
LLNL-PRES-832051
This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under contract DE-
AC52-07NA27344. Lawrence Livermore National Security, LLC

Constraining Neutron-Induced Reactions Through the 
Surrogate Reaction Method

Andrew Ratkiewicz 
with B. Alan, J.E. Escher, J.T. Harke, R.O. Hughes, G. Potel, C. Reingold, 

and A. Richards

March 01, 2022



2
LLNL-PRES-832051

Option One: a neutron beam incident on a 
radioactive target (“normal kinematics”)

How do we measure neutron-induced reactions on short-lived  
radioactive targets?

g detector

neutron beam

(T1/2 < 100 d)
reaction product

proton

particle detector

g-r
ay



3
LLNL-PRES-832051

Option One: a neutron beam incident on a 
radioactive target (“normal kinematics”)

How do we measure neutron-induced reactions on  short-lived 
radioactive targets?

g detector

neutron beam reaction product

proton

particle detector

g-r
ay The background from 

the radioactive target 
is too high. We can’t 
do this.

(T1/2 < 100 d)



4
LLNL-PRES-832051

Option One: a neutron beam incident on a 
radioactive target (“normal kinematics”)

How do we measure neutron-induced reactions on short-lived  
radioactive targets?

g detector

g-r
ay

neutron beam reaction product

proton

particle detector

The background from 
the radioactive target 
is too high. We can’t 
do this.

beta particle

Option Two: a radioactive beam incident on a 
neutron target (“inverse kinematics”)

g detector

g-r
ay

neutron target
(T1/2=10 min)

radioactive beam

reaction product

proton(T1/2 < 100 d)



5
LLNL-PRES-832051

Option One: a neutron beam incident on a 
radioactive target (“normal kinematics”)

How do we measure neutron-induced reactions on short-lived  
radioactive targets?

g detector

g-r
ay

neutron beam reaction product

proton

particle detector

The background from 
the radioactive target 
is too high. We can’t 
do this.

beta particle

Option Two: a radioactive beam incident on a 
neutron target (“inverse kinematics”)

g detector

g-r
ay

neutron target
(T1/2=10 min)

reaction product

proton

Neutrons are 
radioactive, too. And
we can’t make a target 
out of them (yet).

(T1/2 < 100 d) radioactive beam



6
LLNL-PRES-832051

Option One: a neutron beam incident on a 
radioactive target (“normal kinematics”)

How do we measure neutron-induced reactions on short-lived 
radioactive targets? – We can’t!

g detector

g-r
ay

neutron beam reaction product

proton

particle detector

The background from 
the radioactive target 
is too high. We can’t 
do this.

beta particle

Option Two: a radioactive beam incident on a 
neutron target (“inverse kinematics”)

g detector

g-r
ay

neutron target
T1/2=10 min

reaction product

proton

Neutrons are 
radioactive, too. And
we can’t make a target 
out of them (yet).

We need a different approach!

(T1/2 < 100 d) radioactive beam



7
LLNL-PRES-832051

Using the Surrogate Reaction Method to constrain neutron-induced 
reactions on radioactive targets

Desired Reaction: impossible to measure

J.E. Escher et al. Rev. Mod. Phys. 84, 353 (2012).

https://link.aps.org/doi/10.1103/RevModPhys.84.353
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§ Requirements for a target:
— Stable.
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Benchmarking (d,pg) as an (n,g) surrogate

§ Requirements for a target:
— Stable.
— Structure is well understood.
— Product of (n,g) is an even-even nucleus, 

strong 2+à0+ collecting transition.
— Known (n,g) cross section as a function 

of neutron energy.

§ Need to understand:
q Reaction mechanism.
q Entry spin distribution.

96Mo levels from RIPL-3 (R. Capote et al.)

https://www-nds.iaea.org/RIPL-3/
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Reaction Mechanism: (d,p)
revisited for the FRIB era
G. Potel et al.

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 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,

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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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,

H̃χn(ξ ) = Enχn(ξ ), (3)
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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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Ĥ =
P̂ 2

Xc.m.

