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Surrogate reactions method combines theory and experiment to constrain cross section 
calculations for compound reactions
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Problem: 87Y(n,g) 
calculations are highly 
uncertain

Solution: Constrain 
calculation with 
surrogate data

A Surrogate experiment gives

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

87Y(n,g) cross section:

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

g(E,J,p)
From 

experiment

From 
theory

To be 
determined

Well modelled from 
nuclear theory

The new cross 
section we want

§ Surrogate reaction method
— Addresses a formidable challenge: nuclear 

reaction data for unstable isotopes

§ Principle:
— Transfer reactions and inelastic scattering 

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

desired cross section

§ Theory developments:
— Describe mechanisms for populating 

doorway states, for inelastic scattering and 
transfers

— Integrate with decay modeling
— Bayesian parameter inference

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

Escher et al, RMP 84, 353 (2012)
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We have used surrogate transfer reactions to determine (n,g) cross sections -
additional developments are needed to make the method more broadly applicable

§ Successful application to neutron capture on Zr, Y, and Mo:
— 87Y(n,g) from 89Y(p,dg) data, benchmark 90Zr(n,g) from 92Zr(p,dg) data
— benchmark 95Mo(n,g) from 95Mo(p,dg) data

§ Opportunities:
— Unknown (n,g) reactions accessible, including isomers
— Inverse-kinematics experiments at radioactive beam facilities

§ Challenge: Inelastic scattering as surrogate reaction mechanism
— Suitable for s-process branch points: 95Zr(n,g)
— (n,n’) and (n,2n) cross sections become accessible: 88Y(n,2n)
— Requires predictive charged-particle inelastic scattering calculations

§ Challenge: Parameter inference
— Opportunities to learn about parameter ranges and dependencies, 

improve UQ
— Markov-Chain Monte-Carlo methods can be slow to converge

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

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

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

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

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

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

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

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

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

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

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

PHYSICAL REVIEW LETTERS 121, 052501 (2018)

052501-4

Escher et al, PRL 121 (2018)

Ratkiewicz, Cizewski, JE, Potel, et al, PRL 122, 052502 (2019)

95Mo(n,g)
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Charged-particle inelastic scattering as a surrogate reaction mechanism:
Developing an integrated structure and reaction framework 

Neutron capture on 95Zr(n,g) from inelastic scattering

Neutron capture
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95Zr 
unstable

Surrogate reaction

pp’

96Zr
stable

96Zr

g
n

From QRPA

Input to 
reaction code

Our approach:
§ Describe states excited in scattering reactions 

microscopically using deformed QRPA

§ Use effective nucleon-nucleon interaction, folded with 
transition density to obtain transition potentials for 
specific projectile-target combination

§ Calculate scattering cross sections using DWBA or 
coupled-channels
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HFB & QRPA structure predictions for Zr isotopes:
Properties of ground and excited states

Successful description of properties of ground state 
and low-lying excited states: charge radii & energies

Demonstrating monopole-quadrupole and dipole-octupole 
coupling in deformed 98Zr

Chimanski, In, Escher, Peru, Younes (to be submitted)
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Parameter inference and UQ for cross sections from indirect data requires lengthy runs: 
Can we speed this up using neural networks?

Goal: Improve parameter inference
• Use MCMC to determine posterior 

parameter distribution and (co)variances
• Efficiently explore parameter ranges for 

unstable nuclei
• Simultaneously optimize many 

parameters
• Speed up the process to allow for use of 

MC Hauser-Feshbach codes and 
reasonable turnaround time

Surrogate x Surrogate: We trained a neutral network to simulate surrogate 
coincidence probabilities: the 95Mo(d,pg) case

Shinkle, Gorton, Bergstrom, Kruse, Escher (wip)

prelim
inary
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Parameter inference and UQ for cross sections from indirect data requires lengthy runs: 
Can we speed this up using neural networks?

First insights
• Our NN is able to emulate the more time-

consuming HF calculations with YAHFC
• Integrated in a MCMC approach, we achieve 

significant speed-ups (~factor 60)
• We gain insights into parameter importance 

and correlations
• We obtain preliminary results for 95Mo(n,g) as 

well as the g strength function

Surrogate x Surrogate: We used the trained neutral network with a MCMC 
approach to determine the 95Mo(n,g) cross section from surrogate data

Shinkle, Gorton, Bergstrom, Kruse, Escher (wip)

prelim
inary

prelim
inary

95Mo(n,g) from fit to surrogate data, 
using neural network HF emulators
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Improved UQ requires a new look at nucleon-nucleus optical models

Pruitt, Escher, Rahman (submitted)

§ We developed well-calibrated uncertainties for 
two widely used optical potentials, key 
ingredients for nuclear reaction calculations

§ Advances include outlier identification, 
assessment of unaccounted-for uncertainty, 
and a maturing theory toolbox TOMFOOL

§ We can now pinpoint how optical-potential 
uncertainties impact compound (low-energy) 
and direct (higher energy) reactions within a 
self-consistent framework

After training (left), the UQ optical 
potential, shown as blue bands, spans its 
training data and performs well against 
test data not used in training (not shown).
Uncertainties can then be propagated 
forward into essential nuclear data inputs, 
such as transmission coefficients (below 
left) and capture cross sections (below 
right), shown here for 87Sr(p,γ)88Y.



