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Executive Summary
A detailed understanding of Nuclear Physics is important for many areas of science and technology. The 
nucleus is a complicated, strongly interacting, many-body dynamical system, whose accurate 
description requires a precise treatment of the combined effects of 3 of the 4 fundamental forces in the 
Standard Model (strong, weak, and electromagnetic). As a mesoscopic system composed of up to =
300 particles, the nucleus exhibits a wide range of collective phenomena, including vibrational and 
rotational motion, and nuclear fission. Knowledge of the properties of nuclei is crucial for the study of 
many topics in pure research, such as the use of weak decays to search for evidence of new physics 
“Beyond the Standard Model.” In addition to providing a unique laboratory for scientific research, nuclei 
are also important for a wide range of applications that are critical to society, including the generation of 
energy, medical applications, and national (and international) security.

Quantitative predictions regarding the rich and complex phenomena that take place in the nucleus 
require the use of a wide array of models and theoretical approaches, almost all of which lack predictive 
capabilities of sufficient accuracy to meet the needs of the applications communities. For example, 
although more than a century has passed since the discovery of the neutron, we still lack the ability to 
predict the excitation energy or the lifetime of the first excited state of most nuclei to within ±20% 
accuracy! As a result, nuclear physics applications continue to be strongly dependent on the 
measurement, publication, compilation, and evaluation of experimental nuclear data.

The United States Nuclear Data Program (USNDP) of the Department of Energy, Office of Science,
Office of Nuclear Physics (DOE NP) is the primary custodian of nuclear data in the US, and compiles, 
evaluates and archives nuclear reaction and structure data for use in both basic and applied nuclear 
science and engineering. The USNDP also serves as an interface to the international nuclear data 
community, notably the International Atomic Energy Agency (IAEA) and the Organization for Economic 
Co-operation and Development's (OECD) Nuclear Energy Agency (NEA).

In July 2014, DOE NP carried out a review of the US Nuclear Data Program. This led to several 
recommendations, including that the USNDP should “devise effective and transparent mechanisms to 
solicit input and feedback from all stakeholders on nuclear data needs and priorities.” The review also 
recommended that USNDP pursue experimental activities of relevance to nuclear data; the revised 2014 
Mission Statement accordingly states that the USNDP uses “targeted experimental studies” to address 
gaps in nuclear data. In support of these recommendations, DOE NP requested that USNDP personnel 
organize a Workshop on Nuclear Data Needs and Capabilities for Applications (NDNCA). This Workshop 
was held at Lawrence Berkeley National Laboratory (LBNL) on 27-29 May 2015. The goal of the NDNCA 
Workshop was to compile nuclear data needs across a wide spectrum of applied nuclear science, and 
to provide a summary of associated capabilities (accelerators, reactors, spectrometers, etc.) available for 
the required measurements. The first two days of the workshop consisted of 25 plenary talks by 
speakers from 16 different institutions, on nuclear energy (NE), national security (NS), isotope production 
(IP), and industrial applications (IA). There were also shorter “capabilities” talks that described the 
experimental facilities and instrumentation available for the measurement of nuclear data. This was 
followed by a third day of topic-specific “breakout” sessions and a final closeout session. The agenda 
and copies of these talks are available online at http://bang.berkeley.edu/events/NDNCA/agenda . The 
importance of nuclear data to both basic and applied nuclear science was reflected in the fact that while 
the impetus for the workshop arose from the 2014 USNDP review, joint sponsorship for the workshop 
was provided by the Nuclear Science and Security Consortium, a UC-Berkeley based organization 
funded by the National Nuclear Security Administration (NNSA).
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A Path Forward
A principal goal of the NDNCA Workshop was to produce this whitepaper, which summarizes the data 
needs of the participants and of others in the community who were not in attendance. This whitepaper 
is more than just a bulleted list of needs; several items reappeared in multiple discussions, and are 
highlighted in the Cross-Cutting Needs section below. References [1-9] in the section titled Cross­
Cutting Needs provide additional lists of some further needs that were collected previous to this 
meeting. There is substantial overlap between these data needs and the needs outlined in the current 
whitepaper, and we will highlight these overlaps within this document. While the main focus of the 
meeting was to identify capabilities and experimental needs (especially overlapping needs), other 
theoretical and workflow/process needs were also identified. It is hoped that this whitepaper will 
provide useful guidance for DOE NP and partnering DOE offices in their planning exercises. The authors 
also view it as a useful reference for the nuclear data community’s future strategic planning.

Although many of the talks in the Workshop were focused on specific needs, there were several non­
specific themes that were repeatedly emphasized, both in the talks and in discussions within the 
breakout groups. One of these themes was that the immense progress in computational and analysis 
capabilities, especially in the case of national security, have led to the discovery of significant, and in 
some cases dramatic, deficiencies in USNDP databases. Unfortunately, the "time constant" for 
addressing deficiencies in the USNDP evaluation process is often too slow relative to the needs of the 
programs that use this data. In the worst case this delay could conceivably lead to catastrophic failures, 
since certain applications rely on simulations using the best currently available nuclear data for their 
predictions of system performance. A recurring theme of the meeting was that addressing these nuclear 
data problems would necessitate an increased effort on the part of the USNDP to incorporate input from 
external applications groups, as well as the support from non-USNDP programs, through additional 
experiments and evaluation activities. In summary, the assessment of this Workshop was that although 
the USNDP can help address the problem of making the most accurate nuclear data available to the 
users in a timely fashion, it cannot solve it alone.

The USNDP can however serve as a “central clearing house” that compiles nuclear data needs from the 
entire application space, and provides a framework for assessing the relative priority of each need. One 
model of such a prioritization framework is the High Priority List (HPRL) used by the nuclear energy 
community to assess nuclear data needs, and assign a relative importance to each [1]. Nuclear Energy 
Agency (NEA) member countries then use this list to decide how to apportion resources to address the 
needs. The USNDP could coordinate the formation of a “Super-HPRL” in which the data needs of the 
entire US application space, not only in nuclear energy, would be compiled, regularly reviewed, and 
assigned a priority. The resources needed for such a “super-HPRL” would be modest, presumably not 
much more than the resources expended by the International Atomic Energy Agency (IAEA) in its 
coordinated research proposal (CRP) process. Although the IAEA provides only modest funding for their 
CRP, this does offer a proven model. Similarly, this new USNDP-coordinated effort would help provide 
expert, program-neutral input to funding agencies that would help in assigning priority to specific needs, 
taking into account the resources available to the various government agencies.

White Paper Outline
The organization of this whitepaper is as follows. First we will detail the cross-cutting data needs that 
were highlighted by more than one application area. The needs described here are:

• Dosimetry Standards
• A Deeper Understanding of Fission
• Decay Data and Gamma Branching Ratios
• Targeted Covariance Reduction For Neutron Transport
• Expanded Integral Validation
• 252Cf Production
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• Nuclear Reactor Antineutrinos

Following this, we outline the contributions of the speakers in the areas of Isotope Production, Nuclear 
Security, and Nuclear Energy, and note other specific needs as they are encountered. We note that 
although the National Security section is shorter than those of the other areas, this is not due to a 
relative lack of needs, but is instead the result of classification issues that precluded a detailed 
justification in many cases. Many of the National Security needs have a strong overlap with those 
reported in the Nuclear Energy section. Occasionally in these discussions we highlight a related issue, 
capability or accomplishment.

The whitepaper also includes four appendices. The first uses a matrix to summarize all of the needs of 
the application areas represented at this workshop. This matrix summarizes the contents of the 
whitepaper, and hopefully will provide a convenient guide to needs that overlap multiple application 
domains. The second appendix is a series of lists of the specific data requested by several programs. 
The third appendix provides a historical perspective of nuclear data in the Nuclear Energy domain. The 
final, fourth appendix summarizes the experimental resources that are currently available to address the 
nuclear data needs that have been identified in this Workshop.
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Prioritizing Needs
We emphasize that the topics discussed here necessarily represent an incomplete list of the needs of 
nuclear data users, and in any case the importance of these needs will change with time as mission 
needs evolve. In view of the very extensive needs for nuclear data, including many that were not 
discussed in this workshop, it is evident that the USNDP cannot address more than a selected fraction 
of high-priority needs. It is accordingly very important to develop a procedure for prioritizing needs. It will 
also be important for USNDP to incorporate input from external applications groups, and to collaborate 
with non-USNDP programs in addressing nuclear data needs.

A priori one might assume that a sensitivity study using modern uncertainty quantification (UQ) 
techniques would provide an unbiased, and therefore preferable, method for establishing nuclear data 
measurement priorities. An idealized workflow representing this is shown in Figure 1 below. Here, 
covariance/uncertainty data from experiment and the evaluation process are folded into a simulation of 
an application. With careful study, one can determine which application metrics are sensitive to which 
experimental/theoretical inputs. One can then use these sensitivities to prioritize experiments to reduce 
the underlying covariance/uncertainty. As we will discuss below, such studies do have an important role 
in establishing relative priorities within a given application area. That being said, sensitivity studies are 
ultimately application-driven, and are specialized to a specific application, or class of applications; they 
do not reflect the needs of the community at large. Another concern is that it is often not possible to 
vary all quantities that a particular application depends on, in which case a complete sensitivity study is 
not feasible.

An alternate and likely more appropriate approach to prioritizing nuclear data needs is through expert 
consensus. This approach is followed by the Nuclear Data High Priority Request List (HPRL), which is 
coordinated by the Nuclear Energy Agency [1]. The HPRL is a long-running project that is focused on 
the data needs of nuclear energy, and documents and quantifies target accuracies for each identified 
need, and ranks the needs according to the consensus of Subgroup C. This type of approach should 
be considered for the USNDP, in collaboration with CSEWG and other US nuclear data users.

How might this work in practice? The USNDP could serve as a “central clearing house”, compiling 
nuclear data needs from the entire application space, and providing a framework for assessing the 
relative priority of each item. The resources needed for such a “super-HPRL” would be modest, 
probably not much more than the resources expended by the International Atomic Energy Agency (IAEA) 
in its coordinated research proposal (CRP) process. Although the IAEA provides only modest funding for 
the CRP process, it also provides an organizational structure and an unbiased viewpoint. Similarly, a 
new, coordinated USNDP-sponsored HPRL type effort could provide expert, program-neutral input to 
funding agencies, which would be very useful in assigning priorities to specific nuclear data needs, 
taking into account the resources available to the various government agencies.
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Integral
Benchmark

Sensitivity
Theory

Evaluation
Library

Figure 1. Covariance data plays a valuable role in the program planning process, as illustrated by this 
figure. An evaluator fitting theoretical calculations to experimental data, e.g. from the EXFOR library, 
constructs evaluated reaction data. These evaluated data are then used to simulate the performance of 
integral benchmarks such as critical assemblies. If the agreement is acceptable, the data are then used 
in applications. Sensitivity assessments of the benchmark and application performance are then used to 
define the target uncertainties needed in the nuclear data, employing the covariances in current data 
libraries. UQ tools such as TSUNAMI [15) are used in this process. A set of prioritized data needs can 
then be developed from these sensitivities, and the appropriate measurements performed. These new 
measurements can then be incorporated in the evaluations, and a new assessment can be carried out. 
(Figure from (16) of the Cross Cutting Needs section.)
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Highlight 1: The MAPLE Reactors

The Maple reactors were planned as dedicated 
medical isotope production reactors, fueled with LEU, 
using HEU targets. In June 2003, AECL discovered 
that, contrary to design expectations, these reactors 
had a positive power coefficient of reactivity, 
suggesting unstable operation. This behavior was 
deemed to be a safety issue by the Canadian Nuclear 
Safety Commission. During the period 2005 - 2008, 
AECL engaged the services of various organizations, 
including BNL INL, and INVAR, to identify the cause of 
this discrepancy between design and performance.
The cause was never determined, and in May 2008, 
AECL discontinued the project. Following this 
decision, AECL was served with a $7.6 billion lawsuit 
against AECL and the government of Canada for 
broach of contract.

While the source of this costly discrepancy has still not 
been determined, inaccuracies m the nuclear data 
used In reactor design remain high on the list of 
-culprits.-

Cross-Cutting Needs
While assembling the whitepaper, it was quickly understood that several needs reappeared across 
multiple applications. They include:

1. a need for a deeper understanding of fission,
2. decay data and gamma branching ratios.
3. data on dosimetry reactions.
4. data supporting the calculation of antmeutrino spectra and
5. lwCf production.

These needs and others discussed later in the paper are summarized in Appendices A and B. The order 
in which topics are presented below does not reflect any preference on the part of the authors or 
meeting participants. In the text below and in succeeding sections, needs or recommendations are 
highlighted in bold face.

Dosimetry Standards
(Nuclear Energy, National Security, Isotope Production, Industrial Applications, Safeguards)

One of the most commonly used experimental techniques in nuclear physics is activation, in which a 
sample is irradiated to induce transitions to unstable nuclei, whose subsequent decays can be detected 
and quantified. This technique can be used for example to measure the fluence of a beam, or, in
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conjunction with a witness foil, as a reaction monitor. A reaction monitor uses a well-characterized 
reaction to reduce or eliminate systematic experimental errors. When used in this manner, the product 
radionuclide is chosen so that the decay radiation (usually emitted gammas) is distinct, and is emitted 
with a half-life commensurate with those of the other reaction products being studied.

The widespread use of the activation technique has motivated several efforts to establish dosimetry 
standards. The Neutron Standards Project is prototypical of these efforts. Another such effort supports 
the International Reactor Dosimetry and Fusion (IRDFF) library [51], which provides up to date source 
data and a wide range of reaction monitor data, including production cross sections, decay data, and 
recoil spectra.

There are many reactions that experimentalists would in principle like to employ as reaction monitors, 
which are unfortunately not currently applicable due to poorly characterized decay products or poorly 
known production cross sections. In particular, there is a need for standards for higher neutron 
energies (up to 60 MeV) to support studies of material damage from fusion simulators such as the 
International Fusion Material Irradiation Facility (IFMIF), accelerator driven systems (ADS), and 
spallation neutron sources (SNS) [53-54]. To address this need, an IAEA Coordinated Research 
Project (CRP) [51] was initiated to improve the coverage of the IRDFF for higher-energy neutron 
standards. A large set of understudied reaction monitors was identified in reference [9], in which the 
authors followed an unorthodox approach in studying the EXFOR database using “Big Data” network 
theory methods. The full list of dosimetry reactions is given in Appendix B.

A Deeper Understanding of Fission
(Nuclear Energy, National Security, Basic Research, Safeguards, Isotope Production)

A first principles understanding of nuclear fission would likely be of great importance to nuclear physics 
applications, since this understanding could lead to a predictive fission model that provides reliable 
information about fission nuclides and fission products at energies not normally accessed by 
experiment. Improved fission models will provide fission product information required by multiple 
applications. Without high-fidelity fission models, one may still infer systematics from the limited 
existing experimental fission studies, which may introduce large uncertainties to calculated values in 
regimes that have not been addressed experimentally.

Two classes of fission models are in development by USNDP members and collaborators. The first 
addresses the scission process itself, and seeks to develop a microscopic understanding of fission as it 
proceeds through the scission point, which is a difficult many-body problem. This type of model, which 
addresses pre-scission physics, requires data that directly probes fission dynamics, including fission 
time scales and pre-scission photon emission, which can affect the final neutron multiplicity. The 
second focuses on the description of post-scission emission of prompt and/or delayed neutrons, 
photons, and other particles. These models can be either deterministic or stochastic; stochastic models 
of (predominantly) prompt emission can address a wider range of observables, but require more input 
data. A potential concern is that many database files related to actinide fission are not actually based on 
measured data, but instead incorporate results from deterministic models based only on fission 
systematics.

Independent of whether one approaches the physics of fission using a pre- or post-scission model, input 
data are required to validate the model, and post-scission models also use input data to fix model 
parameters. A quantity of particular importance for both classes of models, but contains large 
uncertainties, is the yield of fission fragments (before prompt emission) and fission products (after 
prompt emission). Fission fragment yields are important inputs for post-scission models, and also serve 
to validate pre-scission models. The fragments themselves become products after de-excitation 
through prompt neutron and photon emission. Fission products are the sources of delayed photon 
emission, as well as neutrons, electrons and antineutrinos (through beta decays). These delayed decays
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lead to both decay heat and decay radiation, which are important in reactors as well as in the fission 
byproducts of spent nuclear fuel. They also provide useful signatures for various detection schemes.

Although neutron-induced fission data is a high priority for many programs, the relevant data is usually 
only available for thermal, fast, and high-energy (14 MeV) neutrons. Careful measurements of fission 
yields are needed for more isotopes and more incident energies. Photofission is also of interest for 
applications, but there is very little information available about the fission fragment yields needed as 
input in this case. Fission yields of metastable states are also important.

Fission product yields are required for post-detonation forensics. The blocked cesium and iodine 
fission products can be used to determine whether the fuel is uranium- or plutonium-based, and provide 
an indication of the incident neutron energy in neutron-induced fission, in particular whether 14 MeV 
neutrons were involved. For this particular application, the 130I and 135I thermal, fast and 14 MeV 
fission yields need to be measured. Codes such as FIER, CASCADES, and ORIGEN use fission 
product yields to simulate the isotopic inventory of fission products and their decay signatures.
However, in ENDF, the independent fission product yields (those following prompt particle emission) are 
inconsistent with the cumulative fission product yields (those following all the fission product beta 
decays) and the ENDF decay sub-library. This discrepancy must be resolved at some point. 
Furthermore, users would like to have full sets of covariance data for the fission product yields of 
all fissionable materials, for uncertainty quantification.

A second important input for post-scission models is the total kinetic energy (TKE) of the fragments, a 
quantity that has often only been measured at thermal energies, or for spontaneous fission. There have 
been recent measurements of the TKE as a function of incident neutron energy, but these are averaged 
over the fragment mass, and do not give an indication of how TKE(AH), usually presented as a function of 
the heavy fragment mass, changes with energy. Differential measurements for more isotopes and 
incident energies are critical for model tuning and validation. In addition, such measurements do 
not yet exist for photofission.

An accurate description of Neutron and Photon Yields and Spectra is a goal of many fission models. 
Highly-excited fission fragments typically de-excite by neutron and gamma emission. The prompt 
gamma spectrum and multiplicity are crucial inputs in determining local heating post-fission, and are 
not well known. Prompt gammas also induce radiation damage surrounding a fission event, and as such 
must be accounted for when computing dosage. This data is needed not just for 235U, 238U, and 239Pu, 
but for all minor actinides, and for neutrons and gammas as projectiles. Photon branching ratios 
are also required. The prompt-fission neutron spectra of actinides was the subject of a recent IAEA 
Coordinated Research Project. Much progress was made, but it was clear that further work was 
needed, not only on the major actinides needed for security, but also on the minor ones needed for 
nuclear power, isotope production and forensics. Stochastic post-fission models are only beginning to 
be able to address evaluations of neutron and photon spectra. To broaden their reach, more 
differential data, such as average neutron multiplicity, energy release and fission fragment yield 
as a function of fragment mass number and incident neutron energy from thermal to >20 MeV, are 
needed for validation.

Unfortunately, most recent experiments have tended to measure only one quantity well, such as the 
fission cross section or the prompt neutron or photon spectrum, with no accompanying measurement of 
the fragments. An ideal experiment for addressing prompt post-scission physics would be the 
‘Mother of All Fission Experiments,’ in which the fission fragments, prompt neutrons, and prompt 
photons are all measured in the same setup at the same time, for a range of actinides, and for a 
range of energies from thermal to > 20 MeV.

Decay Data and Gamma Branching Ratios
(Nuclear Energy, National Security, Isotope Production, Safeguards, Industrial Applications)
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The fission of a heavy nucleus such as 238U can produce significant amounts of more than 800 different 
types of radioactive fission fragments, which then decay back to stability by emitting photons, electrons, 
neutrons, and antineutrinos. Given a sufficiently good decay database, the absolute yield and spectrum 
of each type of radiation can be calculated. As these fission spectra have many observable 
consequences, this decay data is correspondingly of great importance for a wide range of applications. 
The electromagnetic and light-particle energy released by the fission fragments, the so-called decay 
heat, is essential for a precise modeling of refueling and reprocessing strategies for nuclear reactor fuel 
and materials. Reactor operation and control relies heavily on knowing the flux of beta-delayed neutrons. 
In fundamental physics, the estimated antineutrino flux is currently being used to understand the 
properties of neutrino oscillations, and to search for evidence of physics beyond the standard model.
The same antineutrino flux is of interest in nonproliferation studies, as it is sensitive to the mix of 
actinides being burned. For each of the applications discussed above there have been several IAEA 
consultants’ meetings to identify exactly which nuclides most urgently require better nuclear data. Here 
we provide references to those reports in which specific high-priority nuclei are identified through 
sensitivity analyses. For decay heat, a series of IAEA investigations led to a priority list of nuclides [21] 
which required new measurements to better understand the decay heat generated by a reactor. This 
decay-heat priority list encouraged several new measurements, which are summarized in a new IAEA 
study [22] that includes an updated high-priority list. This new study also considers which nuclei require 
new measurements to better model the antineutrino spectrum generated by a reactor, and provides an 
additional high-priority list. Finally, a summary of the most important delayed neutron precursor nuclides 
for reactor kinetics studies, based on a sensitivity study of delayed neutrons, was presented in another 
IAEA coordinated research project [23].

The importance of decay data goes beyond fission-related applications. In the field of medical isotopes, 
a precise understanding of the radiation emitted by radionuclides is needed to determine the total dose 
received by the patient, the specific dose to targeted tissue, the cost of infrastructure in production 
facilities (i.e. shielding requirements), the background in imaging technologies, etc. A measurement of a 
single quantity can have a huge impact on the production and supply chain of a particular isotope. As 
an example, a change in the absolute intensity of the 776-keV transition in 82Rb decay (used to 
determine the dose of this frequently used cardiac PET isotope) from 13% to 15% [24] had major 
implications for the suppliers of the 82Sr/82Rb generator. This higher value was recently verified by C. 
Gross et al. [25]. The IAEA has investigated the decay data needs of certain medical isotopes, and 
provides recommendations for new measurements and evaluations [26-29].

Conventional Non-Destructive Assay (NDA) methods for fresh fuel assay, forensics, and irradiated fuel 
characterization also rely on the properties of the radiation emitted following beta decay [30]. Traditional 
NDA methods utilize the absolute gamma-ray intensity, whereas newer techniques will need additional 
information on the cascade nature of the gamma rays for coincidence and spectral techniques, thereby 
yielding higher sensitivity and unique isotopic identification.

Targeted Covariance Reduction For Neutron Transport
(Nuclear Energy, National Security, Safeguards, Isotope Production)

The applications discussed at the workshop largely involve design and analysis through modeling and 
simulation. To enable effective prediction, design, and analysis we need well-quantified uncertainties, so 
that we can clearly characterize safe and economical operational areas, detailed isotope production 
estimates, and calculate key quantities of relevance to national security.
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As one example. Isotope 
production processes can 
involve multiple neutron 
captures, so there are many 
contributing uncertainties, 
and it can be difficult to 
establish which reaction rates 
are most significant.
Furthermore, uncertainties in 
the individual actinide 
absorption cross sections 
themselves can obscure 
production capabilities; the 
resonance capture cross 
section Is significant In many 
key actinides, but the data 
may be poor, and analysis 
options are resource 
intensive.

High-fidelity sensitivity and 
uncertainty analysis tools, 
which are applicable to these 
problems, have been 
developed [10-14J. These 
tools are very general, and 
can assess the contribution of 
various (but not all) important 
parameters, including energy- 
dependent cross sections, 
angular distribution, reactivity 
coefficients, criticality, 
reaction rates, reaction rate
ratios, efc. The development of these sensitivity and uncertainty analysis tools is continuing. These tools 
can be used for uncertainty quantification, target uncertainty assessment, the validation of simulation 
tools, and for nuclear data/parameters assimilation using integral experiments. These analytical tools are 
one key component in the ideal, information-rich workflow discussed above, and illustrated in Figure 1. 
However, sensitivity studies require accurate covariance estimates, in addition to accurate input values. 
A key cross-cutting need that was expressed throughout the workshop was for more accurate 
covariance data, so that we can clearly identify which Isotopes most need Improved data or 
additional measurements. This includes not just higher quality covariances, but covariances on all 
possible input data. Improving these data could enable the analysis of the contribution of the energy- 
dependent cross sections to isotope yields, which would be a very powerful tool for Identifying and 
prioritizing the nuclear data needs of all of these communities.

A series of sophisticated sensitivity studies [6,13-14) revealed the following needs:

• Large uncertainties in many neutron-induced actinide reaction cross sections: Actinide cross 
sections are the most common need for modeling nuclear systems. In this workshop the data on 
neutron capture cross sections for at\J, 2MVJ and *”Pu were repeatedly called out as a source 
of concern. It is not enough to have a high precision cross section, one must also provide 
covariance data for Uncertainty Quantification (UO) applications. The CIELO pilot protect aims to 
resolve some of this need by providing standards level evaluations of these isotopes. However, the

Highlight 2: Compensating Errors in 
Jezebel keff
E'ic Bauge (10] reported on an analysis where components ot the 
Bruyeres-le-Chatel (BRC) **Pu evaluation were replaced with those 
from ENDF/B-VII.1. At each stop In the replacement process, !<*, of 
the Jezebel critical assembly was computed. While both the BRC 
and ENDF/B-VII.1 give the same k*, for Jezebel, they do so for very 
different reasons. This replacement study shows how different 
parts of the evaluation substantially shift the reactivity of Jezebel. 
We do not know if either evaluation is ‘correct" but both get the 
‘correct' answer.
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strong competition with fission in all of these isotopes means that the (n,y) cross section cannot be 
evaluated accurately in the absence of experimental capture data in the energy range of interest. In
addition, the 237Np(n,f) cross section in the energy region from 1-100 keV was brought up.

