,2n) & 87Y(n,g)

(n,2n)(n,g)



We can we determine reactions involving isomers!
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Sun Feb 10 11:59:07 2019Focus on creation and destruction of 88Y by 
neutron-induced reactions

106.65 d

15.7 s  909.0 keV0.3 ms 392.9 keV13.4 h    380.8 keV

79.8 h stable
87Y 88Y 89Y

13.9 ms 674.6 keV

Complicated system with many short-lived isotopes/isomers…

… two reactions identified as particularly important: 
88Y(n,2n) & 87Y(n,g)

(n,2n)(n,g)

Preliminary -

Work in progress

RadChem results from R.D. Hoffman
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Focus on creation and destruction of 88Y by 

neutron-induced reactions

106.65 d

15.7 s  909.0 keV0.3 ms 392.9 keV13.4 h    380.8 keV

79.8 h stable
87Y 88Y 89Y

13.9 ms 674.6 keV

Complicated system with many short-lived isotopes/isomers…

… two reactions identified as particularly important: 
88Y(n,2n) & 87Y(n,g)

(n,2n)(n,g)

Preliminary -

Work in progress

RadChem results from R.D. Hoffman



We can determine cross sections for 
proton-induced reaction!
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Astrophysically relevant: Ep=1.5-3.0 MeV
Sp(88Y)=6.71 MeV   Sn(88Y)=9.35 MeV



(n,f) cross sections from surrogate measurements

R.O. Hughes et al, PRC 90 (2014) 014304

236Pu(n,f) 237Pu(n,f) 238Pu(n,f)
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• Typically agree within 10-15% with benchmarks
• Use Weisskopf-Ewing approximation: ignore spin 

distribution

R.J. Caperson et al, PRC 84 (2014) 353

240Am(n,f)
Kessedjian et al. (CENBG), PLB 692 (2010) 297
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