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Cross-cutting need: 
Cross sections for unstable nuclei

Nuclear energy:
Cross sections are needed 
to simulate nuclear energy 
generation and waste.

National security:

Understanding nuclear reaction 
networks involving RadChem tracers 
is critical to interpret past test results 
and predict performance.

Focus on creation and destruction of 88Y by 
neutron-induced reactions
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Complicated system with many short-lived isotopes/isomers…

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

Number of neutrons

FRIB, DOE’s flagship
Facility for Rare Isotope 
Beams is being constructed 
to study unstable nuclei and 
their reactions.

Addressing current reaction data needs requires theory & experiment

Formidable challenge:
nuclear reaction data for 
unstable isotopes

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

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

3.2. Constraints of the experiment

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

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

several hours to reach good statistics. During this time the β−-decay of the daughter
nucleus 95Nb also starts to take place. The assignment of the measured γ-rays to the
decays of 95Zr or 95Nb can either be done by a determination of the observed half-life
or by comparing their different behaviour in time. As shown in Fig. 3 the ratio of the
two peaks at 724.2 and 756.7 keV remains unchanged if the measurement takes place
different times after activation. Thus, both lines correspond to the same decay and are



Capability: Determining challenging cross sections 
indirectly with surrogate reaction experiments and theory
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Capability: Determining challenging cross sections 
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1) Description of CN formation in 
surrogate reaction
2) Bayesian parameter 
determination for decay model

Surrogate reactions method: 
• Replace n + unstable target by a 

light-ion “surrogate” reaction on a 
stable target. 

• Measure the decay of the compound 
(CN) nucleus. 

• Use theory to derive constraints on 
the decay of the CN and calculate  
the desired cross section.



Demonstrating the surrogate method for neutron capture

t1/2=79.8h

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.

We recognize the multiple contributions our friend and
collaborator Cornelius Beausang made to this effort. We
thank M. Dupuis, T. Bailey, B. Beck, A. C. Dreyfuss,
R. Soltz, I. J. Thompson, C. Tong, and M. A. E. Williams
for valuable discussions and A. Koning for the TENDL
comparison data. This work was performed under the
auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-
07NA27344.
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FIG. 5. Results for Zr. (a)–(e) Coincidence probabilities used in the fit. (f) The extracted 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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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.
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Demonstrating the surrogate method for neutron capture

New developments in reaction theory enabled successful determination 
of neutron capture cross sections

Key features: 
• Advanced theoretical description 

of surrogate reaction mechanism.
• Bayesian parameter 

determination for decay model  
→ UQ is built-in!

• The Surrogate method does not 
use auxiliary quantities which are 
unavailable for unstable isotopes.
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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)
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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].
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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
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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-
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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

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

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

Escher et al.
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Applying the surrogate method in inverse-
kinematics experiments

143Ba production and destruction
Last stable Ba isotope is 138Ba

143Ba(n,g) from 143Ba(d,pg) inverse-
kinematics measurement at 
Argonne/ATLAS with CARIBU/ 
GODDESS (ORRUBA + Gammasphere)
Approved (Cizweski et al)

93Sr(n,g) from 93Sr(d,pg) inverse-
kinematics measurement at 
TRIUMF with TIGRESS/SHARC
Submitted (Hughes et al)

117Cd(n,g) from 117Cd(d,pg) 
inverse-kinematics 
measurement at NSCL with 
ORRUBA + Gretina
Submitted (Ratkiewicz et al)

We are building on our developments to determine cross sections from 
inverse-kinematics experiments with radioactive beams

Figures courtesy A. Ratkiewicz (LLNL).

Year-1 predicted FRIB rates
and significance for surrogate 
(n,g) measurements.



How we accomplish the extraction of cross sections
from surrogate reaction data

CN
Properties

Nuclear 
Structure Model

Decay Model

Bayesian Fit

Transfer 
Reaction

Desired
Reaction

Surrogate data 
from

Transfer reactions

Cross sections
(n,g) for g.s. & isomers,
Isomer production 

CNXS
Code System



Developing theory to address further cross section needs

CNXS
Code System

Surrogate data 
from

Transfer reactions & 
Inelastic scattering

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



Developing theory to address further cross section needs

With additional theory developments, we can generalize the surrogate 
approach into a powerful method for a wide range of reactions

Developing extensions to address the need for 
additional cross sections

Other cross section needs:
(n,2n), (n,n’), (n,a), …
(p,g), (p,n), …
(a,g), (a,n), …

The 88Y(n,2n) reaction from inelastic scattering
Experiment populates compound nucleus in 
energy range Eex = 0 – 30 MeV