• (n,n’) and Cross Sections and Angular Distributions: Another recurring need was for accurate
modeling of neutron elastic and inelastic scattering, not just on actinides, but also on structural 
materials. Both the cross sections and outgoing angular distributions are needed. These data are 
important in small systems in which neutron leakage plays an outsized role. To a large degree, 
WPEC Subgroup 35 and recent advances are addressing this problem in the EMPIRE [19] and CoH 
[20] reaction code systems. This has already fed back into the CIELO evaluation for 238U and 56Fe. 
Nonetheless we still need integral benchmark data for validating codes and evaluations. An RPI 
group [20] has been investigating the measurements of semi-integral data for testing and have 
developed a test for 56Fe and 238U, but additional tests are needed, especially for 235U.

Expanded Integral Validation
(Nuclear Energy, National Security)

It is expected that the providers of nuclear data are responsible for ensuring the quality of the nuclear 
data they generate: the National Nuclear Data Center is responsible for simple format and physics 
testing of nuclear reaction data files in the ENDF library on behalf of the Cross Section Working Group 
(CSEWG) and the US Nuclear data program performs similar tests of the nuclear structure data files in 
the ENSDF library. Beyond this testing, more advanced benchmarking is done, comparing results from 
simulations done for example with ENDF files to results from high-fidelity integral experiments. These 
experiments typically are critical assemblies or other simple benchmark problems that can be simulated 
with modest computer resources, but test the underlying nuclear data in a rigorous and targeted way. 
During the meeting, the need for more semi-integral and differential experiments that are driven by 
application and science needs was raised. In particular, an understanding of the new Ohio 
University and older LLNL pulsed-sphere experiments is needed, to separate the various effects 
and achieve an understanding of some of the basic phenomena. Semi-integral data can help 
diagnose shortcomings in elastic and inelastic neutron scattering. There is also a serious lack of 
integral tests for incident charged-particle reaction data. Note: Highlight box #2 discusses a familiar 
problem in the study of integral benchmarks, specifically that of compensating errors.

252Cf Production
(Nuclear Energy, National Security, Isotope Production, Industrial Applications)

The production of 252Cf is essential for many applications, and the data needs to optimize 252Cf 
production would have a simultaneous cross-cutting effect on these applications. These include 
applications in the energy industry (nuclear fuel quality control, reactor startup sources, coal analyzers, 
oil exploration); construction (mineral and cement analyzers, corrosion inspection); and security 
(handheld contraband detectors, fission source, monitoring HEU down-blending, identifying unexploded 
ordnance, landmine detection). ORNL is the world’s leader in the production of 252Cf. 252Cf and other 
heavy isotopes are produced by successive neutron captures on mixed actinide targets containing 
Cm/Am/Pu (curium feedstock) at the High Flux Isotope Reactor (HFIR). During this process, about 95% 
of the initial heavy target nuclei undergo fission into lighter nuclides. These losses are highlighted in 
Figure 2 below:
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Figure 2. Production of 252Cf through successive neutron captures, showing losses due to fission.

In addition to consuming valuable curium feedstock, fission heating constrains both target design and 
chemical processing schedule flexibility. Target yields are further limited due to neutron absorption by 
252Cf during production. The efficiency with which 252Cf is produced, incorporating both the isotope 
transmutation fractions and 252Cf retention, is strongly dependent on the incident neutron energy 
spectrum. By shifting the hardness of the spectrum, or by suppressing the flux in certain energy ranges, 
the ratio of beneficial to destructive neutron captures can be increased. Researchers are exploring the 
use of focused resonance shielding [50] through a variety of neutron flux filter materials to increase this 
ratio of (n,Y) captures in the curium feedstock relative to destructive captures. 103Rh is being considered 
as a potential filter material for 252Cf, and has undergone preliminary experimental evaluation. Sensitivity 
analyses are being performed to identify other possible filter materials as well as to assess other 
methods of flux optimization such as target shuffling and the use of alternative geometries. Because 
this optimization relies on the variation of neutron absorption ratios throughout the energy 
spectrum, accurate neutron cross sections for key isotopes in the 252Cf production chain are 
needed (see Appendix B).

Nuclear Reactor Antineutrinos
(Nuclear Energy, National Security)

Nuclear reactors are copious producers of antineutrinos, and generate about 1021 per second per GW 
from the p- decay of neutron-rich fission products. In the first experimental observation of neutrinos [31], 
this very large flux compensated for the extremely small neutrino cross sections. A white paper that was 
prepared following a recent meeting at BNL [32] details recent advances and current research in this 
field.

By placing detectors next to power reactors, in the last few years the neutrino oscillation parameter d13 
was precisely measured [33-35]. These experiments have also yielded precise antineutrino spectra.
The energy-integrated antineutrino spectrum appears to be about 6% smaller than expected; this is 
known as the short-distance anomaly. In addition, a distortion in the spectrum at around 5 MeV has 
been seen.

An accurate calculation of the antineutrino spectrum emitted by a reactor requires knowledge of a) the 
reactor core fuel composition, in other words the different power contributions from 235U, 238U, 239Pu, and 
241Pu, and b) the antineutrino spectrum that results from the neutron-induced fission of each of these 
nuclides. Fission fragment and decay data are essential to determine the latter.

Two methods are available to obtain the antineutrino spectra from 235,238U and 239,241Pu. The summation 
method [36] uses fission yields and decay data to compute the contributions of each decay branch of
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the over 800 ^--decaying fission fragments involved. The main advantage of this method is that a good 
understanding of the spectral features can be obtained [37-38]. However, in view of the incomplete 
decay data and imprecise fission yield data, there is ample scope for improvement in the accuracy of 
this method [39].

In the conversion method, one fits the corresponding measured electron spectra [40] with a number of 
artificial decay branches. Because the electron data has been accurately measured (except for 238U), the 
resulting predicted antineutrino spectra have smaller errors than those derived using the summation 
method. The principal drawback of the conversion method is that only about 30 decay branches can be 
used in fits to the electron spectra at present, due to the limited experimental resolution. This method is 
not independent of fission yield and decay data, as they are used to obtain the Fermi function effective 
charge of the decay branches as a function of the end-point energy [41].

To better understand the antineutrino anomaly and the 5 MeV spectral distortion we need the following 
improvements in nuclear data:

• New measurements of the electron spectra following fission for the 4 main fuel 
component nuclides, 235U, 238U, 239Pu, and 241Pu, to confirm the Institut Laue-Langevin 
(Grenoble, France) data.

• New fission yield measurements, in particular for odd-Z, odd-N nuclides with two long- 
lived levels of low and high spin.

• Precise measurements of beta intensities for some 20-30 relevant nuclides.

• Precise measurement of the beta spectra for those same 20-30 nuclides, to test the 
suggestion that non-allowed shapes may cause distortions in the spectra that solve the 
anomaly problem [42].

We note that there are cross-cutting benefits associated with these measurements; since the energy 
carried away by the antineutrinos is correlated with the energy deposited by the electrons, and anti­
correlated with that of the gammas, these new measurements will also result in more precise decay heat 
calculations [43-44]. Additionally, these new measurements would allow for more precise non­
proliferation uses of antineutrino detectors [45]. Moreover, the Total Absorption Gamma Spectrometry 
(TAGS) technique used to obtain beta intensities can also produce precise values of gamma and neutron 
widths, which in turn can be used to calculate neutron capture cross sections for neutron-rich short­
lived nuclides [46] which are relevant in nuclear astrophysics, and reactor fuel burnup and isotope 
production calculations.

The future of this field also includes new measurements of the antineutrino spectra at short distances, 
(7-15 m) to better understand the anomaly, as well as medium distance experiments (47 - 53 km) that 
will aim to measure the d12 parameter and the antineutrino mass hierarchy [47-49].
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Specific Needs for Isotope Production
Over 20 million nuclear medicine procedures are performed each year in the United States [1]. Nuclear 
data are essential for both the production and the proper application of these radionuclides. The main 
goals of current research are to develop the production capabilities for new radionuclides, remove 
discrepancies in existing data, and find alternative production routes for established radionuclides. Here 
we will describe a representative set of current nuclear data needs for medical isotopes. We note 
however that the field of nuclear medicine is continually evolving, so a continued nuclear data research 
effort in this field is required to address changing trends in medical applications. We also note that the 
use of a particular isotope in a medical application may be driven by availability; research into the 
production of an isotope may therefore be driven by the prospects for applications of that isotope in a 
clinical setting.

Knowledge of nuclear excitation functions, which describe reaction probabilities as a function of the 
incident particle energy, is central to the isotope production effort. These functions are obviously 
necessary to determine the yields of the nuclei of interest. In addition they are required for the prediction 
of the amount of undesired “contaminant” materials produced, and are therefore crucial guides in the 
choice of target materials. In many cases, particularly for the wide range of possible contaminants, the 
excitation functions have never been measured. In some cases in which excitation functions have been 
measured, significant differences exist between the measurements. New measurements are required to 
resolve these discrepancies. As discussed below, there is also a need to have a set of excitation 
functions known to high precision for use as monitor reactions. Finally, accurate excitation functions are 
required for the verification, validation, and development of theoretical nuclear reaction model codes.

Cross sections are generally studied through the activation foil method, in which a well-characterized 
thin foil is irradiated at a single beam energy, and the produced radioactive residuals are quantified 
through off-line alpha, beta, gamma, or electron spectroscopy. In this approach, control of uncertainties 
depends strongly on the accurate characterization of the target material, precise measurements of the 
incident particle flux, and the spectroscopic assaying techniques used. Access to high quality nuclear 
data can be useful in reducing the latter two sources of uncertainty.

The incident particle flux is commonly measured using a monitor reaction. For charged-particle induced 
reactions, relatively few monitor reactions that can be applied in the low to intermediate energy regimes 
of 30-70 MeV have been accurately measured (i.e. to a few percent level). Above 70 MeV, monitor 
reactions whose experimental measurement is free from the potential influence of secondary neutron 
contributions to residual yields are not well characterized. As both IPF and BLIP operate at proton 
energies in the 100 MeV regime, monitor reactions at these high energies are an obvious, high- 
priority nuclear data need for medical isotopes.

Gamma-ray spectroscopy is the most common tool used in the identification and quantification of nuclei 
produced in a reaction. Traditionally, singles spectra are collected, and the gamma-ray intensity is 
measured as a function of time to correlate half-life with parent nuclide. This technique is particularly 
challenging at higher incident energies or with heavier target nuclei; as the number of reactions leading 
to unstable nuclides is greatly increased, so is the density of gamma-ray transitions. With little 
selectivity, products from contaminant reactions can compromise and degrade the quality and validity of 
the cross section determination. The field of gamma-ray spectroscopy has now matured to a level at 
which Compton-suppressed, gamma-gamma coincidence spectroscopy is the standard. Compton- 
suppression improves the peak to background ratio in the spectrum, thus giving higher sensitivity, which 
allows for more accurate peak area determinations. Gamma-gamma coincidence analysis enables one 
to uniquely identify the parent isotope. New measurements for isotope production R&D, or the
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quantification of decay properties, should ideally employ such techniques, to achieve higher quality and 
more reliable data. In some cases it will be necessary to combine Compton-suppressed gamma- 
gamma coincidence spectroscopy with chemical separations.

In the following we outline some current needs for medical isotope production. We again emphasize that 
this list is by no means exhaustive, and could change with the evolving needs of the medical isotope 
community. In addition to the need for more accurate cross sections for the isotopes of interest, it is 
also essential that the accompanying impurities be well characterized. Finally, we note that a recent 
series of IAEA studies has also identified nuclear data needs relating to medical isotope production 
[2,3,4].

• Theranostic agents: The future of personalized medicine lies with theranostic agents. 
Theranostic agents are identical in molecular structure to the chemically active agent, but 
incorporate an isotope that emits a gamma suitable for PET or SPECT imaging. These agents 
may also incorporate isotopes of the same element that have a therapeutic emission (i.e. Auger, 
alpha or beta) for radiotherapy applications. Such agents offer physicians the ability to perform 
dynamic visualization studies of the active agent’s movement and localization at the target site. 
Understanding the agent’s behavior allows the physician to optimize dosage, to enhance 
treatment and reduce the side effects of the drugs. In order for this procedure to be successful, 
the theranostic agents need to be produced with high-specific activity, and following 
purification, should contain only very small amounts of other isotopes of the same element. One 
specific example discussed in detail was the Platinum radioisotopes, which could be combined 
with standard platinum chemotherapeutic agents. 188Pt and 191Pt show potential for use in 
imaging chemotherapy, whereas 193mPt, 195mPt and 197Pt all have possible uses in radiotherapy.
All require more cross-section measurements, to determine optimum production routes. A 
recent NSAC report [5] highlights additional pairs of isotopes that have potential uses as 
theranostic agents.

• Intermediate-energy charged-particle reactions: In the energy regime of 30 to 100 MeV and
even beyond, which is most accessible to the major isotope production facilities BLIP and IPF, 
there are many unexplored reactions which have strong cross section requirements. This 
includes all types of medical isotopes; non-standard p+ emitters, SPECT radionuclides and their 
generator parents, as well as therapeutic isotopes [2,6]. Examples of specific isotopes and 
reactions are given in Appendix B. It was noted that a dedicated low-current, 200-MeV research 
beamline at BLIP could address many of these data needs, while providing a training ground for 
young nuclear scientists. Development of this capability at BLIP will complement the existing 
cross section measurement capability at Los Alamos, which offers the potential for the 
measurement of proton-induced reactions between 40 and 100 MeV, as well as at 200 and 800 
MeV. •

• Alpha-emitting radioisotopes: A major limitation encountered by studies of promising alpha- 
emitting radioisotopes for cancer therapy is their lack of availability. There are attempts now 
underway to address this problem in specific cases. Production of 225Ac through the reaction 
232Th(p,x) is being actively pursued at both IPF and BLIP. Production through neutron irradiation 
of 226Ra is also being investigated at HFIR. Further research into new production methods and 
more efficient isolation methods is required. Production routes for 211At, 212Pb/212Bi, 213Bi, 226Th 
and 227Th have all been identified as high priority topics by the most recent NSAC Long Range 
Plan on Isotope Production [5].
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Auger and Coster-Kronig electron emitting nuclei: Low-energy electron-targeted 
radiotherapy makes use ot radionuclides which emit Auger and Coster-Kronig electrons. 
Characterization ot the medium 
energy production of such nuclides, 
to allow the determination ot 
achievable radioisotopic purities 
and yields, is lacking in many 
interesting cases. Accurate 
excitation functions that result in 
the no-carrier-added formation ot 
,,BSb. '“Ce/'-La, '”Tm/'MEr, nGe. 
and “Co are needed.

Highlight 3: ORNL Isotope 
Uncertainty Quantification

Alternative pathways for “Tc 
production: "Tc is perhaps the 
most well-known medical isotope, 
and is used in 80% ot medical 
imaging procedures. There is 
serious concern that the production 
of this critical isotope through the 
usual fission process ™U(n.f) is in 
jeopardy, due to reactor aging (7). 
Furthermore, the use ot reactors, 
especially those using highly 
enriched uranium (HEU) targets, 
carries a nuclear weapons 
proliferation risk; the Identification 
of alternative pathways for ”"Tc 
production is therefore a priority [8). 
Various *nTc production 
techniques have been suggested; 
these will require detailed new 
measurements to assess their 
feasibility for full-scale production. 
The specific reactions of current 
interest are listed in Appendix B. 
These require "Tc production 
cross section measurements, as 
well as studies of the associated 
production of long-lived impurities 
01

Since many isotope production processes involve 
multiple neutron captures and have the associated 
combined uncertaeit.es, it can be difficult to establish 
which reaction rates are the most important limiting 
factors in production. ORNL is accordingly developing 
high fidelity sensitivity and uncertainty analysis tools 
(11 -12] that are capable of assessing the importance 
of various parameters, including energy-dependent 
cross sections, in determining reaction rates and 
reaction rate ratios. This work relies on having 
accurate covariance estimates and heavy-actinide 
data. These tools could in future be incorporated into 
ORIGEN (In development) to analyze the effects of 
energy dependent cross sections on Isotope yields; 
this would bo a very powerful computational tool for 
identifying and prioritizing the nuclear data needs of 
the isotope production community.

Fast-neutron induced reactions:
The production of medical radionuclides by fission neutrons is used routinely, and is often well 
characterized. Similarly, spallation or d/Be break-up neutrons could be advantageously utilized 
for radionuclide production [10], but there is very little data on these types of reactions. A 
number of therapeutic radionuclides can potentially be produced by spallation neutrons through 
(n.p) reactions. Examples of possible targets include ”S. "Ti. *“'Zn. K6Pd. ,,9Sm. l,sLu. and 
'"Hf. In addition, production of alpha-emitting radionuclides such as ^Ac. "’Ra. and a'Th 
using spallation neutrons has yet to be explored. Finally, wMo could be produced by using 
spallation neutrons to induce fission in ”*Th or ?WU.
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• Medical Isotope Production at MURR: Reactor safety measures at MURR are overseen by the 
Nuclear Regulatory Committee (NRC). One of these measures mandates that during irradiation 
the target and the host vessel must always remain at temperatures below half of their melting 
points. As a large fraction of the thermal energy deposited in those components is due to the 
absorption of locally produced gammas from radiative capture. It Is accordingly very Important 
to accurately model the amount of heating that results from this mechanism. However, the 
gamma yield production data for radiative capture in the relevant thermal - 10 MeV neutron 
energy regime Is lacking in the evaluated neutron interaction files for the list of nuclides 
provided. (See Appendix B.) It will be very useful to carry out these measurements, since these 
data are essential for the accurate calculation of gamma heating required to ensure that MURR 
operates in compliance with NRC regulations.

• M1Bk and ”'Cf ; Production targets for Super Heavy Element (SHE) research: The currently 
preferred SHE target materials are ;*°Bk and ”'Cf. These are both byproducts of the usual ”*Cf 
production process through multiple neutron captures, and have mass yields of 10% for 2,“Bk 
and -2-5% for 2MCf, albeit with 2“Cf contamination. The relative production of 2‘“Bk could be 
increased by employing thermal neutron flux filters and short-term irradiation. This procedure 
could be also employed to increase the relative :r,'Cf production and minimize "~'*Cf by extending 
the neutron flux filter out into the first few 2S'Cf resonances. Further neutron filtering, possibly 
with a staged approach, may be needed to produce significant quantities of ^Es and 2S6W’Fm 
as future SHE target materials. To successfully design such filters, data on the significant 
neutron capture resonances for these heavy actinides are needed.

• “Ni: Detectors for explosives and narcotics based on electron-capture technology: r,'Ni is 
produced through neutron absorption by highly enriched "NI; the target design and irradiation 
conditions are optimized to balance the total “Ni yield and specific activity, and to minimizing 
the amount of expensive "Ni target material consumed. Although neutron absorption by "Ni is 
fairty well characterized, absorption by “Ni. which ultimately limits both production and specific 
activity, is not. Thus, to optimize production of “Ni, measurements of the cross sections for 
”Ni(n,X) are needed.
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“"Pu: Power source for satellites and NASA's deep space missions:
““Pu is used in Radioisotope Thermoelectric Generators (RTGs) and Radioisotope Heater Units 
(RHUs) to produce power for electronics 
and heat for environmental control in deep 
space missions {13-14). **Pu production 
in the US ended in the late 1980s with the 
shutdown of the Savannah River reactors.
Since 1993 the domestic supply has 
consisted of purchases from Russia, 
which ended in 2009. DOE's goal to 
address this need is to produce 1.5 to 2 
kg of 2WPiVyear within the DOE complex, 
for example at HFIR, by 2018. Figure 3 
shows the production sequence of 2'*Pu 
through neutron irradiation of an ?,’Np 
target, followed by beta decay.
Simulations based on nuclear data (such 
as fission product evaluations and thermal 
cross section values) are used to estimate 
the heat generation rates for safety
analyses of the a,Np targets during HFIR irradiation. Heat is generated primarily by fission of the 
a*Np and ™Pu formed during irradiation; validation of these fission rates is therefore critical to

1

Figure 3. The reaction network involved in 'itPu 
production.
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insure that these targets will operate within their safety limits. Some of the nuclear data used in 
these simulations, such as the 238Np fission product evaluation, have large uncertainties which 
imply correspondingly large uncertainties in the target heating due to fission. New fission 
product measurements on nth+238Np are needed to assess the total fission product inventory, 
which will substantially reduce the level of uncertainty in target heating. Another concern is that 
the absence of measured yields for thermal fission may have been addressed by the substitution 
of fast fission data, which will clearly bias the fission heat calculations. The Appendix includes a 
summary of the nuclear data used for modeling and simulation of 238Pu production from 237Np 
targets; evidently there is considerable scope for improved measurements.
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Specific Needs for National Security
As noted previously, there is considerable overlap between the nuclear data needs of National Security 
and Nuclear Energy. This duplication, coupled with the classification issues inherent in much National 
Security work, make this section somewhat less detailed than the sections that address other topical 
areas. There is also a long history of “needs documents” [1-3], and a well-supported series of 
experimental activities associated with the NNSA stockpile program, in the form of SSAA, campaigns, 
etc., with overlaps with DNDO, NA-22, DTRA, and DHS. National Security applications nonetheless do 
involve some unique aspects of nuclear data, especially in the areas of detection and forensics, and 
neutronics and particle transport.

Needs for detection and forensics
There are many applications in the areas of detection, forensics, and non-destructive assay in which one 
wishes to rapidly determine the isotopic composition of a sample, possibly in a high-background 
environment. Examples of such applications within the Next Generation Safeguards Initiative (NGSI) 
mission (NA-241) space are:

• Re-verification of material after a break in the chain of custody

• Determination of criteria for the termination of safeguards at a geologic repository

• Input accountability at reprocessing facilities

• Enhanced containment during transshipment

• Deterrence of diversion

• Non-safeguards applications: burn-up credit, efficient facility operations, and head-load 
determination in a repository

Techniques that provide unique signatures rely on correlated data, such as y-y and y-n coincidence data 
or time correlations from beta decay chains. Several techniques of this type were presented in this 
workshop: NRF, PGAA (the most well developed), the computer codes CASCADES and FIER. The 
coincidence and correlation data needed for these techniques and applications are derived from ENSDF, 
and provide yet another example of needs at the intersection of structure and reactions. This list of 
needs includes the following.

• The CASCADES tool developed at PNNL uses coincidence gammas to rapidly assay materials.
This tool needs up to date and complete gamma coincidence data.

• The FIER tool developed at U.C. Berkeley models time-dependent gamma emission from 
decaying fission fragments. This tool needs up to date and accurate decay data. •

• Nuclear Resonance Fluorescence (NRF) uses gamma rays to excite compound nuclei, which 
populates states with spin distributions, unlike other probes. The resulting de-excitation 
cascade or particle emission data provides another unique isotopic signature. Data on the 
(Y,Y’), (v,f), (y,n) interactions of major actinides and important fission products are needed.
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• Prompt Gamma Activation Analysis 
(PGAA) is an active interrogation 
technique in which thermal 
neutrons interact with a target, and 
excite a nucleus just at the neutron 
separation energy. The resulting 
gamma cascade is unique to the 
isotope, and offers another 
approach to assaying materials.
The Evaluated Gamma Activation 
File (EGAF), a libraiy of prompt 
gamma data, is crucial for this 
application. Data needs related to 
EGAF are given below:

• Efforts are currently underway at 
LBNL and LLNL to improve data for 
structural materials, such as Fe; Zr
has been identified as a future 
need (see Appendix A).

• Recent work on ,uPu(n.y) [9] finds 
a higher cross section than Is 
currently adopted [10]. This 
discrepancy should be resolved.

• Additionally, recent evidence has 
come to light questioning the 
validity of several other adopted 
cross sections, e. g. ,,6W(n,y) [2] 
and '”Gd(n,y) [4], demonstrating 
an urgency to confirm cross section 
measurements for isotopes critical 
to advanced reactor design and fuel 
cycle initiatives. •

• The demonstrated success of the 
EGAF project (W Isotopes (2], Gd 
isotopes (4), Pd Isotopes [5], K 
isotopes [6], Na isotopes [7D still 
represents an ongoing need, 
especially for actinides (for which 
no data exits In ENDF!), fission 
products, and several other 
isotopes prioritized by the NA-22 office for nonproliferation applications (see Appendix A). 
In addition, understanding the complete thermal capture-gamma spectra for these isotopes 
provides a natural segue Into higher-energy neutron reactions where melastic lines dominate the 
fast component of the spectrum. The ongoing evaluation of the available (n.n'y) data [8] will 
be essential to develop a future campaign of targeted (n.n'y) measurements.

Highlight 4: Neutron Capture 
Gammas
The Evaluated Gamma-ray Activation File (EGAF) 
project was initiated and led by the Lawrence Berkeley 
National Laboratory (LBNL) through the US Nuclear 
Data Program (USNDP), in collaboration with an 
International Atomic Energy Agency (IAEA) 
Coordinated Research Project (CRP), to provide 
improved neutron-capture gamma-ray cross sections 
for over 260 isotopes from capture-gamma 
measurements using natural targets of all stable 
elements [1). However, for many elements only data 
for the isotopes with the largest cross sections and/or 
abundances could be obtained with natural targets. 
Consequently, there are many gaps and inadequacies 
inherent to the EGAF database as currently 
constructed. This problem was highlighted recently in 
a study of the tungsten Isotopes. In collaboration with 
Global Security at the Lawrence Livermore National 
Laboratory (LLNL); the Isotoplcally-enriched cross 
section measurements [2] were found to differ 
considerably from those in the current EGAF database
ML
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Needs for neutronics and other particle transport
Most of the national security mission space requires a reliable, predictive capability for neutron transport 
in a large range of materials, and models of the resulting outputs. This need is greatest for reactions 
with incident neutron energies in the range 1 -500 keV, which overlaps strongly with the prompt fission 
neutron spectrum (PFNS).