2µTP
+

p̂2
ξ

2µ12
+ U12(ξ ) + VT 1(Xc.m. − α ξ )

+VT 2(Xc.m. + β ξ ), (1)
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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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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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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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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), 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
209Bi − 2H −26.000 1.465 0.668 1.2
4He + 2H −78.460 1.150 0.700 1.465
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p̂2
ξ
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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-
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
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,

H̃χn(ξ ) = Enχn(ξ ), (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 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
4He + 2H −78.460 1.150 0.700 1.465

of these coordinates reads

Ĥ =
P̂ 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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(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
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as well as the radius parameter of the uniformly charged sphere for
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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)
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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 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,

H̃χn(ξ ) = Enχn(ξ ), (3)

044610-2
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Thanks to Jutta Escher for this slide!
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https://link.aps.org/doi/10.1103/PhysRevC.32.431
https://link.aps.org/doi/10.1103/PhysRevC.92.034611
https://link.aps.org/doi/10.1103/PhysRevC.92.044616
https://doi.org/10.1007/s00601-016-1054-8
https://arxiv.org/abs/1508.01466
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Reaction Mechanism and Entry Spin Distribution

Correct theoretical description of the CN formation cross section and entry spin distribution are essential!
See G. Potel et al. PRC 92 034611 (2015)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.034611
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The Experiment: 95Mo(d,pg)
A. Ratkiewicz et al., PRL 122, 052502 (2019).

• 140 µm +1000 µm segmented telescopes at forward, 
backward angles.

• Beam energy of 12.5 MeV.
• 0.960 mg/cm2 thick 95Mo target (~97% 95Mo, 1.5% 96Mo).
• Four Compton-suppressed HPGe clovers at 90, 220, 270, 

320 degrees (lab frame).

Measured 
95Mo(d,pg) at 
TAMU in NK

Pp�(Eex) =
Np�(Eex)

Np(Eex)✏�
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The Experiment: 95Mo(d,pg)
A. Ratkiewicz et al., PRL 122, 052502 (2019).
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En > 095Mo(d,pg)
Sn

The Experiment: 95Mo(d,pg)
A. Ratkiewicz et al., PRL 122, 052502 (2019).
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En > 095Mo(d,pg)
Sn

(d,p)

96Mo levels from RIPL-3 (R. Capote et al.)

The Experiment: 95Mo(d,pg)
A. Ratkiewicz et al., PRL 122, 052502 (2019).
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The Experiment: 95Mo(d,pg)
A. Ratkiewicz et al., PRL 122, 052502 (2019).
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The Experiment: 95Mo(d,pg)
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Measure:

Calculate:

Minimize: 
(Bayesian MC)

Does not depend on D0, <G>!

NLD, GSF

The Experiment: 95Mo(d,pg)
A. Ratkiewicz et al., PRL 122, 052502 (2019).
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The Experiment: 95Mo(d,pg)
A. Ratkiewicz et al., PRL 122, 052502 (2019).
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The Experiment: 95Mo(d,pg)
A. Ratkiewicz et al., PRL 122, 052502 (2019).
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The Experiment: 95Mo(d,pg)
A. Ratkiewicz et al., PRL 122, 052502 (2019).



30
LLNL-PRES-832051 Ratkiewicz et al., Phys. Rev. Lett. 122, 052502 (2019)

Successful Surrogate constraints are only possible through close collaboration between theory and experiment.

The Experiment: 95Mo(d,pg)
A. Ratkiewicz et al., PRL 122, 052502 (2019).

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.052502
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J.E. Escher et al., PRL 121, 052501 (2018).

§ Same experimental apparatus.

§ Surrogate reactions:
— 89Y(p,d) for 87Y(n,g)88Y
— 92Zr(p,d) for 90Zr(n,g)91Zr

§ Includes full treatment of 
theoretical uncertainty in 
entry spin distribution.

§ Requires two-step reaction 
mechanism.

§ Agreement with data is good.

Surrogate Reaction Method works on odd-odd & odd-even systems and 
with different reaction mechanisms:

https://link.aps.org/doi/10.1103/PhysRevLett.121.052501
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95Zr(n,𝛾) cross-section measurement 
B. Alan, et al.

§ Branching points are powerful probes of the astrophysical environments of the 
s-process
— The abundance of 96Zr in AGB stars is very sensitive to the neutron density 

during the s-process because of the branching point at 95Zr.
— The 96Zr isotopic ratios derived from stellar models of AGB stars depend on 

the 95Zr(n,𝛾) cross section. 