9
LLNL-PRES-xxxxxx

Summary: Developing indirect reaction methods provides benefits for theory, 
experiments, and applications

§ Surrogate reactions method combines theory and experiment to constrain 
cross section calculations for compound reactions

§ To make the method more broadly applicable, additional developments 
are needed

§ We are developing an integrated structure and reaction approach to utilize 
charged-particle inelastic scattering as a surrogate reaction

§ We are training neural networks to improve the parameter inference 
workflow

§ We are developing and integrating more accurate uncertainty-aware 
optical potentials 

Further developing these methods will
• test our nuclear structure and reaction theories

• further our understanding of the underlying reaction mechanism
• allow us to determine important unknown cross sections

• improve our tools for nuclear data evaluations
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Thank you!
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Predicting structure properties of Mo isotopes:
Evolution of structure properties away from stability

Evolution of single-particle energies with A

Successful reproduction of ground state 
properties (deformation and charge radii) Effective interaction: Treatment of Coulomb exchange

In, Chimanski, Escher, Peru, Younes (wip)
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Planned application: LLNL experimentalists performed measurements that require Zr 
structure & reaction results

Liddick, Aug 2016,  Slide 3

Goals

�Structure of the nucleus.
• Study nuclei at various 

neutron and proton numbers 
to determine validity of 
extrapolations

• Synthesis of elements 
heavier than iron.
– Provide input into 

theoretical models for 
timescale and 
abundance patterns of 
elemental synthesis
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Parameter inference and UQ for cross sections from indirect data requires lengthy runs: 
Can we speed this up using neural networks?

Surrogate x Surrogate: We used the 
trained neutral network with a MCMC 
approach to determine the 95Mo(n,g) cross 
section from surrogate data

Shinkle, Gorton, Bergstrom, Kruse, Escher (wip)

prelim
inary

95Mo(n,g) from fit to surrogate data, 
using neural network HF emulators

PRL 122, 052502 (2019)
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Nuclear Reaction Theory is key to extract unknown cross sections 
from surrogate reaction data

Reaction
Theory

Surrogate data 
from

Transfer reactions & 
Inelastic scattering

Cross sections
(n,g), (n,f), (n,2n), (n,n’), (n,a), …
(p,g), (p,n), …
(a,g), (a,n), …
Reactions with isomers

ü 87Y(n,g) from surrogate data

Including cross sections for 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)

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

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

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

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

We recognize the multiple contributions our friend and
collaborator Cornelius Beausang made to this effort. We
thank M. Dupuis, T. Bailey, B. Beck, A. C. Dreyfuss,
R. Soltz, I. J. Thompson, C. Tong, and M. A. E. Williams
for valuable discussions and A. Koning for the TENDL
comparison data. This work was performed under the
auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-
07NA27344.

*Corresponding author.
escher1@llnl.gov
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FIG. 5. Results for Zr. (a)–(e) Coincidence probabilities used in the fit. (f) The extracted 90Zr!n; $" cross section is compared to direct
measurements and several evaluations [25,62–65]. The Forssen calculation usedD0 and h!$i data, which are typically used—along with
cross section data–to constrain (n, $) calculations. TENDL (shown with hatched uncertainty band) and ENDF introduced further
adjustments to agree more closely with the direct data.
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contributions are added to this and the resulting distribution
is used in a Hauser-Feshbach-type calculation that models
the CN decay.
With FCN

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

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

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

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

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

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

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

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

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

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

PHYSICAL REVIEW LETTERS 121, 052501 (2018)

052501-4

✓ Benchmark: 90Zr(n,g) from 92Zr(p,dg) Application: 87Y(n,g) cross section from 89Y(p,dg)

Escher et al.

unstable
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Additional developments will make the approach more broadly applicable:  
Multiple challenges need to be addressed

§ Inelastic scattering as surrogate reaction mechanism:
— Suitable for s-process branch points: 95Zr(n,g)
— (n,n’) and (n,2n) cross sections become accessible: 

88Y(n,2n)
— Requires predictive charged-particle inelastic scattering 

calculations

§ Parameter inference:
— Opportunities to learn about parameter ranges and 

dependencies, improve UQ
— Markov-Chain Monte-Carlo methods can be slow to 

converge

§ Also important:
— Does the intermediate nucleus always equilibrate?
— How far can we extrapolations away from stability?
— Which experiments are best to validate and inform our 

theory?
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Nucleus of interest
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Surrogate reaction

3He3He’

89Y
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For 88Y(n,n’) 

Nucleus of interest
For 88Y(n,g) 

Unknown 88Y(n,2n) cross section from inelastic scattering

Benchmark: 90Zr(n,2n) cross section is known
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More accurate, uncertainty-aware optical potentials enable more reliable data 
evaluations and surrogate reaction applications Pruitt, Escher, Rahman (submitted)

§ Transmission coefficients and neutron capture 
cross section for 95Mo, for KDUQ and CHUQ

§ KDUQ and CHUQ are based on the popular 
Koning-Delaroche and Chapel-Hill optical 
models