• The neutron energy range 1-500 keV 
requires many more cross section 
measurements, since it falls in an 
experimental ‘'gap" but covers a large 
fraction of the prompt fission multiplicity. 
Criticality is very sensitive to data in this 
range. (See Figure 4 at right).

• There is an unresolved disagreement 
regarding whether the average energy of 
thermal aU PFNS is 2.03 MoV (ENDF) or 
2.00 MeV (latest IAEA & Talou analysis). 
This average strongly influences criticality.

• The thermal °®Pu PFNS is also 
Insufficiently well known, and Impacts 
solution criticals. Figure 4 (at right) shows 
that the discrepancies in this ‘intermediate* * 
region are -12% (PMI-002. right), whereas 
those of the simple fast PFNS are - 6% 
(PMF-033, left).

Figure 4. Difference between the calculated 
and experimental criticality parameters for two 
different assemblies highlighting the 
importance of 'intermediate* energy neutrons 
(1 -500 keV). (Reproduced from the talk by 
Chadwick).

• ”U capture cross sections above 5 keV and below 500 keV are uncertain by -10%.

• Neutron elastic and inelastic scattering on "'ll and “•Pu (including angular dependence) 
are quite important, as mentioned in the section on cross-cutting needs [14).

• Prompt Fission Gamma Spectrum (PFGS) measurements are also critical (in addition to 
further PFNS studies) [15).

• Reactions on “long-lived" -100 ns states in 
populated after z”U(n,X) are important.
While it is dear that direct measurements of 
these reactions ate not possible, improved 
nuclear data on both resolved and unresolved 
states would improve the fidelity of calculated 
cross sections.

• In nuclear forensics, key actinides are 
separated and isotopic ratios are measured by 
mass spectroscopy. The U and Pu chemistry 
makes this process difficult. Shielded fission
fragments, such as ***Cs shown in Figure 5 on

Figure 5. Shielded fission fragment 
yields near cesium and xenon used for 
forensic purpose. (Reproduced from the 
talk by Hayes).

the right, offer a faster alternative means of identification. A shielded fragment is one that 
cannot be produced via beta decay of another fragment and must therefore be a prompt fission 
fragment. Therefore fission product yields for shielded fragments are needed.
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• Individual and cumulative fission fragment yields as a function of incident neutron energy 
for major actinides (235U, 239Pu), and, to a lesser degree minor actinides, are required (see 
Appendix B).

• Nuclear physics data is essential to characterize ignition-relevant implosion experiments. A list 
of needs is provided in Appendix B.

Furthermore, it is clear that reaction modeling will continue to play a major role in these applications 
since it is near-impossible to measure all needed (n,X) cross sections over the entire incident neutron 
energy range of interest for national security. While there is a fairly good understanding of the nuclear 
reaction models needed for neutrons, these models in turn require well-evaluated nuclear data to ensure 
their reliability. This includes:

• Spin-parities, Jn, of low-lying states for improved modeling of (n,n’y).

• Neutron resonance data for improved modeling of (n,nel).

• Development of an improved targeted evaluation process for statistical nuclear properties, 
including level densities and radiative strength functions for nuclei near the valley of 
stability, of interest to national security applications.

One last concept that appeared to be emerging at the workshop was the idea that there needed to be a 
new set of integral benchmark tests developed that would provide additional confidence in the cross 
sections in ENDF. The current approach to reaction evaluation, which optimizes cross sections using 
results from benchmark experiments, limits the use of this data to gain confidence in the resulting cross 
sections. This effort would clearly require significant coordination with the nuclear energy research 
community and will require more detailed study.
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Specific Needs for Nuclear Energy
The extensive, systematic worldwide 
nuclear data activities in support of 
energy applications have been 
coordinated and managed over the last 
(ew decades by the OECD/NEA. The 
OECD/NEA regularly publishes a 
comprehensive High Priority Request List 
(HPRL), which documents most of the 
nuclear data needs related to nuclear 
energy, and. most importantly, specifies 
their required accuracies. In the following, 
we summarize the most relevant aspects 
of these nuclear data needs, and give a 
few specific examples.

Uncertainties have multiple, sometimes 
unexpected impacts on reactor design 
and on fuel cycle assessments. During 
recent decades, several especially 
notable cases have received considerable 
attention. The stringent design accuracies 
required to comply with safety and 
optxrlzatlon requirements can only be 
met if very accurate nuclear data are used 
for a large number of isotopes, reaction 
types, and energy ranges.

Examples of potentially crucial 
uncertainties and their associated nuclear 
data needs can be found in several areas 
of nuclear system assessment. Some 
examples follow below.

1. High burn-up systems will require additional and more accurate nuclear data. Increased 
bum-up scenarios will put greater emphasis on the quality of higher actinide data and fission 
products evaluations. To better assess the neutron absorption rate of the fission products, data 
on their cross sections, fission yields and radioactive decay properties need to be improved. 
Decay and fission yield data accordingly need to be critically assessed, and future evaluations 
should be accompanied by both uncertainty and covariance data. Absorption and fission cross 
sections, and even inelastic cross sections, of higher actinides (higher Pu isotopes and minor 
actinides) will play a much more crucial role In the future fuel cycle optimization studies foreseen 
by industry.

Highlight 5: The Need for Up- 
To-Date Nuclear Data

On March 10, 2004, Kakrapar Atomic Power Station 
Unit 1 (KAPS-1) in Gujarat. India, experienced an 
incident involving incapacitation of reactor regulating 
system, leading to an unintended rise in reactor power 
from 73%of full power to near 100% full power. The 
slow rise overpower transient could not be explained 
by the Design Manual based since it was based on the 
27 group WIMS1971 lixary. The Indian Atomic 
Energy Regulatory Board shut down KAPS until 
incident was understood.

The 2005 release of the WIMS nuclear library provided 
an explanation and brought the plant back into 
operation (S. Ganesan, 2005).# t
to1JLifc:

2. There is a need for more accurate and more complete covariance data in ENDF for all
neutron reaction types tor all nuclides (including cross correlations), fission product yields, 
gamma production, gamma interactions, and decay properties in fission products. This will 
facilitate more accurate uncertainty quantification and sensitivity analyses. We need these data
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to be accurate, or at least consistent, as they are used in calculations that provide licensing 
guidance.

3. We need to further reduce uncertainties in the neutron capture cross section data, 
particularly for minor actinides and Pu isotopes in the fast and epithermal energy ranges, 
to improve the modeling of advanced fuel cycles and fast-spectrum nuclear reactors.
Specific integral experiments are required to validate this data:

a. New, science-driven integral experiments that can provide accurate information on 
separate physics effects. For example, the next phase of MANTRA (Measurement of 
Actinide Neutronic Transmutation Rates with Accelerator mass spectroscopy) 
experiments can target fast and epithermal data for minor actinides, and reanalysis of 
past experiments available in the NEA DataBank could provide useful information. The 
application of sensitivity and uncertainty analyses to these semi-integral measurements 
could inform nuclear data evaluators of ways to improve ENDF data.

b. Follow up completed semi-integral experiments, to access existing information 
that could satisfy some of the needs discussed above. For example, some pulsed 
iron-sphere experiments identified issues in several iron cross sections, which are 
important in nuclear engineering for operating reactors, spent fuel storage and 
transportation, and shielding design. If needed, follow with new, science-driven semi­
integral experiments to generate targeted cross section data. Again, determine which 
data is most needed through sensitivity analyses and uncertainty quantification.

4. Regarding innovative systems under study at several institutions, such as the TerraPower 
concept, innovative molten salt concepts, and innovative and flexible breeder-burner fast 
reactor concepts, typical examples of nuclear data dependent innovative design features are:

a. Cores with low reactivity loss during the cycle: In this case the compensating effects of 
burn-out and built-in isotopes can strongly impact the safety case, since the control 
system has to accommodate significant margins. This requires a drastic reduction in 
certain nuclear data uncertainties which were not previously considered crucial.

b. Cores with an increased inventory of minor actinides in the fuel: In these cases, both 
core criticality and the all-important safety-related reactivity coefficients are affected by 
large uncertainties in the data, due to our limited knowledge of the nuclear properties of 
minor actinide isotopes.

c. Cores with no uranium blankets (e.g. to address non-proliferation concerns): Reflector 
effects are strongly dependent on anisotropic scattering effects, and the current nuclear 
data uncertainties can lead to very significant power distribution uncertainties for 
peripheral core fuel assemblies.

d. Cores optimized to minimize coolant (Na) void coefficients: In safety case assessments it 
has been shown that current nuclear data uncertainties can result in the elimination of 
any potential benefits associated with such innovative core features.

5. In studies of innovative materials as structural or fuel components, modern nuclear data 
evaluations and precision measurements of fast-neutron cross sections for structural materials 
and coolants are often missing or inadequate. For example, inelastic scattering cross sections 
are required for important system-dependent structural materials, coolants, and inert fuel 
elements. (The elements involved include Na, Mg, Si, Fe, Mo, Zr, Pb, and Bi.) As a specific 
example, an accurate determination of the sodium void coefficient of an SFR (Sodium Fast 
Reactor) requires improvements in the inelastic scattering cross sections for 23Na, as well as a 
complete covariance treatment. A careful reevaluation of uncertainties is definitely needed for 
materials associated with accident-tolerant fuels.
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6. During and after the Fukushima events, a renewed in-depth assessment of the design and 
safety of spent nuclear fuel pools (SFP) at nuclear power plants was requested by all 
national regulators, to evaluate the expected fuel rod behavior as a function of cooling 
time in a realistic, modern PWR-BWR core stored in a SFP, assuming a sudden loss of 
cooling capacity. The total pool heat load can result from compensating effects, specifically 
opposing trends in the predicted decay heat for fresh versus highly burnt assemblies. Data 
uncertainty play a very important role in this case, especially for high burnup fuels.

7. Specific practical issues may be recognized as having been neglected or underestimated 
without convincing justification. As one example, this is the case for the accumulated fluence 
at the tips of PWR control rods (CR). The fluence is required for both high-energy (E>1 MeV) and 
thermal (E<0.625 eV) neutrons, as these affect CR integrity through stresses and strains induced 
by coupled clad embrittlement and absorber swelling phenomena.

8. Optimization work on innovative features of the Canadian CANDU reactors has confirmed that 
the thermal elastic neutron scattering cross section for 11 * * * * 16O(n,n)16O reported in some 
modern nuclear data libraries is too large relative to the best available experimental 
measurements. The reactivity impact of revising the 16O scattering data was tested using the 
Replica Method. The uncertainty in the 16O(n,n)16O thermal cross section propagates into an 
uncertainty of the calculated keff in thermal critical assemblies. For example, large reactivity 
differences of up to about 5-10 mk (500-1000 pcm) were observed using 16O data files with 
different elastic scattering data. A similar discrepancy has been noted in graphite as well.

9. In studies of decay heat, uncertainty propagation is required in complex computational 
problems. This can be carried out by randomly perturbing the input data, using a probability 
distribution derived from the evaluated mean and standard deviation of each datum; a 
subsequent analysis gives the distribution of the quantity of interest about its mean. This basic 
approach however ignores correlations between the data. The use of correlations, including 
those associated with experiments, can have a significant effect on the final uncertainty 
assessment of the decay heat.

10. Future advanced nuclear reactors will require a better understanding of the fission process.
Since four of the six impending Generation-IV reactors are fast ones, the high level of heat 
deposition requires an innovative core design. Approximately 10% of the deposited heat is due 
to gamma-ray energy, of which about 40% is due to prompt fission gamma-rays. Adequate 
modeling of heating in these cores requires estimated uncertainties of less than 7.5%. Use of 
the present evaluated nuclear data actually leads to an underestimate of gamma-heating of the 
principal reactor isotopes 235U and 239Pu by up to 28%. We therefore need to considerably 
improve the accuracy of data on gamma production in fission events and in decay chains, 
as well as the associated KERMA (kinetic energy released in matter) data. Gamma 
production data are missing or are unbalanced for 155 of the 423 nuclides addressed in 
ENDF/B-VII.1, and 26 of the nuclides demonstrate negative KERMA data in at least one 
energy group of a commonly used 200-group structure.

11. In a material irradiation test, it is essential to precisely characterize the irradiation field,
considering not only the neutron fluence and displacements per atom (dpa), but also the
temperature. Facilities and experiments for this type of study are essential for the development
and validation of new fuels, and in view of the very limited availability of both, every effort should 
be made to extract as much reliable information as possible. The principal heat source in a 
material irradiation test is the gamma heating of surrounding materials, such as the stainless
steels that constitute the irradiation rig, including the irradiation specimen and capsule. Accurate
core and temperature calculation methods are required to predict the gamma heat rate and
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other key performance parameters for irradiation tests. To evaluate the spatial distribution of 
gamma heating in fast reactors, it is necessary to consider complete contributions to gamma 
intensities. Unfortunately, delayed gamma ray yield data for all actinides are not yet available in 
the standard evaluated nuclear data files.

12. Considerable effort has been expended in assessing and comparing various options for future 
fuel cycles (See for example the recent study by R. Wigeland et al.) The need to screen fuel 
cycle options requires that the appropriate uncertainties (including nuclear data 
uncertainties) be propagated in scenario codes. This is a fairly new nuclear data need, and 
no systematic approach is currently available.

Other specific needs
Several other nuclear data needs were described in presentations at the NDNCA Workshop that were
not directly driven by known data uncertainties. These are:

• One should determine of the accuracies required in P-delayed neutron data for reactor safety 
and criticality analyses. This should be followed by more and better measurements of B- 
delayed neutrons, branching ratios, and neutron energy spectra that achieve the necessary 
level of accuracy. These data are currently sparse and incomplete, and we need 
spectroscopic standards. A small change in values could have a large impact on reactor accident 
analyses. VANDLE is an example of a detector that can help gather this data. These experiments 
can be directed towards isotopes of special interest for reactors, such as Br and I. In addition, new 
integral experiments for decay heat and p-delayed neutron energy spectra for the principal nuclear 
fuel components 235U, 238U, 239Pu, and 241Pu can generate the reliable data needed for reactors. We 
also need to verify the earlier measurements (typically from 40-50 years ago) with modern 
spectroscopy techniques.

• Support the development of accurate neutral particle transport codes. High-accuracy 
simulations are essential for identifying incorrect data; if something is modeled accurately and does 
not match experiment, we can then identify which data lead to the discrepancy. Correct methods 
are also essential for extracting data from integral and semi-integral experiments. For example, 
without the proper incorporation of self-shielding corrections in transport calculations, integral 
experimental results cannot be properly modeled.

• Implement the deformed Hauser-Feshbach models in EMPIRE and TALYS. These models 
include more complete physics information, and their predictions more closely match experimental 
results. This in turn generates better data for application users.

• Better characterize fission product yield data. Current inconsistencies in this data raises 
questions regarding how well we can characterize used nuclear fuel, which may impact the licensing 
of used fuel storage and transportation. For example, there are inconsistencies between cumulative 
versus independent yields.

• Determine whether S(a, B) data are important for accurately modeling FLiBe as a coolant in 
advanced reactor designs such as the Fluoride Salt-cooled High-temperature Reactor (FHR). If
so, this data should be generated.
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Appendix A: Matrix of Data Needs
At the end of the workshop it was suggested that a matrix of nuclear data needs vs. national security applications would help to map the needs 
identified in the workshop onto the potential offices/organizations, which are charged with addressing specific application needs. However, it 
quickly became clear to the members of the writing committee that there were enough crosscutting nuclear data needs valuable to multiple 
applications that this approach should be expanded to cover the entire application space presented in the workshop (National Security/Defense 
Programs, Counter-Proliferation/Safeguards/Forensics, Nuclear Energy and Isotope Production/Industrial Applications). We have therefore 
assembled a series of 8 matrices that address all of the potential overlaps between these application topics. The matrices are:

• Matrix A.1: National Security, Counter-proliferation/Safeguards and Energy
• Matrix A.2: National Security, Counter-proliferation and Safeguards, and Isotope Production
• Matrix A.3: National Security, Energy and Isotope Production
• Matrix A.4: National Security, Counter-proliferation and Safeguards
• Matrix A.5: Counter-proliferation/Safeguards and Energy
• Matrix A.6: Energy and Isotope Production
• Matrix A.7: National Security and Isotope Production

An eighth matrix corresponding to the overlap between only National Security and Energy (but not Counter-proliferation/Safeguards) is absent 
since no such needs were identified.

A partial list of the agencies that support these different applications would include:

• National Security: NA-1X
• Counter-proliferation/Safeguards: NA-22, NA-241, DHS/DNDO, DTRA (especially area 6.1)
• Energy: DOE-NE, Industry
• Isotope Production/Other: DOE-Office of Science Isotope Production Program, DTRA-6.1...

These matrices, in addition to providing quick tabular access to nuclear data needs identified in the workshop and other contemporary sources, 
could potentially help in the coordination of research and evaluation efforts, and help guide proposal writing efforts at national laboratories and 
universities.

38 Nuclear Data Needs and Capabilities for Applications



The matrix is comprised of 2 columns:

1. Description of Problem & Isotopes Involved: A short description of the situation/scenario requiring improved nuclear data and the 
nuclides involved.

2. Nuclear Data Need: The nuclear data quantity that requires improvement (cross section, gamma-spectrum etc.)

In addition to the presentations and discussions that were a part of the workshop, several other documents were used in the preparation of this 
matrix. A list of these source documents follows:
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Matrix A.1 - National Security, Counter-Proliferation and Energy
Description of Problem Nuclear data need
Isotopes of these elements have been prioritized by Nonproliferation 
and Homeland Security funding agencies: H, Li, Be, B, N, 0, Mg, Al,
Si, Ti, V, Cr, Fe, Ni, Cu, Ga, Zr, Nb, Mo, Eu, Gd, Ta, W, Ir, Ft, Au, Pb,
Po, Ra, Th, U, Np, Pu, Am: Improved data and corresponding 
evaluations are required to meet the demands of several applications 
of societal interest, including: transport modeling of unknown 
assemblies, NDA to enable reliable accounting for SNM, detection of 
contraband substances and explosives, radiation shielding design and 
characterization, and institutionalizing a “Safeguards by Design” 
approach in the development of clean, cost-effective, proliferation- 
resistant nuclear reactor facilities, enrichment, fuel-fabrication and 
reprocessing plants. Systematic experimental campaigns based on 
this set isotopes will greatly facilitate this need and are described, in 
turn.

Precise y-ray energy data and their corresponding total and partial 
radiative-capture (n,y) cross sections, particularly for primary gamma 
rays, are needed for the EGAF library. New measurements for 
separated isotopes are especially required from thermal incident 
neutron energies to 20 MeV. These unique gamma-ray signatures are 
essential for ENDF to create complete and accurate libraries for 
nonproliferation applications predicated on credible high-fidelity data 
authentication. A particular concern are the actinides for which there 
are no primaries in ENDF.

Isotopes of these elements have been prioritized by Nonproliferation 
and Homeland Security funding agencies: H, Li, Be, B, N, 0, Mg, Al,
Si, Ti, V, Cr, Fe, Ni, Cu, Ga, Zr, Nb, Mo, Eu, Gd, Ta, W, Ir, Pt, Au, Pb,
Po, Ra, Th, U, Np, Pu, Am: Improved data and corresponding 
evaluations are required to meet the demands of several applications 
of societal interest, including: transport modeling of unknown 
assemblies, NDA to enable reliable accounting for SNM, detection of 
contraband substances and explosives, radiation shielding design and 
characterization, and institutionalizing a “Safeguards by Design” 
approach in the development of clean, cost-effective, proliferation- 
resistant nuclear reactor facilities, enrichment, fuel-fabrication and 
reprocessing plants. Systematic experimental campaigns based on 
this set isotopes will greatly facilitate this need and are described, in 
turn.

Improved inelastic scattering cross sections are needed over a wide 
range of neutron energies to provide data where none-to-little exists, 
and to meet targeted-accuracy application-driven uncertainty margins. 
New measurements of total inelastic and partial cross sections to 
individual levels are required. For many isotopes, there are 
considerable discrepancies between the evaluated data libraries and 
experimental information.
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Description of Problem Nuclear data need
Isotopes of these elements have been prioritized by Nonproliferation 
and Homeland Security funding agencies: H, Li, Be, B, N, 0, Mg, Al,
Si, Ti, V, Cr, Fe, Ni, Cu, Ga, Zr, Nb, Mo, Eu, Gd, Ta, W, Ir, Ft, Au, Pb,
Po, Ra, Th, U, Np, Pu, Am: Improved data and corresponding 
evaluations are required to meet the demands of several applications 
of societal interest, including: transport modeling of unknown 
assemblies, NDA to enable reliable accounting for SNM, detection of 
contraband substances and explosives, radiation shielding design and 
characterization, and institutionalizing a “Safeguards by Design” 
approach in the development of clean, cost-effective, proliferation- 
resistant nuclear reactor facilities, enrichment, fuel-fabrication and 
reprocessing plants. Systematic experimental campaigns based on 
this set isotopes will greatly facilitate this need and are described, in 
turn.

There is a need for new and improved NRF data over proton energies 
of 1-5 MeV. Photonuclear elastic scattering cross-section data and 
electronic excitation cross section data are also required.

Neutron induced fission yields and cross sections are a cross cutting 
need for: prompt neutron spectroscopy; delayed gamma 
measurement for SNM identification; heat calculations for spent fuel 
storage; spent and fresh fuel assay; post-detonation forensics-based 
fallout analysis; reactor anti-neutrino source terms; isotope production 
calculations; new reactor design . Fission data of minor actinides are 
becoming more important as reactor fuels are highly burned

Improved cross section and prompt yield measurements are required 
as a function of incident neutron energy from thermal to ~20 MeV to 
provide improved correlated particle emission data from fission.
Prompt fission neutron/gamma multiplicity and spectra as a function 
of fission fragment mass and TKE. The epithermal range of Pu-239 
has large uncertainties, and the minor actinide fission cross sections 
and yields require improved data. Improved covariance data is 
required. In addition, fission fragment half-lives, peak gamma-ray 
energies and corresponding branching ratios are needed.

Numerous applications will be better served by targeted fission-data 
measurements, including: material characterization via neutron 
spectroscopy; spent fuel assay; post-detonation forensics-based 
fallout analysis; next generation safeguards.

New measurements are required in the thermal to fast region to 
provide improved correlated particle-emission data from fission 
corresponding to fission-product yields and covariances, prompt 
fission neutron spectra, half lives, peak gamma-ray energies and 
corresponding branching ratios.

160: CIELO high-priority nucleus. Improved evaluated nuclear data 
needed to create accurate ENDF-formatted files for general purpose 
transport applications, e.g., criticality, shielding, activation.

Discrepancies of up to 30% in both measured and evaluated 160(n,y) 
are problematic for fission applications. These discrepancies impact 
criticality predictions for reactors and helium production rates. New 
measurements are needed in the 2.5-20 MeV region to reduce 
uncertainties to within 5-10%.
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Description of Problem Nuclear data need

235U (continued): CIELO high-priority nucleus. Improved evaluated 
nuclear data needed to create accurate ENDF-formatted files for 
general purpose transport applications, e.g., criticality, shielding, 
activation.

There are significant differences in evaluations in inelastic cross­
section data from threshold to several MeV. These differences impact 
fast-criticality measurements. Differences exist in total and partial 
inelastic cross sections and angular distributions. New measurements 
and modeling are needed.

238U (continued): CIELO high-priority nucleus. Improved evaluated 
nuclear data needed to create accurate ENDF-formatted files for 
general purpose transport applications, e.g., criticality, shielding, 
activation.

Significant discrepancies between cross-section libraries for both 
elastic and inelastic scattering and angular distributions need to be 
addressed. Cross section differences are evident for total inelastic 
and partial cross sections to individual levels. This may have a severe 
impact on calculated criticality for fast systems. A global consensus 
on reactor sensitivity studies points to an urgent need for more 
accurate inelastic cross sections and angular distributions.

235U (continued): CIELO high-priority nucleus. Improved evaluated 
nuclear data needed to create accurate ENDF-formatted files for 
general purpose transport applications, e.g., criticality, shielding, 
activation.

Notable differences amongst the evaluations below 4 MeV for prompt 
average neutron multiplicty per fission. Libraries provide markedly 
different representations at 3 MeV, the average neutron energy 
causing fission in 238U in critical assemblies. This discrepancy has a 
clear impact on criticality calculations.

239Pu: CIELO high-priority nucleus. Improved evaluated nuclear data 
needed to create accurate ENDF-formatted files for general purpose 
transport applications, e.g., criticality, shielding, activation.

Significant differences between evaluated data libraries for 239Pu in fast 
energy range for (n,inl). New measurements are needed to determine 
(n,inl) cross sections and theoretical work is needed by Hauser- 
Feshbach practioners to better understand plutonium scattering 
reactions.

239Pu: CIELO high-priority nucleus. Improved evaluated nuclear data 
needed to create accurate ENDF-formatted files for general purpose 
transport applications, e.g., criticality, shielding, activation.

Radiative-capture cross sections should be improved to meet the 
target accuracy requirements for advanced reactor systems. New 
measurements and evaluations are needed from 2 keV to 1.5 MeV to 
reduced uncertainty down to 3-7% level (depending on region and 
reactor considerations).
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Description of Problem Nuclear data need
237Np; 233Pa: Branchinq ratios for certain peak y- and x-rav enerqv 
measurements differ by 5-15% with those in NuDat. Combining 
protactinium x-rays with uranium x-rays yields ratios approximately
30% higher than those in NuDat.

Further experimental decay-spectroscopy measurements needed for 
verification.