§ Measurements were performed at the Texas A&M Cyclotron Institute 
in Aug-Oct 2021
— Measured 95Zr(n,𝛾) using the surrogate reaction 96Zr(p,p’)
— Benchmark: measured 93Zr(n,𝛾) using the surrogate reaction 94Zr(p,p’)

• 93Zr(n,𝛾) cross section measured directly by Macklin (1985).
— Cave 4, K150 beamline
— Nominal 21-MeV-proton beam incident on target
— LLNL Hyperion detector array

• Particles measured using 3 segmented double-sided 
silicon detectors in dE-E1-E2 configuration

• Gamma rays measured using 7 HPGe Clover detectors
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Determining the n-capture rate for unstable 93Sr via the Surrogate Reaction Method

• Very limited experimental data exist for n-capture rates 
off-stability but needed for applications & astrophysics.

• Early hints for n-rich strontium suggest possible 
enhancements of a factor of ten.

• We intend to constrain s(93Sr(n,g)) with SRM and RIBs
• Experiment fielded at TRIUMF in Nov. 2021:

• 93Sr(d,p-g) with TIGRESS & SHARC, 8MeV/A 93Sr.
• Analysis underway led by LLNL postdoc Andrea Richard.
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capture data limited for n-rich Sr region TAGS results hint at n-capture enhancement

TIGRESS HPGe array & SHARC Si array @ TRIUMF LLNL/TRIUMF experiment team Doppler-corrected g-rays in coincidence with protons from (d,p)

837 keV 2+
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94Sr

R.O. Hughes, A. Richards, et al.
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a a

n

168Tm 169Tm*

169Tm 169Tm*

Desired Reaction

Surrogate Reaction

Target

Decay

Target

Decay

Compound
nucleus

The surrogate method allows us to measure the cross section of 
unstable nuclei (ex: 168Tm(n,2n) which has never been measured)
J. Harke, et al.

“Same” 
compound 
nucleus

168Tm half-life = 93.1 days
100 milligram target
839 Curies or 3e11 dps

OR

169Tm == stable
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Commissioned January-April 2017
J.T.Harke , R.J. Casperson, R.O.Hughes, 
B.S. Alan, S.Fisher, O.Akindele, A.Tamashiro, A. Padilla

NeutronSTARS: 3.7-ton active volume neutron detector
J. Harke et al.

NeutronSTARS is the largest neutron detector in the NNSA complex 
and the US. 3.7t liquid scintillator + Gd 0.25%. Fission neutron 
multiplicity (nu-bar), fission neutron distribution, surrogate (n,n’) and 
(n,2n).

Neutron capture Gamma energy dep.

Core quadrant

Core quadrant

Upstream 

Endcap

Downstream 

Endcap

Courtesy O. Akindele

Courtesy S. Fisher
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Using 90Zr(p,d)89Zr as a surrogate for 88Zr(n,γ)89Zr
C. Reingold et al.

§ Applications-driven 
measurement.

§ Measured with StarLiTeR
detector array, comprised of 
6 Compton-suppressed 
HPGe clover detectors 
coupled to an S2 silicon 
telescope

§ Currently extracting the 
(n,γ) cross section from the 
(p,d) cross section (left) and 
γ-decay probabilities (right)

Sn = 9.319 MeV
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The Surrogate Method has been widely exercised.
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FRIB beam rates from LISE++ (Oleg Tarasov)

Looking ahead to FRIB:
This is the opportunity with which we are presented

http://lise.nscl.msu.edu/
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Neutron capture rates from KADoNiS v0.3

Looking ahead to FRIB:
This is the opportunity with which we are presented

http://www.kadonis.org/
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Cold r-process path from Lippuner and Roberts APJ 815 2 (2015)

Looking ahead to FRIB:
This is the opportunity with which we are presented

http://stacks.iop.org/0004-637X/815/i=2/a=82
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r-process (n,g) sensitives from Mumpower et al., PPNP 86 86-126 (2016)

Looking ahead to FRIB:
This is the opportunity with which we are presented

https://doi.org/10.1016/j.ppnp.2015.09.001
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Looking ahead to FRIB:
This is the opportunity with which we are presented
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Looking ahead to FRIB and nuCARIBU:
This is the opportunity with which we are presented – maximizing it requires investments in theory and 
experiment.
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Thanks to B. Alan, J.E. Escher, J.T. Harke, R.O. Hughes, and C. Reingold for slides and figures.

Thank you for your attention!