89Y*

g
n

88Y*

g
n

87Y*

g
n

Nucleus of interest
For 88Y(n,2n)

Surrogate reaction
3He3He’

89Y
stable

89Y is the only stable Y isotope

Nucleus of interest
For 88Y(n,n’)

Nucleus of interest
For 88Y(n,g)

With additional theory developments, we can generalize the 
surrogate approach into a powerful method for a range of reactions

Inelastic scattering as surrogate
Þ Need: Integrated structure and inelastic 

scattering description

Reactions on deformed nuclei
Þ Need: Extended reaction formalism and 

structure description 

Utilizing other experimental observables
Þ Need: updated CN decay model coupled to 

Bayesian parameter determination 

Need: Full assessment of uncertainties.

Future Theory Developments

CNXS
Code System

Surrogate data 
from

Transfer reactions & 
Inelastic scattering

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



How does this capability fit into the larger context?

New capability to fill critical gaps in reaction data and 
exploit opportunities for ‘data harvesting’ at FRIB

N
um

be
r o

f p
ro

to
ns

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

Number of neutrons

FRIB, DOE’s flagship
Facility for Rare Isotope Beams is 
being constructed to study unstable 
nuclei and their reactions.

Experiment

Theory

Evaluation

Processing

Simulation 
Codes

Modeling 
and 

Analysis

Radioactive beam facilities:

Capability enables indirect 
measurements for radioactive 
isotopes currently not accessible

Data pipeline:

Capability enables the production of 
important cross section data: 

• Treat cross section + uncertainty 
like a new data set; 

or
• Integrate cross section calculation 

(via Bayesian method) directly into 
evaluation process.



Thank
you!
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(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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ü Complement and extend indirect and direct measurements
ü Typically agree within 10-15% with benchmarks
ü Make use of approximation schemes

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

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



What is a surrogate reaction?

sur·ro·gate
ˈsərəɡət,ˈsərəˌɡāt/
noun
a substitute

surrogate reaction
a nuclear reaction that is used in place of a more 
experimentally challenging (“desired”) reaction in order to 
indirectly infer properties of the desired reaction  



We measure deuterons and gamma-rays in coincidence 
from the surrogate reaction

Neutron capture

n

87Y
unstable

Surrogate reaction

pd

89Y
stable

88Y

g
n

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

Solution: Constrain 
calculation with 
surrogate data

A Surrogate experiment gives

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

P(p,dg) (E) = N(p,dg)(E)
"gN(p,d)(E)

Well modelled 
from nuclear 

theory

The new cross 
section we 

want

We use theory to extract the desired cross section



Surrogate experiment

Si = 140, 1000, 1000 μm
ΔE E1 E2 detectors

28.5 MeV 
protons

Faraday
Cup

Particle: energy, timing, angle and dE-E allows particle ID
Gamma-rays: energy, timing and angle

Number of particle-gamma coincidences

Number of particle singles

Ɣ-ray

Ɣ-ray
Ɣ-ray

J.E. Escher, J.T. Burke, et al,” EPJ 
Web of Conf. 146, 12014 (2017)



Relevant Publications
Reviews:
J.E. Escher, J.T. Burke, F.S. Dietrich, N.D. Scielzo, I.J. Thompson, and W. Younes, “Compound-nuclear 
reaction cross sections from surrogate measurements,” Rev. Mod. Phys. 84, 353 (2012)

B.V. Carlson, J.E. Escher, and M.S. Hussein, “Theoretical descriptions of compound-nuclear reactions: open 
problems & challenges,” J. Phys. G 41, 094003 (2014)

A. Arcones,… , J.E. Escher et al. (43 authors), “White paper on nuclear astrophysics and low energy nuclear 
physics Part 1: Nuclear astrophysics,” Progress of Particle and Nuclear Physics 84, 1 (2017) 

Letters, regular journal articles, and refereed proceedings:

J.E. Escher, J.T. Burke, R.O. Hughes, N.D. Scielzo, R.J. Casperson, S. Ota, H.I. Park, A. Saastamoinen, and 
T.J. Ross, “Constraining neutron capture cross sections for unstable nuclei with surrogate reaction data and 
theory,” Phys. Rev. Lett. 121, 52501 (2018) 

Ratkiewicz, J.A. Cizewski, J.E. Escher, G. Potel, J.T. Burke, R.J. Casperson, M. McCleskey, R.A.E. Austin, S. 
Burcher, R.O. Hughes, B. Manning, S.D. Pain, W.A. Peters, S. Rice, T.J. Ross, N.D. Scielzo, C. Shand, and 
K. Smith, “Towards Neutron Capture on Exotic Nuclei: Demonstrating (d,pγ) as a Surrogate Reaction for 
(n,γ),” Phys. Rev. Lett., in press (2019) 