238PU240Pu, 241 Pu, 242Pu, 244Cm: SF data is lackinq to accurately model 
neutron characteristics of the advanced burner reactor fuel (ABR).

Improved data concerning the 1st, 2nd, and 3rd factorial moments of the 
SF neutron multiplicity distribution, and of the neutron-induced fission 
neutron multiplicity distribution are needed.

241 Pu: Decav-spectroscopv data are lackinq for accurate fuel-cycle 
analyses.

Improved measurement of half-life required; contributes to241 Am in­
growth.

242Pu: Thermal neutron-capture radiative-capture (n,y) cross section 
requires verification as several measurements are at odds with each 
other and the evaluated nuclear data libraries. This isotope 
contributes significantly to the mass inventory of spent fuel in the 
uranium nuclear fuel cycle and may have implications concerning the 
amount of spent fuel in burnup calculations.

Verification measurements of the total radiative thermal neutron- 
capture (n,y) cross section are required.

232Th'236U. 236Pu.238Pu.244Pu.250Cm. •249Bk.246Cf.249Cf. 250Cf.
254Cf,253Es,244Fm,246Fm,254Fm, 252No: Consensus values for averaqe 
number of prompt neutrons (<v>) and prompt neutron multiplicity 
distributions (P) for these actinides are based on only 1 or 2 (max) SF 
measurements. The errors on <v> for Fm are currently 25%, while Es 
is reported without uncertainty. These quantities are important 
because it is unclear what actinides will be present in the ABR fuel 
after multiple cycles of the ABR.

New verification and precision measurements of P and <v> are highly 
desirable.

241 Am, 243Cm, 245Cm: Neutron multiplicity data does not currently exist 
for these actinides. Although these actinides have relatively small SF 
decay rates, and therefore negligible impact in modeling neutron 
emissions from ABR fuel, SF multiplicity data is essential for 
safeguarding fuel discharged from the ABR.

New verification and precision measurements of P and <v> are highly 
desirable.

243Cm, 245Cm, 237Np: There is no neutron-induced fission neutron 
multiplicity data for these actinides that will be present in the ABR fuel. 
This hampers efforts to reliably model neutron emissions.

Measurements of neutron-induced-fission neutron multiplicity are 
required.
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Nuclear data needDescription of Problem Nuclear data need
233U, 235U, 238U, 239Pu,241 Pu\ Very limited measured neutron-emission 
probability distribution data exist. This data is needed to accurately 
model neutron emissions in the burnup fuel and also has importance 
for NDA techniques.

Experimental measurements of neutron-emission probabilities are 
required as a function of incident neutron energy.

Li, N, B, C, 160,170,180, 19F, 23Na: Nuclear materials that produce a 
much larger number of neutrons from (a,n) reactions on light low-Z 
elements than from SF may cause biases in neutron-coincidence or 
multiplicity measurements due to the large number of accidental 
coincidences. Improved (a,n) cross sections are essential for 
background modeling in multiplicity measurements for SNM 
characterization, enrichment verification, and Pu oxide 
characterization at reprocessing facilities. Not all (a,n) cross sections 
for these nuclei have uncertainties associated with them.

New and improved measurements of (a,n) cross sections as a function 
of incident alpha-particle energy from 0-10 MeV are essential.

244Cm, 248Cm: Lonqer-lived alternatives over 252Cf as SF source for 
neutron-detector characterization for nonproliferation applications.

Improvements in correlated-fission particle-emission data and (a,n) 
yields required.

233U: High-quality data is needed for the fission-to-capture ratio for
233U to facilitate thorium-based reactor desiqn.

Measurements of neutron-induced fission and radiative capture are 
required to yield improved data for the (n,f)/(n,y) ratio.

Cd: New capture-gamma data is needed for safeguards instruments 
that use Cd to get flux ratios (e.g. PNAR, SINRD).

Radiative-capture (n,y) cross sections need improving from thermal to
20 MeV for all major Cd isotopes; enriched-sample measurements are 
required to provide desired cross-section information.

Gd, Pb: Total and partial cross sections from individual qamma 
transitions are necessary for applications in neutron radiography and 
prompt neutron gamma activation analysis.

Radiative-capture (n,y) cross sections need improving from thermal to
20 MeV for all major Gd and Pb isotopes; enriched-sample 
measurements required.

92Mo,94Mo,95Mo,96Mo,93Mo,"Mo,100Mo: New data is needed to assess 
HEU to LEU fuel conversion feasibility at the MURR facility and to 
predict recoverable capture energy for proposed U10Mo LEU matrix.

Total and partial radiative neutron-capture (n,y) measurements from 
thermal to 10 MeV incident neutron energies in addition to 
photonuclear (y,n) and neutron-induced (n,xn) cross-section 
measurements.
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Description of Problem Nuclear data need
93Nb,115ln: The total radiative thermal neutron-capture (n,v) cross 
sections reported using the kO method are in conflict with adopted 
values in the Atlas of Neutron Resonances. The IRDFF database 
values for 115ln(n,y) are also significantly discrepant with the Atlas 
value.

Verification of the total radiative thermal neutron-capture cross 
sections are required. Standalone methodologies that do not require 
decay-scheme normalizations will be required for independent 
verification.

23Na: New data are needed to resolve ambiguities and support 
evaluations for material damage studies.

Total radiative neutron-capture (n,y) data are discrepant in the fast 
neutron-energy region > 100 keV and new cross-section 
measurements are required.

55Mn,58Fe: New data are needed to resolve ambiquities and support 
evaluations for material damage studies. New data is needed to 
resolve ambiguities in the 10 keV to 1 MeV region for fast reactor 
neutrons to support evaluations for material damage studies.

Total radiative neutron-capture (n,y) cross section measurements are 
needed from 10 keV to 1 MeV.

117Sn: Enhanced understanding of materials damage.
Inelastic (n,n'y) cross sections (total and partial) are needed to cover 
the energy response function from 0.3-3.0 MeV.

A-143 Isotopes: New data for hiqh-vield fission fragments are needed 
for accurate prediction of inventory in used nuclear fuel assemblies, 
development of better physics models for calculation-based nuclear 
forensic tools, and neutron resonance transmission analysis.

Improved (n,f), (n,y) thermal to fast, and (n,n'y) fast, cross-section 
measurements are required.

Am and Cm isotopes, 237Np, 238Np, 239Np: Improved data are needed 
for determination of spent-fuel isotopics, such as production of 238Pu 
and 244Cm.

Improved thermal neutron-capture radiative (n,y) cross-section 
measurements will facilitate this goal.

237Np, 238Np, 239Np : New data for determining spent-fuel isotopics as 
well assessing weapons-usable material production.

Improved decay data, (n,f), and (n,n'y) cross sections in the fast region 
of the neutron spectrum are required

U, Pu: Explosives detection diagnostics. Delayed neutron-emission spectroscopy measurements.
U, Pu Fission Fraciments: Better data is needed for enabling active 
interrogation technologies.

Fission-product yields needed from photofission measurements.

235U, 238U, 239Pu,240Pu\ New data is required to assess potential 
methods for photon production from NRF.

Measurements of the (e,y) electronic excitation cross section required 
from 0.5-4 MeV.

130l, 135l: Accurate nuclear forensics relies on measuring actinide ratios 
in the debris. Blocked cesium and iodine products retain fission 
information and can be used to determine whether the fuel is uranium 
and plutonium and if 14-MeV neutron-induced fission is involved.

The 130l and 135l thermal, fast, and 14-MeV fission yields need to be 
measured.
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Matrix A.2 - National Security, Counter-Proliferation and Isotope Production

Description of Problem Nuclear data need
192lr is used in the high dose-rate brachytherapy. Alternative production mechanisms: high energy protons on Platinum

131l is used in the treatment of thyroid cancer. Production rates may be investigated from 130Te(n,Y)131Te->131l; 130Te(d,p)131Te->131l;
130Te(d,n)131l.

waRe is used for palliative care of metastatic bone 
disease.

Alternative production: 187Re(d,p)188Re.

153Sm is used for palliative bone therapy.
Alternative production mechanisms reguire accurate data for the reaction cross section: 
150Nd(a,n)153Sm.

186Re is used for palliative bone therapy.
Alternative production mechanisms reguire accurate data for the reaction cross sections: 
186W(p,n)186Re.

90Y is used to treat liver cancer.
Alternative production mechanisms reguire accurate data for the reaction cross sections: 
89Y(d,p).

125l is commonly used in the treatment of prostate 
cancer.

Alternative production mechanisms reguire accurate data for the reaction cross sections: 
125Te(p,n)125l.
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Matrix A.3 - National Security, Energy and Isotope Production

Description of Problem Nuclear data need

209-2°6Bi: Better data is needed for hiqh-threshold reactions such as 209Bi(n,4n), and 209Bi(n,xn), 
where x>4, to help resolve discrepancies between the TENDL-2012 and ENDF/B-VII.1 
evaluations. The level of discrepancy increases with x in (n,xn). A high-threshold 209Bi(n,xn) 
reaction may also find application as a NIF diagnostic.

Several high-accuracy cross-section measureme 
reactions are desirable.

48Ti, 64Zn, 113ln, 63Cu: New dosimetry measurements will help quide future IRDFF evaluations; 
the current dosimetry evaluations are discrepant for several reactions in the 14-MeV neutron- 
energy region.

Improved dosimetry cross section data is 
needed near 14 MeV for the following 
reactions: 48Ti(n,x)47Sc; 64Zn(n,p)64Cu; 
113ln(n,n')113mln; 63Cu(n,2n)62Cu.
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Matrix A.4 - National Security, Counter-proliferation/Safeguards

Description of Problem Nuclear data need
56Fe: CIELO high-priority nucleus. Improved evaluated 
nuclear data needed to create accurate ENDF-formatted 
files for general purpose transport applications, e.g., 
criticality, shielding, activation.

Innovative reactor systems require improved inelastic scattering cross section data t< 
demands. New measurements and evaluations are needed in the range 0.5-20 MeV 
down to 2-10% (depending on region). Substantial differences currently exist in the < 
below 2 MeV the differences between JEFF-3.1 and ENDF/B-VII.1 reaches 28%.

56Fe: CIELO high-priority nucleus. Improved evaluated 
nuclear data needed to create accurate ENDF-formatted 
files for general purpose transport applications, e.g., 
criticality, shielding, activation.

Improved capture-gamma data from radiative neutron-capture required for 
nonproliferation applications (e.g. NDA screening): thermal - 20 MeV. High-energy 
primary gamma rays are particularly important.

56Fe: CIELO high-priority nucleus. Improved evaluated 
nuclear data needed to create accurate ENDF-formatted 
files for general purpose transport applications, e.g., 
criticality, shielding, activation.

Double-differential neutron- and proton-emission cross section, i.e. (n,xn) and 
(n,xp), data needed in 20-200 MeV range to develop pre-equilibrium models.

235U: CIELO high-priority nucleus. Improved evaluated 
nuclear data needed to create accurate ENDF-formatted 
files for general purpose transport applications, e.g., 
criticality, shielding, activation.

Radiative-capture data is poorly known in many regions and new (n,y) 
measurements are needed for verification. The recent JENDL-4.0 evaluation 
lowered the cross section by over 25% in the 0.5-2 keV region. ENDF and JEFF 
libraries are also at odds with JENDL in the 3-5 keV region, and for 100-1000 keV.
All evaluations need improving in the 10-70 keV region and recent findings suggest 
a lower capture cross section in the 100 eV to 2 keV region.

235U (continued): CIELO high-priority nucleus. Improved 
evaluated nuclear data needed to create accurate ENDF- 
formatted files for general purpose transport applications, 
e.g., criticality, shielding, activation, (continued)

Discrepant data evaluations for prompt and total neutron-multiplicities at 10-15
MeV indicate that new measurements and covariance analyses are needed. There 
are slight differences for total-thermal neutron multiplicities.

235U (continued): CIELO high-priority nucleus. Improved 
evaluated nuclear data needed to create accurate ENDF- 
formatted files for general purpose transport applications, 
e.g., criticality, shielding, activation, (continued)

Improved capture-gamma data from radiative neutron-capture required for 
nonproliferation applications (e.g. NDA screening): thermal - 20 MeV. Experimental 
high-energy primary gamma rays are particularly important; currently this 
information is nonexistent in the ENDF libraries. Assess HEU to LEU conversion 
analysis.
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Description of Problem Nuclear data need

235U (continued): CIELO high-priority nucleus. Improved 
evaluated nuclear data needed to create accurate ENDF- 
formatted files for general purpose transport applications, 
e.g., criticality, shielding, activation, (continued)

Improved capture-gamma data from radiative neutron-capture required for 
nonproliferation applications (e.g. NDA screening): thermal - 20 MeV. Experimental 
high-energy primary gamma rays are particularly important; currently this 
information is nonexistent in the ENDF libraries. Assess HEU to LEU conversion 
analysis.

239Pu: CIELO high-priority nucleus. Improved evaluated 
nuclear data needed to create accurate ENDF-formatted 
files for general purpose transport applications, e.g., 
criticality, shielding, activation.

Improved capture-gamma data from radiative neutron-capture required for 
nonproliferation applications (e.g. NDA screening): thermal - 20 MeV. Experimental 
high-energy primary gamma rays are particularly important; currently this 
information is nonexistent in the ENDF libraries. Currently there exists only one 
measurement in the 200 keV - 1 MeV region. Reaction theory will also be needed 
for cross-section evaluations owing to the paucity of data above 100 keV.

239Pu (continued): CIELO high-priority nucleus. Improved 
evaluated nuclear data needed to create accurate ENDF- 
formatted files for general purpose transport applications, 
e.g., criticality, shielding, activation.

Criticality deviations between prediction and measurement could point to possible 
deficiencies in the PENS as well as (n,2n) cross sections. Deviations are 
particularly pronounced for outgoing neutron energies above 10 MeV and would 
benefit from further studies in this region.
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Matrix A.5 -Counter-proliferation/Safeguards, Energy

Description of Problem Nuclear data need

239Pu: CIELO high-priority nucleus. Improved evaluated nuclear data needed to create 
accurate ENDF-formatted files for general purpose transport applications, e.g., criticality, 
shielding, activation.

Evaluated total thermal neutron multiplicity 
value in data libraries are more than one 
standard deviation lower than the evaluated 
constant. This discrepancy needs to be 
addressed.

Reactor Neutrinos: Nuclear reactors provide an intense source of neutrinos up to 10 MeV and 
permit the study of neutrino oscillations. Two major problems are facing reactor-neutrino 
physics: (i) The short baseline reactor-neutrino anomaly which reveals a 6% deficit in the 
antineutrino flux at all short-baseline experiments; (ii) A shoulder (bump) observed at E=4.5-6.5 
MeV in all current reactor neutrino experiments. The evaluations in ENDF and JEFF give 
different predictions because yields for the important fission products are different.

Improved experimental measurements of 
fission products that dominate the high-energy 
spectrum need to be measured to address 
these issues.

Matrix A.6 - Energy and Isotope Production
Description of Problem Nuclear data need
Te.Ru, 103Rh, 154Eu, 155Eu.141 Ce, 140Ce,Sn: There is no

Total and partial radiative neutron-capture (n,y) cross-section measurements from 
thermal to 20 MeV incident neutron energies.

radiative-capture (n,y) gamma-ray production data in 
ENDF/BVII.1 for these target nuclides. This information is 
important for assessing heating limits from capture 
gammas for isotope production irradiations at the MURR.
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Matrix A.7 - National Security and Isotope Production

Description of Problem Nuclear Data Need
1H: CIELO high-priority nucleus. Improved evaluated nuclear data 
needed to create accurate ENDF-formatted files for general purpose 
transport applications, e.g., criticality, shielding, activation.

Precision determination (1 -2%) of both total and double-differential 
elastic scattering cross sections at high-incident neutron energies 
(10-20 MeV) with emphasis on data at small cm scattering angles.

235U (continued): CIELO high-priority nucleus. Improved evaluated 
nuclear data needed to create accurate ENDF-formatted files for 
general purpose transport applications, e.g., criticality, shielding, 
activation, (continued)

Integral validation of the prompt-fission neutron spectrum (PENS) for 
fast criticality assemblies using the (n,2n) reaction. Future work is 
needed to understand the differences between results from LANL and 
CEA in France. Better understanding of shape of PENS is desirable.

235U (continued): CIELO high-priority nucleus. Improved evaluated 
nuclear data needed to create accurate ENDF-formatted files for 
general purpose transport applications, e.g., criticality, shielding, 
activation, (continued)

Discrepancies between ENDF/B-VII evaluations and IAEA-WPEC- 
CSEWG standards need to be resolved for radiative-capture (RC) in 
20-100 keV region. Uncertainties in RC cross section need to be 
reduced to 1 -3% from 20 eV to 25 keV for innovative reactor design. 
New measurements are needed to improve understanding of RC 
cross section from a 1-105 eV.

239Pu: CIELO high-priority nucleus. Improved evaluated nuclear data 
needed to create accurate ENDF-formatted files for general purpose 
transport applications, e.g., criticality, shielding, activation.

Resonance-parameter analyses to improve modeling of plutonium- 
solution critical assemblies and angular distribution measurements 
from resonance fission neutrons for high-fidelity criticality simulations.

252Cf: Validation data are needed for several reactions for the 252Cf SF 
Standard Neutron Benchmark Field.

Cross section data which are currently lacking for this standard 
include: 238U(n,y), 58Fe(n,y), 45Sc(n,y), 64Zn(n,p), 31P(n,p), 10B(n,x)a, 
54Fe(n,a), 23Na(n,2n), 186W(n,y), 115ln(n,n'), 54Fe(n,2n), 75As(n,2n). Cross 
section data with large discrepancies: 232Th(n,f), 238U(n,2n).

252Cf: There are also some known existinq issues for the followinq 
reaction cross sections pertaining to the 252Cf SF standard: 197Au(n,y) 
due to room-return neutrons; 90Zr(n,2n) due to thorium contamination; 
96Zr(n,2n) due to contribution from 94Zr(n,y).

Greater accuracy is needed for cross-section measurements for the 
following reactions to help resolve ambiguities: 197Au(n,y), 90Zr(n,2n), 
and 96Zr(n,2n).

235U: Validation data are needed for several reactions for the 235U 
thermal fission Reference Neutron Benchmark Field.

Cross section data which are currently lacking for this standard 
include: 45Sc(n,y), 93Nb(n,y), 5SFe(n,y), 109Ag(n,y), 115ln(n,2n), 65Cu(n,2n), 
52Cr(n,2n), 23Na(n,2n), 46Ti(n,2n), 54Fe(n,2n), 59Co(n,3n), 186W(n,y). Cross 
section data with large discrepancies: 103Rh(n,n'), 63Cu(n,y), 5SNi(n,2n), 
238U(n,y), 169Tm(n,2n), 55Mn(n,2n).
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Description of Problem Nuclear Data Need
235U: It is important to compare calculated (C) and experimentally- 
measured (E) keff to advance evaluated library accuracy. Deviations 
from C/E=1 could point to (n,2n) cross section and/or PENS 
deficiencies. Cross-section data for several high-threshold reactions 
are needed to establish consistency between ENDF/B-VI and 
measured values for the 235U (nth,f) Reference Neutron Benchmark
Field.

Calculated and experimentally-measured cross section ratios (C/E) 
that deviate significantly from unity, or have very high associated 
uncertainties, and require improved keffdata: 63Cu(n,2n), 5SNi(n,2n), 
90Zr(n,2n), 127l(n,2n), 93Nb(n,2n), 48Ti(n,p), 56Fe(n,p), 32S(n,p), 64Zn(n,p), 
27AI(n,p), 24Mg(n,p), 27AI(n,y), 19F(n,2n), 59Co(n,2n), 55Mn(n,2n), 63Cu(n,a), 
51V(n,p), 46Ti(n,p), 47Ti(n,p).

109Aa. 232Th, 235U. 238U: Validation data in the 30-keV Maxwellian
Averaged Cross Section (MACS) neutron field are lacking.

Radiative-capture (n,y) cross-section measurements needed at 30- 
keV incident neutron energy.

103mRh, U0La: For improved IRDFF evaluations, improved 
electromagnetic emission-probability data are needed.

X-ray emission probability measurements around 20 keV in 103mRh. 
LEPS measurements required.

For improved IRDFF evaluations, improved electromagnetic emission- 
probability data are needed.

Gamma-ray intensities for all lines below 1596 keV in 140La. 
Radiative-capture 139La(n,y) studies will qreatly facilitate this need.

For improved IRDFF evaluations, improved electromagnetic emission- 
probability data are needed.

Gamma-ray intensities for transitions at around 473.5 and 685.8 keV 
in 187W. Radiative 186W(n,y) studies will qreatly facilitate this need.

23Na: New data are needed to resolve ambiguities and support 
evaluations for material damage studies.

New (n,2n) cross-section measurements are required.
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Appendix B: Lists of Requested Reaction Data
Many of the presentations at the workshop called out individual nuclear reaction cross sections 
(including partial y-ray production cross sections) that were important for applications. While many of 
these are mentioned in other portions of the whitepaper, the editors decided to list them as well in this 
separate appendix broken out by topical area in the interest of completeness.

Isotope Production Needs
1. Charged-particle reactions for the production of medical isotopes at low energies (E < 30 MeV): 

o 45Sc(p,n)45Ti; 52Cr(p,n)52Mn; 54Fe(d,n)55Co; 67Zn(p,a)64Cu; 72Ge(p,n)72As, 74Se(d,n)75Br;
86Sr(p,n)86Y; 120Te(p,n)120I

2. Charged-particle reactions for the production of medical isotopes at intermediate energies (30­
100 MeV) organized by reaction:

o 45Sc(p,2n)44Ti, 69Ga(p,2n)68Ge, 125Te(p,2n)124I
o 59Co(p,3n)57Ni, 75As(p,3n)73Se, 85Rb(p,3n)83Sr, 122Te(p,3n)120I, 88Sr(p,3n)86Y, 

121Sb(p,3n)119Te/119Sb, 133Cs(p,3n)131Ba 
o 55Mn(p,4n)52Fe, 71Ga(p,4n)68Ge, 75As(p,4n)72Se
o 133Cs(p,5n)128Ba
o 127I(p,6n)122Xe
o natBr(p,x)72Se, natIn(p,x)110Sn, 122Te(p,x)118Sb, 232Th(p,x)225Ac,225Ra,227Ac 
o natSb(p,xn)119Te/119Sb, natLa(p,xn)134Ce/134La 
o 68Zn(p,an)64Cu 
o 68Zn(p,2p)67Cu, 124Xe(p,2p)123I 
o 124Xe(p,pn)123Xe
o (p,x) reaction on 94-98Mo for impurities in 99mTc production 
o 107Ag(p,an)103Pd 
o 116Cd(a,3n)117mSn; 192Os(a,3n)193mPt

3. Nuclear data needed for radionuclides produced using spallation, deuteron break-up and/or 
fission neutrons:

o
o
o
o
o
o

36S(n,x)32Si
natCl(n,x)32Si, 37Cl(n,x)32Si 
natZn(n,x)67Cu, 68Zn(n,x)67Cu, 70Zn(n,x)67Cu 
226Ra(n,2n)225Ra 
232Th(n,x)225Ac, 232Th(n,x)227Ac
32S(n,p)32P; 47Ti(n,p)47Ca, 64Zn(n,p)64Cu; 67Zn(n,p)67Cu; 89Y(n,p)89Sr, 105Pd(n,p)105Rh;

4.

149Sm(n,p)149Pm, 153Eu(n,p)153Sm, 159Tb(n,p)159Gd; 161Dy(n,p)161Tb; 166Er(n,p)166Ho; 
169Tm(n,p)169Er; 175Lu(n,p)175Yb; 177Hf(n,p)177Lu 

High energy photon-induced reactions
68 67 100 99 104 103 124 123 232 99 238o 8Zn(y,p) Cu; 100Mo(y,n)99Mo; 104Pd(y,n)103Pd; 124Xe(y,n)123Xe; 232Th(y,f)99Mo; 238U(y,f)99Mo

5. Nuclear data needed for alternative 99mTc production 
o 100Mo(d,3n) 
o 232Th(p,f) 
o 100Mo(d,p2n) 
o 100Mo(n,2n)
o 100Mo(p,pn) - data on long-lived impurities
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o 100Mo(p,2n) - data on long-lived impurities 
o (p,x) reaction on 94-98Mo for impurities in 99mTc production

6. Nuclear data needed for optimizing 252Cf
o 245Cm(n,Y), 247Cm(n,Y), 248Cm(n,y) 
o 249Bk(n,Y)
o 250Cf(n,y) and 250Cf (n ,f), 251 Cf(n ,y) and 251 Cf (n,f) 
o 252Cf(n,x) - resonance near 1 eV in particular!

7. Nuclear data needed for Super Heavy Element (SHE) target isotopes production
o 248Cm(n,Y) low energy resonances 
o 249Bk(n,Y)
o 250Cf (n,Y) and 250Cf (n,f)
o 251Cf(n,Y) and 251Cf (n,f)- first resonance varies greatly by library

8. Nuclear data needed in the production of 238Pu
o n+238Np fission products and related uncertainties (priority)
o 238Np(n,f) 
o 237Np(n,Y)

9. Nuclear data needed in the production of medical isotopes at MURR;
Gamma yield spectrum for incident neutron energies in the thermal to 10 MeV range for target 
heat generation rates:

o *Te(n,Y) (production of 131I) 
o *Mo(n,Y) 
o *Ru(n,Y)
o 103Rh(n,Y)

o 154Eu(n,Y)
o 155Eu(n,Y) 
o 141Ce(n,Y) 
o 140Ce(n,Y)

o *Sn(n,Y)
Note: * indicates stable isotopes

Excitation function for incident neutron energies from thermal to 10 MeV
o 177Lu(n, y), 154Eu(n, y), 155Eu(n, y), 77As(n, y), 72As(n, y), 141Ce(n, y), 192Ir(n, y), 198Au(n, y),

199Au(n, y)

Dosimetry Needs
1. 117Sn(n,n’), covering energy response 0.3 - 3.0 MeV

2. Data to support new evaluations
o 23Na(n,Y), it is discrepant in fast neutron region, > 100 keV 
o 23Na(n,2n) 
o 27Al(n,2n)

3. Address discrepancies:
o 55Mn(n,Y) cross section from 10 keV to 1 MeV
o 58Fe(n,Y) reaction in the 10 keV to 1 MeV energy region for fast reactor 
o 237Np(n,f) and 241Am(n,f) measurements between LANL and n-TOF (CERN) on the plateau 
o Some 14-MeV dosimetry reactions (48Ti(n,x)47Sc, 64Zn(n,p)64Cu,113In(n,n’), 63Cu(n,2n)62Cu) 
o Thermal capture for 93Nb, 115In 
o 209Bi(n,4n), in fact all 209Bi(n,xn) with x=4,5,6,7

4. Need small uncertainty on all dosimetry reactions
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5. Validation data in 252Cf spontaneous fission standard benchmark neutron field
o Data lacking 238U(n,y), 58Fe(n,y), 31P(n,p), 10B(n,X)a, 54Fe(n,a), 23Na(n,2n), 186W(n,y), 

115In(n,n’), 54Fe(n,2n), 75As(n,2n), 45Sc(n,y), and 64Zn(n,p) 
o 14 other reactions from IRDFF library 
o Data with large discrepancy 232Th(n,f) and 238U(n,2n) 
o Data with outliers (4 reactions)

6. IRMM Exploratory Study of Validation Data in 252Cf Standard Neutron Benchmark Field
o Issues with existing 197Au(n,y) due to room return 
o Issues with existing 90Zr(n,2n) due to Th contamination 
o Issue with existing 96Zr(n,2n) due to 94Zr(n,y) contribution

7. Validation data in 235U thermal fission reference benchmark neutron field
o Data lacking 45Sc(n,y), 115In(n,2n), 65Cu(n,2n), 52Cr(n,2n), 23Na(n,2n), 46Ti(n,2n), 54Fe(n,2n), 

59Co(n,3n), 186W(n,y), 93Nb(n,y), 58Fe(n,y), 109Ag(n,Y), and 6 other reactions from IRDFF 
library

o Data with large discrepancy 103Rh(n,n’), 63Cu(n,y), 58Ni(n,2n), 238U(n,y), 169Tm(n,2n), and 
55Mn(n,2n)

o Data with outliers (5 reactions)

8. Validation data in 30 keV MACS neutron field, data is lacking 109Ag(n,y), 232Th(n,y), 235U(n,y), and 
238U(n,y)

9. Test and improve decay characteristics for radionuclides in new IRDFF reactions:
o 55Co
o 56Co 

o 94Nb
o 114mIn 
o 117mSn

o 195Au

10. Gamma Emission Probabilities
o 103mRh -- x-ray emission probability around 20 keV
o 140La -- gamma intensities for lines below 1596 keV
o 187W -- gamma intensities of 2 lines (473.53 keV and 685.81 keV)

11. Important Isotopes
o 69Ga, 71Ga, 75As (ASTM E722) 
o 56Fe, 54Fe (ASTM E693)

12. Uncertainty in recoil spectrum
o Recoil spectrum characterization in cross sections (MF=6) 
o 69Ga, 71Ga, 75As 
o Fe isotopes
o Validate/test use of calculated cross section libraries, e.g. TENDL, to characterize this 

uncertainty component and Scope “model defect”

13. Other dosimetry reactions identified by text-mining the EXFOR database
o Reactions that produce 7Be: 7Li(p, n), 12C(p, X)7Be and 9Be(p, X)7Be 
o Reaction that produces 11C: 12C(p, X)11C 
o Reaction that produce 24Na: 27Al(12C, X)24Na 
o Reaction that produces 56Co: natFe(p, X)56Co 
o Reaction that produces 61Cu: natCu(p, X)61Cu 
o Reaction that produces 51Cr: 51V(p, n)
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o Reactions that use natMo as a target material: natMo(p, X)96Tc and natMo(a, X)97Ru

Inertial Confinement Fusion Needs
1. Accurate temperature dependent fusion reactivity for light ions is of primary importance to 

describe thermonuclear burn.
o d(t,a)n, t(t, a)2n, d(d,t)p, d(d,3He)n, d(3He, a)p 
o d-t, t-t, d-d, d-t-3He and d-3He gas fills are all used.

2. Energy loss of fusion-generated alpha particles in hot dense plasmas must be accurately 
assessed (engine of ignition). Radiochemical neutron activation and neutron time-of-flight 
diagnostics validate stopping power models.

3. Diagnostics for degraded implosion performance.
o Xe dopants to probe ablation front instabilities. 
o Br(d,2n)Kr to probe ablator/cold fuel and ablator/hot core mix.
o Alpha particle induced reactions to probe hot core mix: 6 *Li, 9Be, 10B (best one), 12C, 14N, 

16O, 19F, 20Ne, 23Na, 24Mg, 27Al.

4. Gamma-ray diagnostics for performance and ablator/fuel instabilities.
o Total yield from d-t fusion y branching ratio at 17.6 MeV.
o 12C(n,n’y) 4.4 MeV time-integrated emission provides hydrocarbon areal densities 

(remaining mass). Cross section at 14 MeV must be accurate. 
o Does 13C(n,n’y) have strong emission near 4 MeV? If not, then a useful mix diagnostic is 

possible.

5. Solid Radiochemistry Diagnostic (SRC) is currently a NIF diagnostic complementary to 12C-y 
GRH detection (CH pr).

o Ratio of 198Au/196Au from the activated hohlraum. 
o (n,y)/(n,2n):low energy neutrons/14 MeV neutrons.

6. RIF that make n’s in addition to d-d, d-t and t-t: 2H(n,2n), 12C(n,n2a), 3H(n,2n), 13C(n,2n), 3H(p,n),
16O(n,na), 28Si(n,np), 29Si(n,2n), 2H(p,pn), 30Si(n,2n), 28Si(n,na), 3He(t,np)
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Appendix C: Historical Perspective
The purpose of the appendix is to quickly remind the evolution of the research in the field of nuclear 
data, for nuclear energy related applications to underline its impact and implications for any future 
development of nuclear energy, whatever the scenario, to sketch the present situation and its 
vulnerability, with the aim to suggest perspectives and a few Initiatives In order to Insure continuity to 
this strategic research domain.

Background: the early years
In 1940s/50s nuclear data needed for calculations of engineering parameters of emerging nuclear power 
plants were assessed, with large efforts, both theoretically and experimentally while in the 1960s/7Os 
numerous computer codes for design and safety assessments were developed that needed large 
amounts of computer readable nuclear data.

Initially each country developed its own data and formats overseen by local technical committees. The 
ENDF prefect became the leading project and international collaboration resulted in extension of data 
and adoption of a single (evolving) format, the one associated with ENDF.

The success of these activities, focused on the needs of Industry and utilities, has been a strong factor 
behind the reliable operation already of the first reactor generation all over the world.

The increasing needs related to the fuel cycle assessment and to the more and more stringent safety 
requirements, together with a growing demand from industry to optimize operation and to reduce 
margins, and new needs triggered by the active investigation in the early 1970s of new reactor concepts 
and in particular of fast reactors, did have several important consequences: 1 2

1. The establishment of comprehensive nuclear 
databases, both experimental (EXFOR. or the 
"exchange format' data base, designed to 
allow transmission of nuclear data 
measurements between the Nuclear Reaction 
Data Centers) and evaluated, as the ENDF 
(Evaluated Nuclear Data Files) project in the 
US. As for the ENDF project, a rapid 
sequence of improved versions were released 
In the 1960s and early 1970s: The table 1 lists 
the ENDF release history.
Initially each country developed its own data 
and formats overseen by local technical 
committees. International collaboration 
resulted in extension of data and adoption, as 
indicated above, of a single (evolving) format.

2. The deployment of outstanding experimental 
facilities for the nuclear data measurement 
(e.g. the ORELA facility in the USA and the 
GELINA facility in Europe, among many others 
in particular at LANL in the US. but also in the 
former Soviet Union)

Table 1. ENDF release history

Year ENDF/B
Release

Years
between

1968 ENDF/B-I

1970 ENDF/B-II 2

1972 ENDF/B-III 2

1974 ENDF/B-IV 2

1978 ENDF/B-V 4

1990 ENDF/B-VI 12

2006 ENDF/B-VII 16
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3. A better and long-lasting connection was established between reactor designers and both 
reactor and nuclear physicists, in order to optimize the production of complete, reliable, 
user-oriented and validated nuclear data. The use of reactor physics critical facilities was 
expanded, sometimes with as primary objective the performance of integral experiments 
designed specifically to improve nuclear data, in particular in support of fast reactors (ZPR, 
ZPPR, MASURCA, BFS, FCA, SNEAK, ZEBRA etc.), but also in support of commercial reactors 
(e.g. EOLE, VENUS, PROTEUS etc. in Europe)

4. A new branch of reactor physics was developed, to formalize in a rigorous way the relation 
between reactor physics oriented integral data and nuclear data for applications (sensitivity 
theory based on generalized perturbation theory, sensitivity/uncertainty analysis, target 
accuracies assessment etc.)

Slow-down and revival
In the 1980s there has been a significant slowdown of the nuclear data related activities in the US 
(somewhat related to e.g. the FR program cancellation) and, for different reasons, also in Europe (e.g. 
the shut-down of SUPERPHENIX) while in parallel there was some consolidation or emergence of new 
nuclear data projects: JEFF (Europe, Korea...), JENDL (Japan), CENDL (China), BROND/ROSFOND 
(Russia + former Soviet Union states). At the same time there was a progressive shutdown of critical 
facilities, reducing drastically the number of new data-oriented integral experiments. These reductions 
did also imply that over more than a decade, the training and hiring of nuclear data and experimental 
reactor physicists was also drastically reduced practically everywhere in the OECD countries.

During the 1990s, new issues became of high importance, mostly related to waste management that 
emerged as a key issue for any future development of nuclear energy (see e.g. the OMEGA program in 
Japan). Advanced fuel cycle challenges, as well as a renewal of interest for subcritical systems (e.g. 
ADS), the investigation of new fuels and materials and of new fuel cycle concepts and strategies, 
resulted in new research programs. It was quickly realized that most of the new challenges did 
require a very significant enlargement of the traditional nuclear databases. Due to the reduction 
of effort, funding and manpower in the previous decade or more, collaborative projects were 
considered by most countries as the only feasible approach to addressing this need, with OECD- 
NEA and IAEA playing a key role.

For example, the NEA's nuclear data evaluation co-operation activities involve the following evaluation 
projects: ENDF (United States), JENDL (Japan), ROSFOND/BROND (Russia), JEFF (other Data Bank 
member countries) and CENDL (China) in close co-operation with the Nuclear Data Section of the 
International Atomic Energy Agency (IAEA). The NEA Working Party on International Nuclear Data 
Evaluation Cooperation (WPEC) was established in 1989 to promote the exchange of information on 
nuclear data evaluations, measurements, nuclear model calculations, validation, and related topics, and 
to provide a framework for co-operative activities between the participating projects. The working party 
assesses nuclear data improvement needs via the Nuclear Data High Priority Request List (HPRL), which 
is an internationally agreed compilation of the most important nuclear data requirements and addresses 
these needs by initiating joint evaluation and/or measurement efforts.

However, it should be kept in mind that these are volunteer projects and partners need to obtain 
own funding for work. In this sense, neither long-term commitment of manpower nor continuity of 
research directions is a-priori guaranteed, unless there is a strong support and a clear long-term 
vision of each of the participating national groups.
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New paradigms: uncertainty assessment and science-based 
validation
Starting in the years 2000s, partly under the request of industry and due to a new awareness of nuclear 
data end-users, nuclear data uncertainty impact studies were performed, using the tools of sensitivity- 
uncertainty analysis, mentioned above. These studies did point out that present uncertainties on the 
nuclear data should be significantly reduced, in order to get full benefit from the advanced modeling and 
simulation initiatives that had been launched worldwide. In fact at the same time, efforts towards the 
development of advanced simulations had been initiated with significant funding (and in particular in the 
US).

However, it was quickly realized that only a parallel effort in advanced simulation and in nuclear 
data improvement could be able to provide designers with more general and well validated 
calculation tools that would be able to meet new tight design and safety target accuracies. It was 
also realized that no simulation tool whatever the degree of sophistication (e.g. new Monte Carlo 
methods and approaches) could replace the need of well design, science-oriented validation 
experiments.

The interest expressed by industry, regulators and by the scientific community for the sensitivity- 
uncertainty impact analysis (see e.g. the US DOE Office of Science “NUCLEAR PHYSICS AND RELATED 
COMPUTATIONAL SCIENCE R&D FOR ADVANCED FUEL CYCLES WORKSHOP” Washington DC, 
August 2006), did encourage and accelerate the development of data covariance assessments, using 
new science-based tools. This brand new effort did spread worldwide, with the US initiatives, led by 
BNL, in the forefront, producing spectacular results.
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Appendix D: Capabilities and Facilities
The need to generate nuclear data for applications can arise from either a lack of key information, or 
from a situation where discrepant experiments limit confidence in evaluation. In some cases, only 
modest precision is required for improvement, while in others increasingly precise data provides greater 
benefit for the application. In some situations, modest improvements in the quality of available nuclear 
data can be gained using straightforward and simple experimental approaches; while in others 
improvements can only be obtained by significant rethinking of experimental techniques. One concept 
that became clear in the workshop was that no one facility was capable of addressing the entire 
spectrum of nuclear applications.

Fortunately, the capabilities and facilities available in the United States for applied nuclear science are 
robust diverse. In some cases, such as the Gaerttner LINAC Center at RPI, the detector and beam 
characteristics are focused on the production of data relevant for nuclear energy. Others, such as the 
Weapons Neutron Research (WNR) facility at LANL and the National Ignition Facility (NIF) at LLNL, 
emphasize national security needs such as stockpile stewardship and counter-proliferation. In contrast, 
facilities like ANL and NSCL have broad reaching capabilities that can potentially contribute to either 
curiosity- or application-driven projects.

That being said, while the primary focus of curiosity-driven low-energy nuclear science involves studying 
nuclei far from the valley of stability, the needs of the applications communities presented in this 
workshop tended to focus more on neutron-induced reactions on stable nuclei, with the notable 
exceptions being charged particle reactions for medical isotope production. Since neutron beam are 
amongst the first radioactive beams, most of the neutron facilities discussed in the workshop utilized 
“secondary beams” formed from either charged-particle induced nuclear reaction products (LANL, RPI, 
TUNL, Ohio, Kentucky RPI, LBNL etc.) or from fission at reactors, such as MURR and HFIR at ORNL. 
The US is fortunate to host such a wide range of neutron beam facilities.

One of the challenges facing a researcher interested in performing neutron reaction studies is to choose 
which facility provides the optimal blend of neutron beam characteristics (pulse structure, flux, energy 
range) and detector capabilities to obtain the required data. One of the speakers at the workshop 
(Darren Bleuel, LLNL) attempted to help in this decision making process by producing a comparison of 
neutron capabilities at different pulsed beam facilities. Figure 6 below shows the flux and energy 
spectrum of a number of neutron sources available to the applications community. These include the 
thick-target deuteron breakup neutron source at Lawrence Berkeley National Laboratory (LBNL), the 
Weapons Nuclear Research (WNR) facility at the Los Alamos National Laboratory (green curve), and the 
Gelina neutron source in Brussels. A “typical” monoenergetic CW neutron source, the UC Berkeley 
quasi-monoenergetic High-Flux Neutron Generator (HFNG) is presented for comparison purposes. It 
should be noted that Dr. Bleuel’s comparison was by no means comprehensive in that it excluded a 
number of other important neutron source, such as the (y,n) neutron source at RPI. Fortunately, these 
facilities are well described in their own sections of this appendix.
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Figure 6. Comparison of the neutron flux available at several neutron facilities from the talk by Bleuel.

Many of the neutron facilities described in this work utilize light charged particles (p, d, t, 3He, or a‘s). 
This is a “happy coincidence” in that the much of the nuclear data needs relevant to medical isotope 
production center of light-ion production cross section measurements. This potentially allow for a 
number of facilities described in this report to serve the needs of all three major applications topics 
(Energy, National Security and Isotope Production). Examples of facilities in this category include the 88- 
Inch cyclotron at LBNL, the tandem accelerator at TUNL and the Edwards Accelerator Lab at Ohio 
University.

A “third class” of facility presented in this report is the High Intensity Gamma Source (HIGS) which 
produces mono-energetic photon beams through the use of a free electron laser: a unique capability for 
measuring (y,y’) and (y,n) cross sections. These cross sections are needed for a number of national 
security applications and were specifically called out as requiring additional measurement in the talks by 
Quiter, and Cerjan.

Along with issues such as beam and detection capabilities and sensitivities, the issues of beam-time 
allocation and detectors/spectrometers availability are non-negligible. While some facilities operate as 
user facilities with rather straightforward opportunities for collaboration in connection with beam 
availability, others operate utilizing highly competitive Program Advisory Committees that review the 
scientific merit of any proposed experimental work, and others may operate using a cost-center model 
where beam-time charges of tens to hundreds of thousands of dollars per week are typical.

The goal of this appendix is to provide a review of the capabilities at many of the facilities available for 
applied nuclear science research in the US that can be used by experimentalists who are planning to 
carry out applications-relevant nuclear data measurements. The editors of this whitepaper attempted to 
keep this list as broad as possible, including a number of facilities that were not presented in great detail 
at the workshop due to time constraints. While the list is undoubtedly incomplete, every effort was 
made to have it be representative of the broad spectrum of facilities at hand. Lastly, it should be noted 
that most of the text in the individual facility descriptions were provided by points-of-contact (POC) at 
each institution, and that the editors performed only limited revision of the content. Users of this 
appendix are urged to approach the POCs at each facility if they require any additional information.
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Argonne National 
Laboratory, Atlas/CARIBU 

Facility

Argonne
M AT I n M A INATIONAL 

LABORATORY

General Description: US DOE low-energy 
nuclear physics national user facility. Provides 
stable and radioactive beams at low and 
Coulomb barrier energy.

Accelerator: ATLAS heavy-lon 
superconducting Hnac

Beams:
• All stable beams from proton to 

uranium at high Intensity and 
energies up to 20 MeV/u for the 
lightest beams and 10 MeV/u for the 
heaviest

• Over 500 mass separated beams of 
neutron-rich isotopes produced by 
^'Cf fission, available at low energy 
or reaccelerated to 2-15 MeV/u

• In-flight produced light radioactive 
beams one or two neutrons away 
from stability at energies of 5-20 
MeV/u

Beam time is allocated by PAC.

Research Focus (relevant to applications):
measurement of properties (mass, beta- 
delayed neutrons/gammas) of fission 
fragments, accelerator mass spectrometry of 
heavy elements, single particle structure, 
surrogate reactions

Present detector array capabilities 
(relevant to applications): Canadian Penning 
trap mass spectrometer, beta-delayed 
neutron trap, X-array and tape station. 
Gammasphere. HELIOS. MANTRA AMS 
system

Contact person: Guy Savard

Prepared by Guy Savard
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The ATLAS superconducting linac provides stable beams with intensities ip to 10 puA at energies up to 10-20 
MeV/u. well sorted tor studies of nuclear structure relevant to fundamental nuclear physics, astrophysics and nuclear 
physics applications. The CARIBU facility Is a source of neutron-rich Isotopes for ATLAS, making available mass 
separated beams of fission fragments from ~Cf fission. The unique gas catcher technology used at CARIBU allows 
even the most refractory short-fcved fission fragments to be extracted, mass separated, and made avertable as clean 
beams for experiments. These beams are available to all experimental stations and equpment at ATLAS. Unique 
wstrumentatlon such as Gammasphere, the CRT mass spectrometer, the beta-delayed neutron trap, and HELIOS, 
can be used to provide key information on the ground state, excited states, and decay properties of neutron-rich 
nuclei. The facility has available target stations to host during expenmental campaign other instruments built by the 
community. In addition, ATLAS itself can be used as an AMS system and is particularly well suited to study the 
heaviest elements (e.g. the MANTRA project). A layout of the ATLAS facility is shown below.

Figure 7. The ATLAS floor plan.

The facility operates typlcaty 5000-6000 hra/yr of stable and CARIBU reaccelerated beams, m addition to another 
2000 hrs/yr of low-energy CARIBU beams. Beam time is allocated based on PAC recommendation with the PAC 
meeting typically twice a year. More information is available at www.phy.anl gov/atlas/.
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Brookhaven National 
Laboratory, The Brookhaven 

Linac Isotope Producer 
(BLIP)

s U.8. DEPARTMENT OF

ENERGY
Office of Science

For Science Industry, and Medicine

Prepared by Suzanne V. Smith

General Description: Radionuclide 
Production for DOE Isotope Program is part 
of the Collider-Accelerator Department at 
Brookhaven National Laboratory; not a user 
facility but maintaining lenlted funding and 
staff for collaborative research

Beams: 40-200 MeV. 0.1 - 140 pA proton 
beams; Raster beam under development and 
due to be completed In FY 2016.

Additional Capabilities: Hot cell facilities for 
remote manipulation of Intense sources, 
radiochemical characterization and 
separations, expertise m gamma-ray 
spectroscopy and thermal analysis of targets 
and machining of target material and cans.

Research Focus: Isotope production and 
research and development for radiochemical 
separations.

Contact person: Cathy Cutler; email: 
ccutlertibnl.gov Phone: .1 (631) 344-3873

This program uses the Brookhaven Unac Isotope Producer (BLIP), and the associated radiochemistry 
laboratory and hot cell complex In Building 801 to develop, prepare, and distribute to the nuclear 
medicine community and industry some radioisotopes that are difficult to produce or are not available 
elsewhere. The BLIP, built in 1972, was the world's first facility to utilize high-energy protons for 
radioisotope production by diverting the excess beam of the 200 MeV proton LINAC that injects protons 
into the Booster synchrotron for injection into the AGS then RHIC for the high energy nuclear physics 
program. After several upgrades BLIP continues to serve as an international resource for the production 
of selected isotopes that are generally unavailable elsewhere. The Linac is capable of accelerating H- 
ions to produce 66, 90.118. 140, 162, 184 or 202 MeV protons at 37-48 mA current for 425 ps duration 
with a 6.67 Hz repetition rate. In 2015 FY. with the initial phase of the Linac Intensity Upgrade project 
complete, the Linac has reached currents of 142 pA. A hot-cell in Bid 931. situated over target area, is 
used to transfer the two target assembly boxes to and from the irradiation area. The target boxes can 
house up to four targets In each, however degradors can also be used to tune the beam to the desired 
energy on the target. AIP funded project to raster the proton beam will be completed In 2016. This 
upgrade will allow more heat sensitive targets to be Irradiated at higher currents. BLIP operates usually 
concurrently with the RHIC polarized proton program and BLIP receives about 90% of the available 
beam pulses.

The irradiated targets are transported to Building 801, which contains chemical processing capabilities, 
which include Target Processing Facilities with 7 hot-cells with manipulators, one cold chemistry, 3 
radiochemistry and an instrumentation laboratory. The latter laboratory has three gamma spectrometers 
and an ICP-OES and ICP-MS, set-up for the characterization of radioactive samples. Additional available 
research capabilities include four radiochemistry laboratories and 2-4 Hot-Cells. Other available
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instrumentation include a gamma counter, 5 fumehoods, HPLC, balances, centrifuges, glove boxes, 
machining capabilities and thermal analysis to target materials.
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Brookhaven National 
Laboratory, Tandem Van De 

Graaff

it
NATIONAL LABORATORY

General Description: A flexible and user 
friendly facility for providing high quality Ion 
beams for a variety of uses.

Beams: Two large 15 MeV electrostatic 
accelerators which deliver ion beams 
covering most of the periodic table

Please visit our website for additional 
information: https://www-bnl.qov/tandem/

Prepared by Chuck Carlson

Ions Beams for Science and Technology
A wide range of ion species and energies are delivered to the users on a full cost-recovery basis, mainly 
for ridustrial and space related applications. Rap*d energy and Ion changes, well controlled intensities, 
high quality beams and extraordinary reliability make this a very versatile and user friendly facility. At the 
same time these accelerators have been used for many years as the heavy ion pre-ln|ectors for two 
larger BNL user facilities (RHIC and NSRL).

Testing of Electronics for Space Applications
Cosmic rays sinking micro-electronics on a spacecraft can cause errors in the operation of critical 
devices. Spacecraft reliability therefore requires the testing of all such devices used in onboard 
electronics to establish their sensitivity to cosmic radiation. Such testing is done in the laboratory by 
placing components in an accelerator particle beam. At the Brookhaven Tandem, the well characterized 
beams and the large variety of ions allow these tests to be performed with high precision and great 
detail, leading to improved designs and further testing. The Single Event Upset Test Facility developed in 
collaboration with NASA. NRL, NSL and USASDC has made, and continues making significant 
contributions to the Space Program.

Fabricating Filter Materials
Plastic films used in the fabrication of nano- and micro-pore filters for ultra-pure water filtration and for 
specialized medical and biological applications are bombarded with heavy ions in a chamber owned by 
GE Healthcare. These materials are used in a large variety of medical tests, biology investigations, 
microchip tissue growth, fabrication, and find important applications.
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Radiobiology Research Facility
Complementing the NASA Radiations Effects Facility (NSRL) at BNL, we have recently developed a 
lower ion energy radiobiology research facility at the Tandem. Low energies may be of particular interest 
since the high energy ions lose energy when traversing spacecraft materials and produce the maximum 
damage just before coming to rest in the astronauts’ bodies. Thus, energies lower than most present in 
the primary cosmic ray spectrum are appropriate to cover the range of maximum LET (the Bragg peak) 
but, due to their short ranges, they are only useful to perform studies with thin samples such as cell 
cultures. Figure 8 illustrates the very large range of LET values and respective penetration depths in 
water (or tissue) for iron beams from 10 KeV per nucleon to 1 GeV per nucleon.