G. Potel, G. Perdikakis, B.V. Carlson, M.C. Atkinson, W.H. Dickhoff, J.E. Escher, M.S. Hussein, J. Lei, W. Li, 
A.O. Macchiavelli, A.M. Moro, F.M. Nunes, S.D. Pain, and J. Rotureau, “Toward a complete theory for 
predicting inclusive deuteron breakup away from stability,” Europ. Phys. J. A 53, 178 (2017)



Publications (cont.)
J.E. Escher, J.T. Burke, R.J. Casperson, R.O. Hughes, S. Ota, and N.D. Scielzo, “Capture cross sections 
from (p,d) reactions,” EPJ Web of Conf. 146, 12014 (2017)

J.E. Escher, A.P. Tonchev, J.T. Burke, P. Bedrossian et al., “Compound-nuclear reactions with unstable nuclei: 
Con- straining theory through innovative experimental approaches,” EPJ Web of Conf. 122, 12001 (2016) 

J. Benstead, J.A. Tostevin, J.E. Escher, J.T. Burke, R.O. Hughes, S. Ota, R.J. Casperson, and I.J. Thompson, 
“Calculations of Compound Nucleus Spin-Parity Distributions Populated via the (p,t) Reaction in Support of 
Surrogate Neutron Capture Measurements,” EPJ Web of Conf. 122, 12002 (2016)

R.O. Hughes, J.T. Burke, R.J. Casperson, J. E. Escher, S. Ota, J.J. Ressler, N.D. Scielzo, R.A.E. Austin, B. 
Abromeit, N.J. Foley, E. McCleskey, M. McCleskey, H.I. Park, T.J. Ross, and A. Saastamoinen, “Investigation 
of 88Y via (p,dγ) reactions,” Phys. Rev. C 93, 024315 (2016)

S. Ota, J.T. Burke, R.J. Casperson, J.E. Escher, R.O. Hughes, J.J. Ressler, N.D. Scielzo, and I.J. Thompson, 
“Spin differences in the 90Zr compound nucleus induced by (p,p′) inelastic scattering and (p,d) and (p,t) 
transfer reactions,” Phys. Rev. C 92, 054603 (2015)

T.J. Ross, R.O. Hughes, J.M. Allmond, C.W. Beausang, C.T. Angell, M.S. Basunia, D.L. Bleuel, J.T. Burke, 
R.J. Casperson, J.E. Escher, P. Fallon, R. Hatarik, J. Munson, S. Paschalis, M. Petri, L.W. Phair, J.J. Ressler, 
and N.D. Scielzo, “Spectroscopy of 153Gd and 157Gd using the (p,d-γ) Reaction,” Phys. Rev. C 90, 044323 
(2014) 



Publications (cont.)
R. Casperson, J.T. Burke, N.D. Scielzo, J.E. Escher, E. McCleskey, M. McCleskey, A. Saastamoinen, A. 
Spiridon, A. Ratkiewicz, A. Blanc, M. Kurokawa, and R.G. Pizzone, “Measurement of the 240Am(n,f) cross 
section using the surrogate ratio method,” Phys. Rev. C 90, 034601 (2014)

R.O. Hughes, C.W. Beausang, T.J. Ross, J.T. Burke, R.J. Casperson, N. Cooper, J.E. Escher, K. Gell, E. 
Good, P. Humby, M. McCleskey, A. Saastimoinen, T.D. Tarlow, and I.J. Thompson, “Deducing the 
σ(236Pu(n,f)), σ(237Pu(n,f)) and σ(238Pu(n,f)) cross sections using (p,t), (p,d) and (p,p) surrogate reactions,” 
Phys. Rev. C 90, 014304 (2014)

J.E. Escher, J.T. Burke, F.S. Dietrich, J.J. Ressler, N.D. Scielzo, and I.J. Thompson, “Neutron-capture cross 
sections from indirect measurements,” EPJ Web of Conferences 21, 01001 (2012).

J.E. Escher and F.S. Dietrich, ”Cross sections for neutron capture from surrogate measurements: An 
examination of Weisskopf-Ewing and ratio approximations,” Phys. Rev. C 81, 024612 (2010)

J.E. Escher and F. S. Dietrich, “Determining (n,f) cross sections for actinide nuclei indirectly: An examination 
of the Surrogate Ratio Method”, Phys. Rev. C 74, 054601 (2006)