Radiobiology
Dosimetry Electronics SEU Irradiation Window
Chamber Testing Chamber Enclosure Location

Figure 8. The radiobiology irradiation enclosure is shown at the right of the picture, the Single Event 
Upset Test Facility (SEUTF) chamber in the middle and the dosimetry chamber used for both at the left.
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Florida State University, 
John D. Fox Accelerator 

Laboratory

General Description: University Accelerator 
Laboratory; Research program driven by local 
faculty in collaborators with various 
university and laboratory groups

Accelerators: 9 MV Tandem, 8 MV 
Superconducting Unac

Beams: Stable beams of Masses 1 -50, up to 
4-8 MeV/u energy; Radioactive beams 
produced in-flight at RESOLUT facility, 
masses 6-30

Additional Capabilities: Compton- 
suppressed y-detector array; ANASEN active 
target detector system; RESONEUT neutron 
detector setup
Soon: High-resolution high-acceptance 
magnetic spectrograph

Research Focus: Nuclear Structure studies 
using high-resolution y-spectroscopy;
Nuclear Astrophysics studies with radioactive 
and stable beams; Development of advanced 
detector systems for exotic beam 
experiments

Contact person: I. Wiedenhdver. (850)644- 
1429 iwiedenhover@physics.fsu.edu

Prepared by /. WiedenhOver

The John D. Fox laboratory operates a two-stage accelerator comprised of a 9 MV FN tandem 
accelerator and an 8 MV superconducting linear accelerator (Unac). The FN tandem is injected by either 
a NEC SNICS-II cesium sputter ion source, for most beams created from solid chemicals, or an NEC rf- 
discharge source for beams generated from gaseous materials, most importantly !He and ‘He. Among 
the beams available from the sputter source is the radioactive isotope "C.
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Figure 9. The FSU Tandem accelerator

The beams from the Tandem are injected into the Linac. which more than doubles their energy. The 
superconducting linear accelerator consists of twelve accelerating resonators installed in three cryostats, 
ptus buncher and re-buncher. The resonators are niobium-on-copper ■split-ring" resonators produced 
by Argonne National Laboratory. The cryostats were designed and built at FSU.

The laboratory has developed an upgrade plan to increase the energy and mass-range of beams 
available for experiments. The upgrade entails the Increase of cryogenic capacity by the addition of a 
second liquid Helium refrigerator (completed 2013). and the addition of two cryostats to the Linac.

A recent focus of the laboratory operations Is on experiments with radioactive beams created in 
RESOLUT, an In-flight radioactive beam facility, which uses beams from the Tandem-Linac to create 
beams of exotic, radioactive isotopes. The isotopes, which are created through a nuclear reaction In the 
production target, are separated in mass by the combined effect of the electrical fields in a 
superconducting RF-resonator and the magnetic fields of the spectrograph.

The laboratory has developed advanced detector systems for research with radioactive beams. One 
example is the ANASEN device, which was developed in collaboration with a group from Louisiana State 
University. ANASEN is an active-target detector for the efficient study of resonances in exotic nuclei, 
either for nuclear structure or nuclear astrophysics. ANASEN will be used both at FSU and the re­
accelerated beam facility of the NSCL.

The FSU laboratory is in the process of installing a high-resolution magnetic Split-Pole spectrograph, 
which had previously been used at the Yale Nuclear Structure Laboratory. The device is projected to be 
commissioned in the Summer of 2016. The research with this device will focus on the spectroscopy of 

resonances for nuclear astrophysics.

Our group Is one of the seven founding members of ARUNA, the Association for Research 
with University Nuclear Accelerators. ARUNA's goal is to support and enhance the 
research and education programs enabled by University laboratories.

For up to date information on the laboratory and its science program, visit http://fsunuc.physics.fsu.edu
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Idaho National Laboratory

Idaho National laboratory

U.S. DEPARTMENT OF

ENERGY
Nuclear Energy

General Description:
• ATR: Fuels and materials test reactor
• NRAD: TRK3A® Mark II tank-type 

research reactor.
• MANTRA program: integral reactor 

physics experimental program to Infer 
the neutron capture cross sections of 
actinides and fission products in fast 
and epithermal spectra.

Contact persons: Giuseppe Palmiotti 
208 526-9615, Giuseppe.Palmiottr@inl.gov 
Gilles Youinou, 208 526-1049. 
Gilles.YouinouQinl.gov

The Advanced Test Reactor (ATR)
The ATR Is located at the ATR Complex on the INL site and has been operating continuously since 1967. 
The primary mission of this versatile facility was Initially to serve the U.S. Navy In the development and 
refinement of nuclear propulsion systems. However, in recent years, the ATR has been used for a wider 
variety of government- and privately-sponsored research.

The designation of the ATR as a National Scientific User Facility (NSUF) provides nuclear energy 
researchers access to world-class facilities to support the advancement of nuclear science and 
technology. The ATR NSUF accomplishes this mission by offering state-of-the-art experimental 
irradiation testing and PIE facilities and technical assistance in design and safety analysis of reactor 
experiments. ATR general characteristics and some approximate irradiation performance data are 
summarized in Tables I and II. respectively.
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The ATR has large test volumes In high-flu* 
areas. Designed to permit simulation of long 
neutron radiation exposures in a short period of 
time, the maxenum thermal power rating is 250 
MWth with a maximum unperturbed thermal 
neutron flux of 1.0 x 1015 rVcm7-s. Since most 
recent experimental objectives generally do not 
require the limits of its operational capability, 
the ATR typically operates at much lower power 
levels. Occasionally, some lobes of the reactor 
are operated at higher powers that generate 
higher neutron flux.

The ATR is cooled by pressurized (2.5 MPa [360 
psigl) water that enters the reactor vessel 
bottom at an average temperature of 52'C 
(125°F), flows up outside cylindrical tanks that 
support and contain the core, passes through 
concentric thermal shields Into the open upper
part of the vessel, then flows down through the Table 2. ATR general characteristics, 
core to a flow distribution tank below the core.
When the reactor is operating at full power, the 
primary coolant exits the vessel 
at a temperature of 7 VC 
(160DF).

The unique design of ATR 
(Figure 11) control devices 
permits large power variations 
among its nine flux traps using 
a combination of control 
cylinders (drums) and neck 
shim rods. The beryllium control 
cylinders contain hafnium 
plates that can be rotated 
toward and away from the core, 
and hafnium shim rods, which 
withdraw vertically, can be 
individually inserted or 
withdrawn for minor power 
adjustments. Within bounds, 
the power level in each comer 
lobe of the reactor can be 
controlled Independently to 
allow for different power and 
flux levels In the four comer 
lobes during the same 
operating cycle.

Figure 11. ATR Core cross section.
Neutron flux In the ATR varies 
from position to position and
along the vertical length of the test position. It also varies with the power level in the lobe(s) closest to 
the irradiation position. Thermal and fast flux intensity values listed in Table 3 are at the core mid-plane 
for a reactor power of 110 MWth and assume a uniform reactor power of 22 MWth in each lobe.
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Table 3. Approximate peak flux values for ATR capsule positions at 110 MWth (22 MWth in each lobe).

Neutron Radiography Reactor (NRAD)
The neutron radiography (NRAD) reactor is a TRIGA® (Training, Research. Isotopes, General Atomics) 
Mark II tank-type research reactor located in the basement, below the main hot cell, of the Hot Fuel 
Examination Facility (HFEF) at the Idaho National Laboratory (INL). It is equipped with two beam tubes 
with separate radiography stations for the performance of neutron radiography irradiation on small test 
components.

The NRAD reactor Is currently under the direction of the Battelle Energy Alliance (BEA) and Is operated 
and maintaned by the INL and Hot Cell Services Division. It is primarily used for neutron radiography 
analysis of both irradiated and un-vradiated fuels and materials. Typical applications for examining the 
internal features of fuel elements and assemblies include fuel pellet separations, fuel central-void
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formation, pellet cracking, evidence of fuel melting, and material Integrity under normal and extreme 
conditions.

The NRAD core is designed for steady-state operation with or without in-core and/or in-tank 
experiments. The combined reactivity worth of all removable experiments within the reactor tank is 
limited to less than $0.50.

The NRAD reactor is a TRIGA-converskm-type reactor originally located at the Puerto Rico Nuclear 
Center (PRNC). It was converted to a TRIGA-FLIP-(Fuel Life Improvement Program)-fueled system (70% 
235U) in 1971. The 2-MW research reactor was closed in 1976 and then a portion of the TRIGA reactor 
fuel elements and other components (with a single radiography beam line) were moved in 1977 by the 
US Department of Energy (DOE) to Argonne National Laboratory (West) in Idaho Falls, Idaho. The NRAD 
reactor was first brought to critical in October 1977, and then became operational in 1978. A second 
beam line was added in 1982.

The NRAD reactor (Figure 12) Is a 250 kW TRIGA LEU conversion reactor that Is a water-moderated, 
heterogeneous, solid-fuel, tank-type research reactor. The reactor Is composed of fuel in three- and four 
element clusters that can be arranged in a variety of lattice patterns, depending on reactivity 
requirements. The grid plate consists of 36 holes, on a 6-by-6 rectangular pattern, that mate with the

end fittings of the fuel cluster 
assemblies.

The NRAD LEU core configuration 
contains 60 fuel elements, two 
water-followed shim control rods, 
and one water-followed regulating 
rod (Figure 3). A water hole is 
provided as an experimental 
irradiation position. The NRAD 
reactor uses graphite neutron 
reflector assemblies located along 
the periphery grid plate locations. 
The number and position of fuel- 
element and reflector assemblies 
can be varied to adjust core 

Figure 12. In-tank view of the NRAD reactor core. reactivity.

MANTRA Program
The MANTRA (Measurements of Actinide Neutron Transmutation Rates with Accelerator mass 
spectrometry) experimental program is the first reactor physics integral experiment performed in the 
USA in more than 20 years. It aims at obtaining integral information about neutron cross sections for 
actinides that are important for advanced nuclear fuel cycles. Its principle is to irradiate very pure 
actinide samples in the Advanced Test Reactor (ATR) at INL and. after a given time, determine the 
amount of the different transmutation products. The determination of the nuclide densities before and 
after neutron irradiation allows inference of the effective neutron capture cross-sections. The following 
actinides have been irradiated: :-DTh, aKJ. “U. ”*U. “U, a,Np. “•Pu. ?*°Pu, MiPu. ?"Pu. ?*'Am, MAm. 
?“Cm and ?48Cm. The irradiated fission products are: '*Sm. ,uEu, ,MCs. ,mRh. ,0’Ru. ,tiNd. ,,llNd and 
, :6Pd. In order to obtain effective neutron capture cross sections corresponding to different neutron 
spectra, three sets of actinide samples were irradiated: the first one is filtered with cadmium and the 
other two are filtered with enriched boron of different thicknesses (5 mm and 10 mm). The neutron 
capture reactions on l0B and 11’Cd have large cross-sections and strongly impact the neutron spectrum
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(see Figure 13) allowing the samples to be Irradiated in epithermal and last neutron spectra whereas the 
unfilter od neutron spectrum Is largely thermal. The total flux levels In the samples are. respectively, 
about 2*10" rVcm's and 10" rVcm7s with the cadmium filter and the boron filters. The cadmium-filtered 
and the 5 mm boron-filtered irradiations were completed In January 2013 after, respectively, 55 days 
and 110 days in the reactor. The last irradiation with the 10 mm boron-filtered was completed in January 
2014 after 110 days in the reactor.

1.E*14

1 mm cadmum in positon B-9 

F-1.8-10" nemV
1.E*13

5 mm Ocrcn (70% B10) in peaitcn B-10 

F - 10" nan^s'—* 
1.E-10 ----------- 4---------

10 mm txxcn (70% BIO) in position B-11 
--------- F-9" 10'1 nan's"1

1.E-02 1.E-01 1E*00 1.E»01 1.E-02 1.E«03 1.E*04 1 E*05 1 E‘C6 1.E-07 1.E*0

Neutmn E nervy (eV)

Figure 13. Neutron flux in the samples with boron and cadmium filters as calculated with MCNP.

The Post Irradiation Examination (PIE) was carried out both at INI and ANL using, respectively, the 
newly acquired Multi-Collector ICPMS and the Accelerator Mass Spectrometry at the ATLAS facility. The 
use of these two independent measurement techniques is benefiting both the reactor physicists 
interested in the neutron cross sections, by providing them with two sets of independent measurements, 
and also the experimentalists in charge of both facilities, by providing them with a consistent benchmark 
of their respective techniques. The results of detailed MCNP calculations are currently being compared 
with the measured isotopic ratio present in the irradiated samples.

Even though we expect the MANTRA experimental program to be a success, there is already a need for 
a second phase (MANTRA-2) of such a type of experiments. There are good reasons justifying this 
statement. First there are several actinide samples that, for different reasons, have not been irradiated, 
specifically i3ePu, N1Pu. and M,Cm (irradiated only with thin filters). Moreover, at the time of an 
anticipated MANTRA-2 campaign efficient mass separators should be available at INL. This would allow 
purifying samples of isotopes already Irradiated In MANTRA and avoiding one of the program's main 
concerns: contamination from other Isotopes during post Irradiation analysis.

Finally, due to the limited space available, in most cases only one sample per isotope (and in a couple of 
cases two) were irradiated in MANTRA. For the sake of comparison: in the French irradiation
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experiments PROFIL at least three, in PROFIL-2 even six samples of the same isotope were irradiated. 
This approach is justified by the fact that in certain cases during the post irradiation analysis, and due to 
bad manipulation, some samples may become contaminated. While for MANTRA, a low failure rate is 
expected, a MANTRA-2 campaign would provide the opportunity for repeating the compromised 
irradiation of the respective isotopes.

In complementing the MANTRA campaign, a separate experimental program performed at the NRAD 
facility would provide a wealth of integral experimental data in support of nuclear data validation and 
uncertainty quantification efforts. The INL NRAD is a TRIGA reactor that has enough space to allow the 
introduction of thick neutron filters (including 238U blocks) allowing simulating the full gamut of neutron 
spectra from thermal, epithermal, soft fast, to hard fast. The systematic measurement of fission rate 
spectral indices using fission micro-chamber would enhance the knowledge on a vast range of actinides 
(both major and minor). Moreover, in this facility reactivity sample oscillation measurements could be 
performed with the help of an Idaho State University (ISU) apparatus (open and closed loop) that could 
be easily installed at NRAD. These measurements of actinides samples in different spectra would be 
invaluable for the validation and uncertainty quantification of cross sections needed for advanced fuel 
cycles analyses.

75 Nuclear Data Needs and Capabilities for Applications



University of Kentucky, 
Accelerator Laboratory

■bO Buk
yean H

General Description: University facility with 
research programs In nuclear structure, 
neutron-induced reactions, and neutron cross 
section measurements

Accelerator: 7-MV Van do Graaff Accelerator

Beams: pulsed beams with high currents of 
light ions (protons, deuterons. ’He. and ‘He 
ions); secondary neutrons

Experimental focus: neutron scattering 
reactions with neutron time-of-flight and 
gamma-ray detection

Present detector array capabilities: HPGe 
gamma-ray detectors and various neutron 
detectors

Contact person: Steven W. Yates. 
yatesQuky.edu, 859-257-4005

Prepared by Steven W. Yates and Erin E. Peters

The University of Kentucky Accelerator Laboratory (UKAL) Is one of the premier facilities for studies with 
fast (MeV) neutrons. The laboratory opened in 1964 and the accelerator underwent a major upgrade in 
the 1990's. Over the last 5 decades, the facilities have been used for research in nuclear physics, as well 
as for homeland security and corporate applications.

The UK 7-MV single-stage model CN Van de Graaff accelerator is capable of producing pulsed beams of 
protons, deuterons, ’He, and ‘He at energies up to 7 MeV. The beam is pulsed at a frequency of 1.875 
MHz and can also be bunched in time such that each pulse has a FWHM of *1 ns. Secondary neutron 
fluences may also be produced by reaction of protons or deuterons with tritium or deuterium gas. Nearty 
monoenergetic neutrons with energies between a 0.1 - 23 MeV may be produced with fluxes up to 10“ 
neutrons/s depending on the reaction employed. The pulsed beam allows for use of tlme-of-flight 
methods. Both neutron and gamma-ray detection are available. Figure 1 shows the typical setup for 
neutron detection. For more detailed Information, see Refs. [1j and [2].

The research performed at the UKAL has been funded continuously by the U. S. National Science 
Foundation for more than 50 years and includes fundamental science studies of nuclear structure and 
reactions. In recent years, the laboratory has also received funding from the U. S. Department of Energy 
in support of a more application-based project for neutron cross section measurements.

76 Nuclear Data Needs and Capabilities for Applications



Figure 14. Typical experimental setup for 
neutron time-of-flight measurements.
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Figure 15. Comparison of 4.00-MeV elastic 
scattering cross sections for ”Na with those 
from various nuclear libraries [2].

The Advanced Fuels Program of the Department of Energy sponsors research and development of 
innovative next generation light water reactor (LWR) and future fast systems. Input needed for both 
design and safety considerations for these systems includes neutron elastic and inelastic scattering 
cross sections that impact the fuel performance during irradiations, as well as coolants and structural 
materials. The goal of this project is to measure highly precise and accurate nuclear data for 
elastic/inelastic scattered neutrons. The high-precision requirements identified in the campaign 
supported by nuclear data sensitivity analyses have established a high priority need for precision 
elastic/inelastic nuclear data on the coolant "Na and the structural materials MFe and *fe. 
Measurements of cross sections over an energy region from 1 to 9 MeV are desired. The measurements 
for ^Na were recently published [2] and example data are shown in Figure 15: measurements for the 
stable iron isotopes are in progress.

The major theme of this applied science program is affirming the accuracy of the recommended cross 
sections found in the nuclear libraries, such as ENDF. JENDL. and JEFF and generating additional data 
where none exists. Often, the discrepancy between library values Is greater than the covariance implies 
for the individual libraries. In other situations, the measured data on which the libraries are based is 
simply non-existent.
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Gamma-ray production cross sections are also of interest for neutrinoless double-beta decay (0vpp). The 
experimental signature of 0vpp is a discrete peak at the energy of the Q value of the decay. It is possible 
that neutrons may inelastically scatter from surrounding materials or those composing the detector and 
produce background gamma rays in the region of the Q value, which would obscure the observation of 
this speculated but yet-to-be-observed process. Experiments have been performed to identify and 
measure cross sections for such background gamma rays for the 0vpp candidates 76Ge [4] and 136Xe [5].

Other applications-based programs have been established with collaborators from multiple institutions 
who are interested in detector development and/or characterization. Groups from the University of 
Guelph, the University of Nevada Las Vegas, and the University of Massachusetts at Lowell have all 
performed experiments which utilize the monoenergetic neutron capabilities in order to perform detector 
tests and characterizations. The Guelph group characterized deuterated benzene liquid scintillators, 
which will now be employed in the DESCANT array at TRIUMF [3].

Scientists with commercial interests, for example, Radiation Monitoring Devices in Watertown, MA, also 
visit the laboratory to make use of the monoenergetic neutrons. Projects range from development of 
radiation detecting materials to imaging systems. In addition to the typical nuclear physics markets, their 
detection systems are deployed in medical diagnostic, homeland security, and industrial non-destructive 
testing applications.

See the laboratory web page at http://www.pa.uky.edu/accelerator/ for an expanded description of the 
facilities, the research programs, and recent results from UKAL.
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Cyclotron and the High Flux 
Neutron Generator (HFNG)
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Bernstein (LABemstein6berkeley.edu)

Prepared by L. Bernstein and L. Phair

Executive Summary
The 88-Inch Cyclotron (the '88") at Lawrence Berkeley National Laboratory (LBNL) (1] is a variable 
energy, high-current, multi-particle cyclotron capable of accelerating ions ranging from protons to 
uranium at energies approaching and exceeding the Coulomb barrier. Maximum currents on the order of 
10 particle-pamperes, with a maximum beam power of 2 kW, can be extracted from the machine for use 
in experiments in 7 experimental "caves'. Beam currents up to the mA level could also be developed 
through the use of internal ion sources and targets. In addition to single-isotope beams the cyclotron 
can produce mixed-ion "cocktail" beams for use in electronic upset and damage studies. The cyclotron 
can also produce high-intensity pulsed, neutron beams whose energy can be determined via time-of- 
flight with flux s107 rVs/cm2 (DE/E=5% at En=10 MeV). or broad spectrum (DE/E=50%) with flux up to 
s10,s rVs/cm2 via thick target deuteron breakup. Neutrons can also be provided in Berkeley using the 
DD-based High Flux Neutron Generator (HFNG) located at the adjacent UC-Berkeley department of 
nuclear engineering.

The cyclotron also has an array of research equipment developed for heavy-element research Including 
the Berkeley Gas-filled Separator (BGS) and the FIONA Ion trap. Lastly, a wide variety of mobile 
neutron, particle and gamma-ray detectors together with a mobile data acquisition system are present at 
the cyclotron for use in user experiments.

General Considerations of 88-Inch Cyclotron
The 88 was originally envisioned as a high-current, variable energy, light-ion accelerator for nuclear 
physics and nuclear chemistry studies, as well as for the production of isotopes used in scientific
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research. It started operation in 1961 and has maintained its position as a premier stable-beam facility 
through periodic upgrades, especially to its ion sources [2]. These ion sources have enabled acceleration 
of an ever-increasing variety of heavy-ion beams up to, and beyond, the Coulomb barrier. Protons, 
deuterons, and alpha particle beams are available up to maximum energies of 55, 65, and 130 MeV, 
respectively. For extracted beams the operational upper limits of current intensities are not known since 
we restrict running to a maximum power of 1.5 kW. These administrative limitations are self-imposed. 
There is no reason that we cannot exceed these restrictions with proper planning and preparation. One 
can readily envision extracted beams of several tens of particle-microamperes. Development of a 
negative ion acceleration scheme combined with “stripping” would allow a clean extraction of intense 
proton beams (as recently demonstrated with the same cyclotron at Texas A&M University).

One consideration for even more intense beams of light ions is the use of internal targets. Indeed, this 
technique was used at the 88 in its early years to produce isotopes for research and there is no reason 
that the capability cannot be re-established. This would enable use of beams with intensities exceeding 
a milliampere (1000pA). This would open up great possibilities for production of isotopes. But then 
radioactive target handling and radiochemistry would need additional attention. The resulting power 
levels (tens of kW) make it the only charged particle accelerator facility currently in the DOE complex 
capable of large-scale isotope production using light-ion beams other than protons.

Beam-time at the 88-Inch cyclotron can be obtained either via purchase («$1500/hour), or by merit- 
based review provided by a local advisory committee. Approximately 60% of the beam-time is reserved 
for nuclear science research. Individuals interested in performing experiments at the 88-Inch should 
contact the user liaison, Mike Johnson (MBJohnson@lbl.gov), the cyclotron Larry Phair 
(LWPhair@lbl.gov) or the scientific director Paul Fallon (PFallon@lbl.gov).

Instrumentation and facility layout
The 88-Inch Cyclotron is host a number of unique instruments and capabilities. These include three 
electron cyclotron resonance (ECR) ion sources, featuring VENUS, the most powerful superconducting 
ECR ion source in the world. These ECRs provide a range of highly-charged ions up to and including 
fully-stripped U92+. The cyclotron also plays host to the Berkeley Gas-filled Separator (BGS). The BGS 
provides rejection of beam-like and fission fragment nuclides formed in heavy-ion reactions in excess 
1:1012 for use in heavy-element research. The back end of the BGS can accommodate an array of 
pixelated Micron “W2” Si detectors three “Clover” HPGe detectors for use in alpha- and gamma-decay 
spectroscopy of evaporation product nuclides. Alternatively, the back end of the BGS can be coupled 
to the FIONA ion trap which can isolate a single charge-to-mass ratio fragment.

The 88-Inch also has a mobile data acquisition system that can be used to with the three in-house 
“clover” HPGe detectors and an array of 6-10 modular neutron detectors. LBNL is also a member of the 
clovershare program, providing access to an additional 6-10 detectors on a by-arrangement basis.
Lastly, LBNL has a pair of well-calibrated shielded HPGe detectors located outside of the experimental 
caves that can be used to measure activities off-line for cross section or decay spectroscopy 
measurements.

The figure below shows the layout of the experimental capabilities at the cyclotron.

80 Nuclear Data Needs and Capabilities for Applications



88-Inch Cyclotron
Cave 2'

Cave 1 
BGS MX

Cave 4C

FIONA
Trap

■■ hr

an

H

^1

Neutrnn

Beam

i >■
\ - 

%

ar°r kf Ch', jp

Cave 3
R -J.

A-

\ ,
't . pi

vv

1
H us- J w

Lt's- iA Vault

= 17-

Cave 4B

\ V “

■ 'v-.

n." Cave 5

Cave A
Vl

I i

I \

; i pj.vs ipn £*j B#|i' ';

1-, 1-1
Nh| fi!F ^-1 :

I

Cyclotron

Figure 16. Experimental Cave Beam Lines Layout

The High Flux Neutron Generator at UC-Berkeley
In addition to the 88-Inch cyclotron, nuclear researchers working in Berkeley can utilize the High Flux 
Neutron Generator (HFNG) on the UC-Berkeley campus. The HFNG is a dual-ion source-based DD 
neutron generator located in a 62”-thick concrete enclosure in Etcheverry Hall on the UC-Berkeley 
campus. Collaborative research, including radioactive material transport between LBNL and UC- 
Berkeley is facilitated by the designation of Etcheverry Hall as a location on the LBNL campus.

The HFNG uses a self-loading titanium-coated copper target to provide continuous operation. Voltages 
from 80-120 keV are used to accelerate beams from 1 -50 mA onto the production target. The target is 
designed to allow the placement of samples in the center of the generator less than 5 mm from the DD 
reaction surfaces. In addition, the HFNG can be positioned to allow the extraction of an external beam 
of monochromatic 2.45 MeV neutron beam for use in prompt (n,n) and (n,n’Y) measurements. The 
HFNG currently runs at a total neutron output of 108 n/s into 4n solid angle, but fluxes up to several 109, 
to 1010 could be achieved if deemed necessary.
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Figure 17. The HFNG facility layout, including the external beam-line. The inset shows a photo of the 
HFNG with its ion sources energized.

Equipment at the FIFNG several FIPGe, X-ray and proton-recoil detectors. Researchers can also utilize 
the adjacent teaching laboratories with on a by-arrangement basis The HFNG is runned and maintained 
by students in the UC-Berkeley department of nuclear engineering. For information about running at the 
HFNG researchers should contact Lee Bernstein (labernstein@berkeley.edu).

The Berkeley Accelerator Space Effects (BASE) facility
In addition to the basic nuclear science research the 88-Inch cyclotron is host to the 
Berkeley Accelerator Space Effects (BASE) Facility. BASE provides well- 
characterized beams of protons, heavy ions, and other medium energy particles 
which simulate the space environment. The primary capability employed at BASE is 
a “cocktail” heavy-ion beam capable of performing damage and electronic upset 
studies over a range of thicknesses in materials. The table 4 lists the properties and 
constituents of these cocktail beams.

Table 4. BASE Facility Standard “Cocktail” Ion List. Standard “cocktails” (of species with similar charge- 
to-mass ratios) are listed along with their energy loss and range values.

Ion Cocktail Energy Z A Chg. % Nat. LET 0° LET 60° Range (Max)

(AMeV) (MeV) State Abund. (MeV/mg/cm2) (Mm)

B 4.5 44.90 5 10 +2 19.9 1.65 3.30 78.5

N 4.5 67.44 7 15 +3 0.37 3.08 6.16 67.8

Ne 4.5 89.95 10 20 +4 90.48 5.77 11.54 53.1
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Si 4.5 139.61 14 29 +6 4.67 9.28 18.56 52.4

Ar 4.5 180.00 18 40 +8 99.6 14.32 28.64 48.3

V 4.5 221.00 23 51 +10 99.75 21.68 43.36 42.5

Cu 4.5 301.79 29 63 +13 69.17 29.33 58.66 45.6

Kr 4.5 378.11 36 86 +17 17.3 39.25 78.50 42.4

Y 4.5 409.58 39 89 +18 100 45.58 91.16 45.8

Ag 4.5 499.50 47 109 +22 48.161 58.18 116.36 46.3

Xe 4.5 602.90 54 136 +27 8.9 68.84 137.68 48.3

Tb 4.5 724.17 65 159 +32 100 77.52 155.04 52.4

Ta 4.5 805.02 73 181 +36 99.988 87.15 174.30 53.0

Bi* 4.5 904.16 83 209 +41 100 99.74 199.48 52.9

B 10 108.01 5 11 +3 80.1 0.89 1.78 305.7

O 10 183.47 8 18 +5 0.2 2.19 4.38 226.4

Ne 10 216.28 10 22 +6 9.25 3.49 6.98 174.6

Si 10 291.77 14 29 +8 4.67 6.09 12.18 141.7

Ar 10 400.00 18 40 +11 99.6 9.74 19.48 130.1

V 10 508.27 23 51 +14 99.75 14.59 29.18 113.4

Cu 10 659.19 29 65 +18 30.83 21.17 42.34 108.0

Kr 10 885.59 36 86 +24 17.3 30.86 61.72 109.9

Y 10 928.49 39 89 +25 100 34.73 69.46 102.2

Ag 10 1039.42 47 107 +29 51.839 48.15 96.30 90.0

Xe 10 1232.55 54 124 +34 0.1 58.78 117.56 90.0

Au* 10 1955.87 79 197 +54 100 85.76 171.52 105.9

He* 16 43.46 2 3 +1 0.000137 0.11 0.22 1020.0

N 16 233.75 7 14 +5 99.63 1.16 2.32 505.9

O 16 277.33 8 17 +6 0.04 1.54 3.08 462.4

Ne 16 321.00 10 20 +7 90.48 2.39 4.78 347.9

Si 16 452.10 14 29 +10 4.67 4.56 9.12 274.3

Cl 16 539.51 17 35 +12 75.77 6.61 13.22 233.6

Ar 16 642.36 18 40 +14 99.600 7.27 14.54 255.6
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V 16 832.84 23 51 +18 99.750 10.90 21.80 225.8

Cu 16 1007.34 29 63 +22 69.17 16.53 33.06 190.3

Kr 16 1225.54 36 78 +27 0.35 24.98 49.96 165.4

Xe* 16 1954.71 54 124 +43 0.1 49.29 98.58 147.9

N 30 425.45 7 15 +7 0.370 0.76 1.52 1370.0

O 30 490.22 8 17 +8 0.04 0.98 1.96 1220.0

Ne 30 620.00 10 21 +10 0.27 1.48 2.96 1040.0

Ar 30 1046.11 18 36 +17 0.337 4.87 9.74 578.1

Additionally, BASE is unique in having beams parallel enough to support microbeams, used to probe 
increasingly miniaturized semiconductor parts with new modes of failure. The National Security Space 
(NSS) community and researchers from other government, university, commercial, and international 
institutions use these beams to understand the effect of radiation on microelectronics, optics, materials, 
and cells. Space missions utilizing the BASE Facility include Voyager, the Space Shuttle, Solar Dynamics 
Observatory, Mars Spirit and Opportunity rovers, Galileo (Jupiter), Cassini (Saturn), and the new James 
Webb Space Telescope, currently preparing for launch in 2018.
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Production Facility
U.8. DEPARTMENT OF

WENERGY
Office of Science

For Science Industry, and Medicine

General Description: Radionuclide 
Production for DOE Isotope Program housed 
in the LANSCE accelerator at Los Alamos 
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Prepared by Jonathan IV Engle

The LANL Isotope Production Facility (IPF) is a dedicated target irradiation facility located at the Los 
Alamos Neutron Science Center (LANSCE), which accepts up to 100 MeV protons at beam currents up 
to 250 pA (and up to 450 pA in the future) to produce isotopes via LANL's 800-MeV accelerator. Three 
target slots allow target irradiation to be optimized by energy range for a particular isotope. Available 
beam time is estimated to be -3000 hours / year.

The Los Alamos Hot Cell Radiological Facility is a cGMP compliant facility located at TA-48 consisting of 
13 hot cells with a sample load shielding capacity of 1 kCi of 1 MeV gamma rays per cell for the remote 
handling of highly activated samples. The Hot Cells are equipped for separation, purification and wet 
chemistry activities with standard laboratory equipment, and the ability to perform radioassay of 
materials within the cells. The facility also contains fume hoods for radiological chemistry and reagent 
preparation. Available Instrumentation includes counting capabilities desenbed above, ICP-OES. HPLC, 
balances, centrifuges, and access to shared capabilities for materials diagnostics and characterization.

The LANL Count Room capability occupies more than 7000 square feet of LANL Building RC-1 at TA-48, 
and is dedicated to performing qualitative and quantitative assay of gamma, beta, and alpha-emitting 
radionuclides in a variety of matrices and over a wide range of activity levels. Founded in support of the 
US Testing Program, this facility is currently funded -70% by a range of national security programs, and 
the balance in support of other internal and external customers. The Countroom's more than 65 systems
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include High Purity Germanium (HPGe) gamma- and X-ray spectrometers, alpha spectrometers and 
counters, and beta counters, operate 24x7x365, and perform more than 70,000 measurements annually.
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Los Alamos National 
Laboratory, Los Alamos 
Neutron Science Center 

(LANSCE)

Vo
• Los Alamos

NATIONAL LABORATORY 
------------------  (ST IMS ---------------

General Description: US DOE NNSA 
National Laboratory. NNSA User Facilities, 
proton and neutron beams for basic and 
applied research in nuclear science, materials 
research, and fundamental science.
Proposals submitted online are rated for 
scientific/applied merit by PAG. Proprietary 
proposals at Target 4 cost-recovery rates: 
Snk/V1 day, $9k/day after 1'day.

Accelerator: Proton Linear Accelerator (100 
MeV (IPF) and 211 -800 MeV) dual H* and H 
beams.

Beams:
• Neutrons: Target 4 - bare tungsten 

neutron production target, 6 flight 
paths 8 to 90 m, proton At< 1 ns

• Neutrons: Target 1 flux-trap water & 
LH, moderated - 3* flight paths. 8 to
20m

• Neutrons: Target 4 East Port - 
neutron irradiations - moderated or 
un-moderated, 10" n/crrf-s © 0.7 m

• Neutrons: Target 4 60R pre-collimator 
neutron irradiations - 10® rVcm^-s ©
10 m

• Protons: Target 2 Blue Room - (low 
neutron return) 12 m dia. room. 211 - 
800 MeV protons, 80 nA average, 
higher for LSDS or shielded target.

• Protons: Planned high current 
irradiations in Area A.

Experimental focus: neutron-induced 
nuclear reactions, fission studies, prompt 
reactions, activation and decay studies, 
isotope production cross sections, proton- 
induced nuclear reactions. Neutron 
Imaging/CT Target 1 6 Target 4, energy- 
selective imaging.

Proton flash radiography. Ultra-cold 
neutrons/fundamental physics.

Detector arrays: High-energy neutron PSD 
54-detector array, Low-energy neutron 22-Li- 
glass array, fission time projection chamber. 
DANCE - 160 BaF2 array for (n.y)
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Contact person: LANSCE User Office; 
lansce-user-office@lanl.gov ; +1 505 665 
1010

Prepared by Ron Nelson & Steve Wender

The Los Alamos Neutron Science Center (LANSCE) facilities for Nuclear Science consist of a high- 
energy "white" neutron source (Target 4) with 6 flight paths, three low-energy nuclear science flight 
paths at the Lujan Center (Target-1), and a proton reaction area (Target-2). The neutron beams 
produced at the WNR Target 4 complement those produced at the Lujan Center because they are of 
much higher energy and have shorter pulse widths. The neutron sources are driven by the 800 MeV 
proton beam of the LANSCE linear accelerator or linac. Proposals for beam time at the neutron 
production targets, Blue Room, and proton radiography facilities may be submitted for open research or 
proprietary work. See http://lansce.lanl.gov “Facilities” and “User Resources” tabs for details on the 
facilities and proposal submission.

Neutron beams with energies ranging from approximately 0.1 MeV to greater than 600 MeV are 
produced in Target-4. The Target-4 neutron production target is a bare unmoderated tungsten cylinder 
that is bombarded by the 800 MeV pulsed proton beam from the LANSCE linear accelerator and 
produces neutrons via spallation reactions. Because the proton beam is pulsed, the energy of the 
neutrons can be determined by time-of-flight (TOF) techniques. The time structure of the proton beam 
can be easily changed to optimize a particular experiment. Presently, Target-4 operates with a proton 
beam current of approximately 4 pA, 1.8 gs between pulses and approximately 35,000 pulses/sec. 
Target-4 is the most intense high-energy neutron source in the world and has 6 flight paths instrumented 
for a variety of measurements.

In the Target-2 area (Blue Room), samples can be exposed to the 800 MeV proton beam directly from 
the linac, or with more peak intensity with a beam that has been accumulated in the Proton Storage Ring 
(PSR). Although the total beam current is limited by the shielding in Target-2, the PSR beam provides 
significantly greater peak intensity than the direct beam from the accelerator. Target-2 is used for 
proton irradiations and hosts the Lead Slowing-Down Spectrometer (LSDS). Proton beams with 
energies as low as 211 MeV can be transported to Target-2.

At present there are three flight paths at the Lujan Center that are devoted to Nuclear Science research. 
Other flight paths are devoted to Materials Science research. These flight paths view a moderated 
target with both water and liquid hydrogen moderators, and have useful neutron fluxes that range from 
sub-thermal to approximately 500 keV.

With these facilities, LANSCE is able to deliver neutrons with energies ranging from a milli-electron volt 
to several hundreds of MeV, as well as proton beams with a wide range of energy, time and intensity 
characteristics. The facilities, instruments and research programs are described briefly below.

Overview of the Flight Paths
Each Flight Path name identifies the target and the direction of the flight path (FP) with respect to the 
proton beam. For example, 4FP15R is a FP (flight path) that starts at Target 4 and is 15 degrees to the 
right (15R) of the incoming proton beam. Figure 18 shows the layout of the flight paths.

The neutron fluxes available are shown in Figure 19.
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Figure 18. Two different view of the layout of the Target-1.2. and 4 flight paths at the LANSCE neutron 
sources.
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figure 19. Graphs of the neutron flux times energy (also known as the flux/unit lethargy) for a 
represeotatrve sample of the neutron time-of-flight (TOF) and irradiation (lrr.) stations at LANSCE. The 
data are from measurements or calculations vetted against measurements

Target 4 Flight Paths (FP)
For the Target-4 flight paths, the neutron spectrum depends on the angle of the flight path with respect 
to the proton beam with the higher-energy neutron flux greater at the more forward angles. Below we list 
the main activities that are presently being performed on each flight path.
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• 4FP90L is the location of the Time-Projection Chamber (TPC) that is used to measure fission 
cross sections to high precision.

• 4FP30L The ICE House is ~20 m from the production target and is used by industry, universities, 
and national laboratories for semiconductor electronics testing (SET) to measure neutron- 
induced failures in devices.

• 4FP15L has two experimental locations available at distances of 22 and 90 meters from the 
spallation target. Primarily used for the Chi-Nu experiments at 22 meters. Chi-Nu is measuring 
the fission neutron output spectrum. A low-neutron-return room is below the 22 m station. The 
90 m flight path is used mostly for neutron detector development and calibration

• 4FP15R is a general purpose flight path that is now being used for neutron radiography, the 
SPIDER detector (fission product yields) and the low-energy (n,z) (LENZ) experiment.

• 4FP30R or ICE II station at 15 m is primarily used by industry, universities, and national 
laboratories for SET.

• 4FP60R The 20 m station is used for gamma-ray spectroscopy and other experiments. An 
irradiation station using peripheral beam is available at 10 m.

Target 2 (Blue Room)
• Target 2 is used for proton beam irradiation experiments. Beam is available directly from the 

linac or from the proton storage ring (PSR). Present and past experiments include:
• A lead slowing-down spectrometer (LSDS) provides very large effective neutron fluxes in the 

energy range from ~1 eV to ~10 keV with low neutron energy resolution for measuring cross 
sections with ultra-small samples.

• Pulsed beam experiments to simulate intense neutron environments for semiconductor 
certification.

• Proton irradiation of detectors and radiation-hardness testing of components for the Large 
Hadron Collider at CERN.

• Measurement of radio-isotope production cross sections for the Isotope Production Facility (IPF) 
at LANSCE (see the IPF contribution to this report).

Target 1 Lujan Center Flight Paths
• FP5 is a water-moderated general purpose flight path that is currently being used for neutron 

radiography. It has two detector areas: one at approximately 10m in ER-1 and the second at a 
distance of 60 m that is reached from the Target-4 yard. The 60 m station has a large field of 
view.

• FP14 is the location of the Detector for Advanced Neutron Capture Experiments (DANCE). It 
consists of a 4-n array of BaF2 scintillators designed for neutron capture measurements on sub­
milligram and radioactive samples. These measurements support radiochemical detector cross 
section measurements for Defense Programs, and experiments for nuclear astrophysics.

• FP12 is a cold-moderator flight path currently used by the SPIDER spectrometer to measure 
fission fragment yields. FP12 has a neutron guide.

Other Experimental Areas
Target-4 East Port provides a mechanism for irradiating samples in the intense broad spectrum neutron
field at 0.7 m from the Target-4 neutron production target. Samples can be moved from the irradiation
position to a storage position by remote control.

Proton Radiography Facility The pRad facility provides fast imaging of static and dynamic systems.
See http://lansce.lanl.gov/pRad/index.shtml for more information.
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Ultra-Cold Neutron (UCN) Facility State-of-the-art UCN Facility See 
http://lansce.lanl.gov/UCN/index.shtml
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Michigan State University,

(F
NSCL

Prepared by Sean Liddick

Facility provides unique access to rare isotopes over a broad energy range including thermal, few 
MeV/nucleon to ~100 MeV/nucleon. It includes a large complement of state-of-the art experimental 
equipment for study of nuclear properties and reactions.

National Superconducting 
Cyclotron Laboratory

General Description: University-based, 
national user facility focused on basic 
research in low-energy nuclear science, 
accelerator science, fundamental symmetries 
and societal applications.

Accelerators: 2 coupled cyclotrons, one 
linear reaccelerator

Beams: Over 1000 rare isotopes produced 
both neutron-rich and neutron deficient.

• Primary beam rates are available 
from:
http://www.nscl.msu.edu/users/beam
s.html

• Secondary beams rates can be 
calculated with LISE available at: 
https://groups.nscl.msu.edu/a1900/s 
oftware/lise++/

Beam time is allocated by PAC.

Experimental focus (relevant to 
applications):

• Beams of most isotopes of data
interest

• Decay spectroscopy
• Neutron capture rate inference on

short-lived rare isotopes
• Isotope Harvesting

Present detector array capabilities
(relevant to applications):

• Decay spectroscopy station
• Total absorption gamma-ray

spectrometer
• Proof-of-principle isotope harvesting

station

Contact person: Sean Liddick
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St. Louis are working with NSCL researchers to develop systems and to solve problems associated with 
harvesting the unused isotopes at now at the NSCL, and eventually FRIB, for off-line experiments.

Detection System: The team from Hope College designed and built an end-station to fill, irradiate and 
collect samples of 100 milliliters of water. The collection system does not have any metal parts in 
contact with the water so that only metallic elements delivered by the beam will remain in the water. The 
group from Washington University in St. Louis developed chemical processing schemes to purify the 
various elements, removing all the unwanted activities that might be present, and to chemically attach 
the collected radioisotopes to biological molecules for testing. The next step in this work is the 
construction of a new system to collect long-lived isotopes from the cooling water in the NSCL A1900 
beam blocker. The beam blocker is at the exit of the first large bending magnet of the fragment 
separator and is often used to intercept the unused primary beam.

Recent Results: The first experiments produced and extracted the relatively easy isotope 24Na. 
Subsequently 67Cu was extracted from a relatively pure sample and then this isotope was extracted from 
a very contaminated sample similar to what would be present in the NSCL and FRIB beam dumps. The 
67Cu was used to create a radioactive antibody that was injected into mice and the distribution of the 
activity in different biological materials was determined.

References
1. Design and construction of a water target system for harvesting radioisotopes at the National 

Superconducting Cyclotron Laboratory, A. Pen, et al., Nucl. Instrum. Meth. A 747, 62 (2014).
2. Feasibility of Isotope Harvesting at a Projectile Fragmentation Facility: 67Cu, T. Mastren, et al., 

Nature/Scientific Research 4, 6706 (2014).
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University of Missouri, MURR 

Research Reactor

General Description: Multi-disciplinary, 
university-based research and educational 
reactor and cyclotron facility

Beams: Thermal-fast (fission) neutrons peak 
flux @6.5x10'' n/em's, 16MeV protons 
Reactor power: lOMW(thermal)

Additional Capabilities: Neutron source-field 
irradiation, gamma-ray spectroscopy

Research Focus: Medical/industrial/research 

isotope production (DoE funded, Private 
industry funded), neutron scattering, 
metrology (elemental analysis. INAA)

Contact person: David Robertson, Les Foyto

Prepared by Nickie Peters

The University of Missouri Research Reactor (MURR) is a multi-disciplinary research and educational 
facility providing a broad range of analytical, materials science and irradiation services to the research 
community and the commercial sector. Scientific programs include research in archaeometry, 
epidemiology, health physics, human and animal nutrition, nuclear medicine, radiation effects, 
radioisotope studies, radiotherapy, boron neutron capture therapy and nuclear engineering: and 
research techniques including neutron activation analysis, neutron and gamma-ray scattering and 
neutron interferometry. The MURR is 
situated on a 7.5-acre lot in the central 
portion of the University Research 
Commons, an 84-acre tract of land 
approximately one mile (1.6 km) 
southwest of the University of Missouri 
at Columbia's main campus (see Figure 
22). The heart of this facility is a 
pressurized, reflected, open pool-type, 
light water moderated and cooled, 
heterogeneous reactor designed for 
operation at a maximum steady-state 
power level of 10 Megawatts thermal
(see Figure 23) - the highest powered Figure 22. General layout of the MURR facilities
university-operated research reactor in 
the United States.

General Information
• 10 MW research reactor
• Operates 24 hours a day, seven days a week. 52 weeks a year

o Uniquely operates on 52 weeks per year at full power
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• Peak neutron flux: 6.5 x 10" n/cnfs
• 16 MeV cyclotron and laboratories

MURR Experimental Layout and Description of Facility Utilization
The MURR has six types of experimental 
facilities designed to provide these services: the 
Center Test Hole (Flux Trap); the Pneumatic 
Tube System; the Graphite Reflector Region; 
the Bulk Pool Area; and the (six) Be am ports 
The first four types provide areas for the 
placement of sample holders or carriers in 
different regions of the reactor core assembly 
for the purpose of material irradiation. Some of 
the material irradiation services etdude 
transmutation doping of silicon, isotope 
production for the development of 
radiopharmaceuticals and other Me-sdence 
research, and neutron activation analysis. The 
soc beamports channel neutron radiation from

Figure 23. The MURR core

the reactor core to experimental equipment which Is used phmanfy to determine the structure of solwds 
and liquids through neutron scattering. The layout is depicted in Figure 24.

MURR Research Activities and Concern for Improved Nuclear Data
Table 5 shows the let of nucftde with 
applications m medicine and material 
science industrial that were produced at 
MURR in 2014. Mwy of these important 
nuclides are ladung In the* current 
nuclear data files which hinder thee 
production optimization. Each and 
every week MURR supplies the active 
Ingredients for FDA-approved 
Quadramet* and TheraSpheres-; 
Ceretec'1' (with Tc-99m). a diagnostic 
used to evaluate cerebral blood flow In 
patients and label white blood cells to 
identify infection; Quadramet® (with 
Sm-153). a therapeutic for easeig pain 
associated with metastatic bone 
cancer; TheraSphere® (with Y-90). a 
glass microsphere used to treat patients 
with inoperable liver cancer.

Table 5. Let of Nuchdee Produced at MURR « 2014
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Specifically. MURR 
Isotope production 
research activities 
includes: Carrier free 
lanthanides indirect 
production (Lu-177, Pm- 
149, Ho-166) - a DOE 
Advanced Nuclear 
Medicine Initiative and 
Electromagnetic isotope 
separation (Sm-153); Mo- 
99 (n, gamma) production 
for novel generator 
technologies Industry 
partnership with Norlhstar 
and fission production 
with uranium recycle - 
Industry partnership with 
Northwest Medical 
Isotopes; Rh-105 carrier 
free from uranium fission 
using selective gas 
extraction - subcontract

with General Atomics/DOE Isotope Program; Re-186 accelerator production and separations for high 
specific activity - DOE Isotope Program As-72. As-77. Cu-67 production of high specific activity with 
target recycle- DOE Isotope Program; Po-210 production and incorporation into nuclear batteries - 
private industry; Os-191 production and incorporation into device- industry partnership with CheckCap.

Complementary set of proton-rich Isotopes for area medical facilities and researchers, such as F-18 
(FDG) for PET scans and F-18 for clinical trials of new Imaging agents, and Cu-64 for 
radiopharmaceutical research are produced in the 16 MeV cyclotron laboratories.

Contacts: Les Foyto Tel: (573) 882-5276 e-maiMoytolOmissouri.edu

David Robertson Tel: (573) 882-2240 e-mail:robertsonjo@missouri.edu

Nickie Peters Tel (573) 884-9561 e-mail:petersnj@missouri.edu

References
1. Perez, Pedro B. (2000). "University Research Reactors: Contributing to the National Scientific 

and Engineenng Infrastructure from 1953 to 2000 and Beyond". National Organization of Test, 
Research and Training Reactors.

2. http://nj~i.missouri.6du/ Nuclear Science and Engineering Institute
3. •http://murr.missouri.edu/operations.php'. Retrieved 8 April 2012.
4. httpV/web.missouri.edu/-umcreactorweb/pages/mr_milestones.pdf
5. Ralph Butler. "University of Missouri Research Reactor (MURR) License Renewal Experience

(PDF).
6. "http imetry.missoun.cdu/naa_applications html" Retneved 8 February 2014
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Notre Dame University, 
Nuclear Science Laboratory

General Description: University based 
accelerator laboratory

Accelerators:

• 10 MV Tandem Pelletron
• 5 MV 5U single ended Pelletron
• 3MV Tandem Pelletron (to be 

installed)
• TwinSol radioactive beam device

Beams: Protons, alphas, and heavy ions. 
Light radioactive ions A<20 can be produced 
by the TwinSol facility: Beams can be 
produced over a wide energy range at the FN 
tandem with terminal voltage up to 10MV. 
The typical beam intensities are in the 
microAmp range for protons and alpha 
particles, but lower for heavy ions. The 5U 
accelerator is equipped with a Nanogan ECR 
source capable of production of beams in 
higher ionization states. Typical beam 
intensities range in the ten to hundred 
mlcroAmps.

Experimental focus: low energy nuclear 
reaction studies for nuclear astrophysics, 
nuclear structure physics. PIXE and PIGE 
material analysis, nuclear reaction studies for 
Isotope production, activation and decay 
studies for nuclear astrophysics with 
application potential. AMS with long lived 
radioisotopes up to A=60, will be extended in 
near future.

Present detector array capabilities 
(relevant to applications): AMS capability, 
Ge-gamma and 3He neutron detector arrays. 
Silicon particle detector array. St. George 
recoil separator, holicital spectrometer under 
construction

Contact person: Michael Wiescher, 
Wiescher.l@nd.edu

Prepared by Michael Wiescher

The Nuclear Science Laboratory at Notre Dame is a university based accelerator lab whose main 
research focus is on nuclear astrophysics, radioactive beam physics and nuclear physics applications 
The operation is funded through the National Science Foundation. The facility is not funded as a user
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facility, but welcomes users. There Is no specific PAC process, but collaboration with the NSL faculty is 
recommended to facilitate user support. Presently 60% of the experiments are user based efforts.

Figure 25. General layout of Notre Dame Nuclear Science Laboratory

The NSL operates a broad program in nuclear astrophysics, AMS physics and nuclear structure physics. 
The laboratory operates an FN Pelletron tandem accelerator and a high intensity 5MV single ended 
accelerator. Presently a 3 MV Pelletron tandem is being installed dedicated for nuclear application 
studies. Applications are presently focused on AMS techniques as well as on PIXE and XRF based 
material science applications. A new program on medical isotope studies has been formed and the 
purchase of a 25 MeV cyclotron is presently negotiated. The applied program will be substantially 
expanded in the near future with two new faculty positions. In terms of nuclear data the laboratory 
focuses primarily on nuclear astrophysics data such as low energy nuclear cross section measurements 
for stellar hydrogen, helium and carbon burning. This is complemented by nuclear reaction studies for 
determining nuclear reaction rates for explosive hydrogen burning environments.
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Oak Ridge National 
Laboratory, High Flux 
Isotope Reactor (HFIR)

3fc,OAk Ridge I
"^National Laboratory | REACTOR

General Description:
85MW Research Reactor with very high 
neutron flux. Primary missions of

1. Neutron Scattering
2. Isotope Production
3. Materials Research
4. Nuclear Forensics

Beams:
• 4 Primary beamlines. (3 thermal and 

one cold).
• 12 Active instruments and 3 

development instruments

Additional Capabilities:
• Isotope productiorVresearch
• Materials damage testmg (neutron 

and gamma)
• Nuclear forensics via neutron 

activation anafysis

Contact persons:
In-vessel Irradiations:

Chris Bryan (865.241.4336)
Neutron Scattering User Program:

Laura Edwards Morris (865.574.2966) 
Neutron Activation Analysis:

David Glasgow (865.574.4918)
Gamma Irradiations:

Geoff Deichert (865.241.3946)

Prepared by Chris Bryan

The High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory is one of the world s most 
powerful nuclear research reactor facilities. It Is a versatile 85-MW isotope production and test reactor 
with the capability and facilities for performing a wide variety of irradiation experiments.

The neutron scattering research facilities at HFIR contain a world-class collection of instruments used for 
fundamental and applied research on the structure and dynamics of matter. HFIR is also used for
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medical, industrial, and research isotope production; research on neutron damage to materials; and 
neutron activation analysis to examine trace elements in the environment. Additionally, the building 
houses a gamma irradiation facility that uses spent fuel assemblies and is capable of providing high 
gamma doses for studies of the effects of radiation on materials.

Neutron Scattering
Neutron scattering can provide information about the structure and properties of materials that cannot 
be obtained from other techniques such as x-rays or electron microscopes. There are many neutron 
scattering techniques, but they all involve the detection of particles after a beam of neutrons collides 
with a sample material. HFIR uses nuclear fission to release neutrons which are directed away from the 
reactor core and down four steady beams. Three of these beams use the neutrons as they are created 
(thermal neutrons), and one beam moderates (cools and slows) the neutrons with supercritical hydrogen, 
enabling the study of soft matter such as plastics and biological materials. The thermal and cold 
neutrons produced by HFIR are used for research in a wide array of fields of study, from fundamental 
physics to cancer research. The high neutron flux in HFIR produces the world's brightest neutron 
beams, which allow faster and higher resolution detection.

Irradiation Materials Testing
HFIR provides a variety of in-core irradiation facilities, allowing for a wide range of materials experiments 
to study the effects of neutron-induced damage to materials. This research supports fusion energy and 
next-generation nuclear power programs, as well as extending the lifetime of the world's current nuclear 
power plants. HFIR has the unique ability to deliver the highest material damage in the

The HFIR Gamma Irradiation Facility is designed to expose material samples to gamma radiation using 
spent HFIR fuel elements. The facility offers high dose rates and custom sample environments for the 
most innovative research.

Isotope Production
Isotopes play an extremely important role in the fields of nuclear medicine, homeland security, energy, 
defense, as well as in basic research. HFIR's high neutron flux enables the production of key isotopes 
that can not be made elsewhere, such as 252Ca, 75Se, and 63Ni, among others. Additionally, HFIR will 
produce 238Pu, which is used to power NASA's deep space missions.

Neutron Activation Analysis
Neutron Activation Analysis (NM) is an extremely sensitive technique used to determine the existence 
and quantities of major, minor and trace elements in a material sample for applications including forensic 
science, environmental monitoring, nonproliferation, homeland security, and fundamental research.
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RADIAL DISTANCE FROM CORE CENTER (cm)

Figure 26. Neutron flux as a function of radial distance from the core centerline.
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Ohio University, The 
Edwards Accelerator

Prepared by T.N. Massey, C.E. Parker, and C.R. Brune

Overview
The Edwards Accelerator Laboratory at Ohio University (OU) was originally constructed with funds 
supplied by the U.S. Atomic Energy Commission and the State of Ohio. The 4.5-MV tandem van de 
Graaff accelerator was built and installed by the High Voltage Engineering Company, with the first 
experiments being performed in 1971. The accelerator has a unique T-shape configuration, with the 
recently installed Pelletron charging system running perpendicular to the acceleration column, which is 
designed to support high beam intensities. The laboratory was expanded in 1994. and now includes a 
vault for the accelerator, two target rooms, a control room, a chemistry room, an electronics shop, an 
undergraduate teaching laboratory, and offices for students, staff, and faculty.

Laboratory

rd-r OHIO
UNIVERSITY

General Description: University-based 

facility.

Accelerator: High current 4.5-MV T-type 
Pelletron tandem

Beams: Neutrons: 0.5 to 25 MeV 
Light particles: ’H. ?H. 3He. ‘He. U. B. C 
beams

Present detector capabilities: 1 -7 detector 

arrays of NE213 scintillators of 2.5-cm-thick 
x17.8-cm-diameter or 5-cm-thick x12.7-cm- 
dlameter; lithium glass scintillators; a 10-arm 
charged particle TOF-E Chamber; and BGO, 
Nal(T), and HPGe gamma detectors.

Research Focus: nuclear structure, nuclear 
astrophysics, condensed matter physics, and 
applied nuclear physics.

Contact person: Carl Brune (740)593-1975
bmneOohio.edu
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Figure 27. Edwards Accelerator Laboratory Layout.

The 4.5-MV tandem accelerator and boamlmes 
are shown In Figure 27. This machine Is 
presently equipped with a Cs sputter ion source 
that is used tor the production of proton, 
deuteron, lithium, boron, and carbon beams. 
The typical maximum beam current available on 
target for proton and deuteron beams is 10 pA 
A duoplasmatron charge-exchange ion source 
is available for producing ’He and ‘He beams. 
For these beams, the typical maximum beam 
current available on target is 0.5 pA. Pulsing 
and bunching equipment are capable of 
achieving 1 ns bursts for proton and deuteron 
beams. 2.5 ns bursts for a‘Ho beams, and 3 ns 
bursts for 6,U. The 5 MHz fundamental 
frequency of our pulsing system leads to 200 ns 
between pulses. The time between pulses can 
be increased by discarding pulses using an 
electronic chopper.

The Edwards Accelerator Laboratory is a unique national facility. The combination of continuous and 
monoenergetic neutrons together with a well-shielded 30 meter flight path does not exist anywhere else 
in North America. The beam swinger facility is described in Ref. [1], This combination of equipment 
permits measurements with high precision and low background. Several types of neutron detectors are 
available, including lithium glass, NE213. and fission chambers. The laboratory has the licenses and 
equipment necessary for utilizing both solid and gaseous tritium targets

Outside Users
Several groups visit the laboratory each year to conduct experiments. Many outside groups utilize our 
unique neutron time-of-flight capabilities. The arrangements with outside users may or may not be 
collaborative. In some cases, outside users may pay for beam time.

Specific Neutron Sources
The laboratory has both monoenergetic and "white" neutron sources available for measurements and 
detector calibrations. The available reactions utilizing gas cells include 3H(p.n). 2H(d,n), 3H(d.n), IBN(p,n). 
and ,sN(d.n). In total these will cover the energy range of 0.5 to 24 MeV with our available proton and 
deuteron energies. We also have the capability to rapidly cycle between two gas cells, a technique that 
is very useful for measuring backgrounds [2). A summary of the neutron production for these reactions 
is shown in Figure 28.

For some applications, solid targets are desirable. Lower-energy neutrons can be produced by utilizing 
the (p,n) reaction on thin metallic 'Li or titanium tritide targets. We also commonly produce -15-MeV 
neutrons via the 3H(d,n) reaction by bombarding a solid titanium tritide stopping target with a 500-keV 
deuteron beam (the practical low-energy limit of our accelerator). This configuration generates 2.4 x 10' 
n/sr/pA/s neutrons. In this case, typical beam currents are 1-3 pA. with the beam current being limited 
by the transmission of the accelerator, which is not optimized for such low-energy beams. We have 
produced beams up to 25 MeV using a solid tritium target.
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Detector Calibration
For calibration of detectors with a 'white' source and the time-of-fight technique, a standard has been 
developed: neutrons at 120° from the 7.44-MeV deuteron bombardment of a thick aluminum target (3). 
This standard has been measured relative to the primary standard of fission. We also have a low- 
mass ”?Cf fission chamber that Is available for neutron detector calibration (4). The shape of the neutron 
energy spectrum Is known to 1-2% accuracy from 1 to 8 MeV neutron energy [5|.

Neutron Production Reactions
<r production. Droig cilculMitan

Figure 28. The neutron yield of various neutron production reactions is shown based on a thickness 
equivalent to a 100 keV energy loss in the target. The calculation is for 100 keV energy loss in the pure 
gas, except for 'Li. where it is from the pure metal.

Gamma and Charged Particle Capabilities
Gamma-ray detection equipment includes HPGe. BGO. LaBr. and Nal detectors. Charged-particle 
detection equipment includes a scattering chamber optimized for Rutherford Backscattering and 
another chamber for time-of-ftight measurements with flight paths of up to 2 m. The W.M. Keck Thin 
Film Analysis Facility consists of an integrated set of UHV chambers that includes PVD and CVD 
deposition facilities with MeV ion beam analysis (RBS, NRA, ERS, channeling), LEED, and electron 
spectroscopy (Auger. XPS, UPS).
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Rensselaer Polytechnic 
University, Gaerttner Linear 
Accelerator Laboratory

The Gacmner LIKAC Center

General Description: University based 
center that specializes in measurements of 
electron, photon, and neutron Induced 
reactions.

The center is equ*>ped with variety of neutron 
production targets and detector setups. The 
center supports external users for a fee.

Accelerator: Electron LINAC Electron beam 
energy: 9-60 MeV Pulse width: 5-5000 ns 
Repetition rate: 1 -400 Hz

Beams: Neutron beams delivered to several 
flight path stations from 15-250 m.

Experimental: Neutron Induced reactions; 
photon induced reactions, medical Isotope 
production research, and radiation damage to 
electronics

Detectors: For setups of neutron 
transmission, capture, scattering, fission

Includes: organic and Inorganic scintillators, 
Ionization chamber, fission chambers, and 
solid-state detectors.

Contact person: Prof. Yaron Danon, 
Gaerttner Linear Accelerator Center, 
Rensselaer Polytechnic Institute, 
Troy, NY 12180

Email: danony@rpi.edu

Prepared by Yaron Danon

The Gaerttner LINAC Center uses a 60 MeV LINAC to produce short pulses of electrons which are used 
to produce photons and neutrons. Over the years the facility has been used for a range of research 
topics, including electron, photon, and neutron interactions, neutron photoproduction, medical isotopes, 
radiation damage, and applied radiation applications.

The principal research focus is on nuclear data, primarily related to neutron interactions. The 
experimental setup is very flexible, providing multiple setups of neutron production targets and neutron 
detectors, which are designed to optimize a variety of experiments. More information on the facility and 
examples are available in references [1] and |2).
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Tho motivation of tho nuclear data research is applications In nuclear power generation and criticality 
safety. The LINAC target room has a largo space that enables experiments In proximity to the neutron 
production target os Illustrated In Figure 29. To cover the wide range of neutron energies found In 
nuclear reactor and other criticality applications, measurement capabilities from thermal to 20 MeV were 
developed with a focus on the resonance region. The measurement capability matrix is shown In Figure 
30 as a function of incident neutron energy.

Figure 29. The spacious LINAC target room.
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Figure 30. The Gaerttner UNAC Center capability matrix tor neutron induced reactions measurements. A 
keV neutron scattering system is under development.

Below we provide short descriptions of current experimental setups.

Neutron Transmission
Neutron transmission experiments include several setups located at different flight path stations, which 
use different combinations of neutron production targets and detector types to optimize the 
measurements for a given incident neutron energy range.

Thermal neutron transmission (0.001 -20 eV) uses a Li-Glass detector located at 15 m flightpath and 
neutron production from the Enhanced Thermal Target.

Epithermal neutron transmission (1 eV-10 keV) uses a Li-Glass detector located at 35 m flight path 
station and neutron production from the Bare Bounce Target.

Mid Energy neutron transmission (5 keV -1 MeV) uses an array of Li-Glass detectors located at the 
100 m flight path station and neutron production from the Pacman Target.

High energy neutron transmission (0.4-20 MeV). uses an anay of liquid scintillators located at 250 m 
flight path station and neutron production from the Bare Target.
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Neutron Capture
Currently there are two time-ot-flight setups (or neutron capture measurements:

Low and epithermal energy neutron capture (0.01 eV-3 keV). uses the neutron multiplicity detector; 
an array of 16 Nal gamma detectors surrounding the sample. Located at a 25 m (light path and uses the 
Enhanced Thermal Target or the Bare Bounce Target.

Mid energy neutron capture (1 eV - 2 MeV) an array ot 4 C„De liquid scintillator gamma detectors 
designed to measure gammas (rom neutron capture (or incident neutron energy in the keV region where 
neutron scattering reactions dominated. The array is located at a 45 m (light station and uses the 
Pacman neutron production target.

Figure 31 is an example ol transmission and capture measurements of Re used to generate new 
resonance parameters (3]. The data were measured using an experimental setup (or the thermal region 
for both transmission and capture measurements.
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Figure 31. An example of resonance transmission (top) and capture (bottom) measurements on Re. The 
plot also includes curves generated from fitted resonance parameters and the ENDF/B-VII.1 evaluation
[31-
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Fast Neutron Scattering
An array of 8 liquid scintillators located at a 30 m flight path station is used for neutron detection. The 
Bare Target is used for neutron production. The setup is designed to measure neutron scattering in the 
energy range from 0.5-20 MeV. The detectors use pulse shape analysis to Identify photons.

An example of measured neutron backscattor from a sample (4) is shown In Figure 32. This 
measurement benchmarks both the scattering cross section and the angular distribution.

Prompt Fission Neutron 
Spectrum
This setup utilizes the scattering 
detector array, with the addition of 
plastic scintillators and 4 large BaF, 
gamma detectors. The gamma 
detectors are used to form a fission 
tag, enabling a double time-of-flight 
experiment that is used to measure 
the prompt fission neutron spectrum 
as a function of incident neutron 
energy.

Lead Slowing Down 
Spectrometer
The Lead Slowing-Down

Time 0# Flight [nsl Spectrometer (LSDS) is a unique
setup, in which the UNAC pulse 
neutron source is located in the

Figure 32. Comparison of experimental data and evaluations center of a 5.83 ms pure lead cube,
for neutron scattering to 153° from a sample [4). In this The neutron slowing down process
case the JENDL 4.0 and IAEA ib33 evaluations perform best. results in a very high neutron flux.

which enables measurements of very 
small samples (nanograms) or

samples with small cross sections (microbarns). The LSDS was used to measure fission cross sections, 
fission fragment mass and energy distributions, (n.o) and (n.p) cross sections, and capture cross 
sections.
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Texas A&M University, The 
Radiation Effects Facility

mi m
TEXAS A&M

N I V | R %

Prepared by Henry L Clark

General Description: Heavy ions and 
protons for Single Event Upset (SEU) tostmg, 
detector calibration, implantations, basic 
nuclear physics studies, and any other 
application utilizing low to medium energy 
particle beams.

Accelerators: K500 Superconducting 
Cyclotron and K150 (88-in) Cyclotron

Beams: The K500 Superconductmg 
Cyclotron produces heavy ion beams 
between -3 - 80 MeV/nucleon and proton 
beams at 30, 40 and 55 MeV. The K150 (88­
in) Cyclotron produces heavy ions from -3 - 
15 MeV/nucleon and protons from 10-55 
MeV. For SEU testing, three beam energy 
series are provided: 15 MeV/nucleon (He, N, 
Ne, Ar. Cu. Kr. Ag, Xe, Pr. Ho. Ta. Au). 25 
MeV/nucleon (He, N, Ne, Ar, Kr, Ag, Xe) and 
40 MeV/nucleon (N, Ne, Ar, Kr).

Website: yclotron.tan

Host Location: Cyclotron Institute. Texas 
A&M University, College Station, TX.

Availability: 24 hours/day, 7 days/week.

Contact person: Henry Clark;

dark@comp.tamu.edu; 979-845-1411

Since 1994, the Cyclotron Institute's Radiation Effects Facility has provided a convenient and low cost 
solution to commercial, governmental and educational agencies in need of studying, testing and 
simulating the effects of Ionizing radiation on electronic and biological systems. Starting at just 100 
hours/year at Inception, the demand for beam time has grown to 3000 hours/year and has remained 
consistent at this level for several years.

The facility is installed on a dedicated beam line with diagnostic equipment for beam quality and 
complete dosimetry analysis. As a part of the Cyclotron Institute the facility is fully staffed, including 
electronic and machine shops that are available to assist with special customer needs. Beam time may 
be scheduled in 8 hours blocks either consecutively or interleaved with other testing groups.

Testing may be conducted in either our 30" diameter vacuum chamber or with our convenient in-air 
positioning system. Both provide precise positioning in x. y, and z as well as rotations up to 60 degrees
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in both theta and roll angle. Positioning and dosimetry are carried out by our custom-made SEUSS 
software. A degrader foil system makes it possible to change beam energy without cyclotron retuning 
or target rotations.

Our 15 MeV/nucleon (He, N, Ne, Ar, Cu, Kr, Ag, Xe, Pr, Ho, Ta, Au) series allows testing with Linear 
Energy Transfer (LET) from 1 - 93 MeV/mg/cm2 in Si. Our 25 MeV/nucleon (He, N, Ne, Ar, Kr, Ag, Xe) 
and 40 MeV/nucleon (N, Ne, Ar, Kr) series offer heavy ions for long range testing from 286 gm to 2.3 mm 
in Si. Typical beam time changes are between 30 minutes to 1 hour.

The beam flux is adjustable between 1E1 - 2E7 ions/cm2/sec. A higher flux of 1E10 protons/cm2/sec is 
obtainable from the K150 cyclotron. The beam spot size is selectable between 0.1 - 2 in. in diameter. 
Beam uniformity is typically better than 90%.

The beam uniformity and dosimetry are determined by an array of five plastic scintillators coupled to 
photo multiplier tubes. These scintillators are located in the diagnostic chamber adjacent to and 
upstream from the target area. The control software determines beam uniformity, axial gain, and beam 
flux (in particles/cm2/sec), based on scintillator count rates. The results are displayed and updated once 
per second.
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Triangle Universities Nuclear 
Laboratory

General Description: Three-university 
facility, DOE Center of Excellence. Primary 
research activities range from nuclear weak 
interaction to nuclear strong interaction 
physics. The four TUNL accelerator facilities 
LENA, LEBAF, FN-Tandem, and HIGS 
provide light-ion, neutron- and gamma-ray 
beams covering a large range of energies and 
operating characteristics.

TUNL: TUNL is the world's most versatile 
facility for providing mono-energetic neutron 
beams for neutron-induced cross-section 
measurements (elastic and inelastic 
scattering, radiative capture, fission etc.) In 
the 1 to 30 MeV energy range.

Beam time cost: S150/hour.

HIGS: "High-Intensity Gamma-ray Source" 
based on Compton backscattermg of FEL 
photons from relativistic electrons to produce 
mono-energetic and tunable g-ray beams in 
the 1.5 to 100 MeV energy range HIGS 
consists of a 160 MeV Linac. a 1.2 GeV 
booster synchrotron, a 1.2 GeV electron 
storage ring equipped with undulator magnets 
to provide linearly and circularly polarized FEL 
photons. Gamma-ray energy spread 
adjustable through collimation Typical 
collimator size: * diameter, resulting m D 
E/E-3% and g-rays per second between 107 
and 3x108 dependent on g-ray energy and 
FEL mirror quality. Highest flux in the 10 to 15 
MeV g-ray energy range HIGS is the world's 
most intense accelerator driven g-ray source 
with 103 /(eVs).

Beam time cost: $1000/hour.

LENA: Proton accelerator facility for "Low- 
Energy Nuclear Astrophysics" consisting of a 
200 kV high-current ECR ion source and a 1 
MV Van de Graaff accelerator.

ECR: U.-3 mA dc and 200 pA pulsed.

Van de Graaff: 1^-250 pA

Beam time cost: $150/hour.
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LEBAF: “Low-Energy Beam Accelerator 
Facility” utilizing the Atomic Beam Polarized 
Ion Source for delivering polarized (or 
unpolarized) hydrogen or deuterium beams 
which can be accelerated from 60 keV to 680 
keV using a 200 kV mini-tandem in 
conjunction with a scattering chamber 
operated at 200 kV.

Imax=50 pA of positive ions with energies 
between 60 and 120 keV and Imax=10 pA for 
negative ions at the higher energies.

Beam time cost: $150/hour.

FN-Tandem: 10 MV tandem accelerator with 
ion sources to accelerate p, d, 3He and 4He 
ions. Pulsed beam operation (1.5 to 3 ns time 
resolution) at 2.5 MHz or reduced repetition 
rate.

• Imax=10 pA dc and 1 pA pulsed for 
protons and deuterons and

• Imax=2 pA dc & 0.2 pA pulsed for 3He 
and 4He.

• Polarized proton and deuteron beam 
intensities: Imax=2 pA dc.

Secondary beams: Mono-energetic or quasi 
mono-energetic neutrons in the 0.1 MeV to 35 
MeV neutron energy range using the 
reactions 7Li(p,n)7Be, 3H(p,n)3He, 2H(d,n)3He 
and 3H(d,n)4He with neutron fluxes up to 108 
n/(cm2 sec) at 1 cm distance from the neutron 
source in dc operation and up to 3 x 107 
n/(cm2 sec) in pulsed mode operation.

Collimated neutron beam with adjustable 
cross sectional area (up to 6 cm in diameter) 
and 104 n/(cm2 sec) in the 4 to 20 MeV 
neutron energy

Experiments in support of fundamental 
physics applications include neutron-induced 
background reactions relevant to neutrino-less 
double-beta decay and dark-matter searches.

Contact person: C.R. Howell

Prepared by Werner Tornow

An important part of the applied research program is conducted in collaboration with scientists from 
LANL and LLNL and focuses on neutron- and gamma-ray induced reactions on actinide nuclei,
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especially fission and nuclear forensics, but also has a strong component in support of ongoing research 
to bettor understand the complicated physics governing the inertial confinement DT fusion plasma at the 
National Ignition Facility (NIF) at LLNL.

Other studies focus on plant growth under elevated CO, concentrations using ”C as a marker, and on 
Rutherford backscattering measurements to identify trace elements absorbed in filters used in water 
treatment facilities.

Standard charged-particle and gamma-ray detectors as well as sophisticated fast neutron detectors, 
including the neutron time-of-flight spectrometer shown in Figure 36 are part of the detector pool 
available at TUNL. An Enge split-pole spectrometer is available for special applications.

Recent nuclear physics applications at the tandem laboratory included neutron-induced fission product 
yield measurements on ^Hj. "U and ^Pu between 0.5 and 15 MeV, and cross-section measurements 
involving the reactions aHj<n,n‘y), “U(n,n'y), ,4,Am(n.2n)?,0Am. ,e’Ta(n.2n),a>ra. “*,MXe(n.2n),a,“Xe and 
neutron capture on a number of nuclei. Including l?"*Xe<n,v)l?s l3,Xe,

Recent nuclear physics applications at HIGS concentrated on a'Am(y,n)?*0Am, a5U(y,y“)a’U,
*Ufr,vfU, ”*Pu<y.vf *Pu. ?xPu(y,y1?*°Pu and r*U(y.f), ^Ufy.f), and ^ufy.f).
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Figure 33. Tandem accelerator laboratory floor plan.
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Figure 34. Laboratory for Nuclear Astrophysics.

Figure 35. High-Intensity Gamma-ray Source (HIGS) facility for mono-energetic y-ray production.
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Figure 36. Neutron Time-ot-Flight spectrometer.

Figure 37. Shielded neutron source area for collimated neutron beams.
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