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Converting research reactors from highly enriched uranium (HEU) fuel to more
proliferation-resistant low-enriched fuel is critical for achieving the objective of ending
the use of directly weapon-usable materials in the civilian nuclear fuel cycle. The most
challenging type of reactors to convert are high-flux research reactors, which, along
with upcoming strong spallation sources, are the most important neutron sources for
sophisticated neutron scattering experiments. Advanced Monte-Carlo computer codes
are now available that make it possible to track neutrons from the neutron source,
through neutron guides, to the detector of a neutronic experimental setup, including
realistic samples. These “virtual experiments” allow optimizing the performance of com-
plete beamlines, where in many cases a large unused potential exists for increasing the
neutron flux at the sample or detector position. The Monte-Carlo codes VITESS and
McStas are used to compare results for typical neutron scattering setups using typical
versus state-of-the-art technologies. The analysis shows that performance gains due
to instrument upgrades or neutron guide renewals can dwarf potential neutron flux
losses due to conversion to low-enriched fuel. Combined convert-and-upgrade strate-
gies therefore offer unique opportunities for reactor operators and neutron scientists to
significantly improve the overall performance of research facilities, and turn them into
centers of excellence, while supporting the objective of phasing out the use of highly
enriched uranium in the civilian nuclear fuel cycle as soon as possible.
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BACKGROUND

International efforts to convert research reactors that are fueled with weapon-
grade highly enriched uranium (HEU) to non-weapon-usable low-enriched ura-
nium (LETU, less than 20 percent uranium-235) fuel have been pursued since
the late 1970s,! but intensified significantly since 2002. Also, following the
proposition of U.S. President Obama to “secure all vulnerable nuclear material
around the world within four years,”® a series of high-level nuclear security
summits has been convened since 2010. One central area of attention of these
summits is to track progress toward the goal of converting HEU-fueled re-
search reactors to low-enriched fuel.? Overall, twenty-one countries have been
cleaned out of HEU as of 2011, that is, all local research reactors converted
to low-enriched fuel and the associated fresh and spent fuel returned to the
original supplier country.* The accomplishments so far could be neutralized,
however, with the startup of only a few new high-power HEU-fueled research
reactors, which would offset prior demand reductions for HEU significantly.’

As part of the international conversion efforts, new high-density low-
enriched fuels are now under development and could be qualified within the
next few years. These fuels will offer an unprecedented opportunity to end
the use of HEU in the civilian nuclear fuel cycle entirely. Even the remaining
HEU-fueled high-flux reactors, which are the main facilities used for neutron-
scattering science today and account for about half of the total civilian HEU
demand worldwide, could then use low-enriched fuel.® These reactors are dif-
ficult to convert because they have very compact cores with a high surface-
to-volume ratio, which maximizes neutron leakage from the core and there-
fore makes these neutrons available for experiments, but also requires a high
uranium-235 content to achieve criticality.

When transitioning from HEU to LEU, however, reductions of the neutron
flux on the order of 10-15 percent are sometimes inevitable—especially if the
original reactor was designed for HEU, and modifications of the core design are
limited.” The criteria proposed by the International Nuclear Fuel Cycle Eval-
uation (INFCE) in 1980 emphasized that “neither any loss in the overall reac-
tor performance (e.g., flux per unit power) nor any increase in operation costs
should be more than marginal.”® Predictably, arguments in favor or against
conversion of a particular facility often revolve around what constitutes an
acceptable “marginal” loss of scientific usability of a reactor.

The maximum neutron flux near the reactor core, however, is only one
quantity to characterize facility performance. What ultimately matters to neu-
tron scientists is the effective neutron intensities at the sample and the de-
tector positions. Optimizing these values is a complex process because the
multi-parameter space of a full beamline characterization cannot be solved
by analytic calculations. So-called “virtual experiments” are a vital new tool to
guide this process.? In this article, we argue that virtual experiments can—and
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should—also play an important role in evaluating convert-and-upgrade strate-
gies for research reactors that can support an optimal allocation of the unused
neutronic potential of a facility when transitioning to a new fuel.

Virtual Experiments with Monte Carlo Ray-Tracing Codes

Virtual experiments model the path of the neutrons starting from a source,
for example the surface of the cold neutron source near the core of a research
reactor, through a neutron guide to the detector system of a neutron scatter-
ing instrument including realistic samples.!? These virtual experiments play
an increasingly important role in designing and optimizing modern neutron-
scattering instruments.!!

The results presented below are based on simulations with McStas (Monte
Carlo Simulations of Triple Axis Spectrometer) and VITESS (Virtual Instru-
mentation Tool for the ESS), which are both Monte Carlo neutron ray-tracing
codes for neutron scattering instruments at pulsed and continuous neutron
sources.!?

The software package McStas is a complex software tool for simulating
various types of neutron scattering instruments. The package is being de-
veloped by a core developer team at DTU Physics (formerly RIS@ National
Laboratory), University of Copenhagen, Paul Scherrer Institute, and Institut
Laue-Langevin.'® Recent versions of McStas offer on the order of one hundred
predefined components, which can be updated and extended by the user. The
package is based on a meta-language, which has been specially written for neu-
tron simulations and is automatically translated into ANSI-C code. McStas is
available for all major operating systems and widely accepted by the neutron
scattering community, as evidenced by calculated results reported in a long list
of publications.

The VITESS Monte Carlo package is maintained at the Helmholtz Zen-
trum Berlin in the framework of the ESS Spallation Sources project.!* VITESS
has the same functionality as McStas and features a fully modular struc-
ture. Each module works as an executable individual program, reading out-
put data from the preceding module and writing the neutron trajectories
into a pipe for the following module. As with McStas, VITESS is available
for all major operating systems and has been used for Monte Carlo simula-
tions of all classes of instruments, including different beam extraction/guide
systems.

Benchmarking a Virtual Experiment

As an example of a full virtual experiment, and how it compares to exper-

imental data, we have analyzed the cold neutron powder diffractometer DMC

at the spallation source SINQ using the complex powder sample CeRh?Ge?.15

143



144 Glaser and Filyes

Radial collimation

Neutron guide

Figure 1: Basic design of DMC and the McStas model (color figure available online).

The DMC is a flexible instrument with 400 sensitive boron trifluoride (BF3)
detectors, with an angular separation of 0.2°, allowing for simultaneous mea-
surements within a scattering angle range of 80°. The wavelength range is
2.3 A to 6.5 A. Figure 1 shows the basic design of the DMC and the corre-
sponding McStas model, which tracks neutrons from the cold neutron source
through a 42.5-meter long neutron guide and through all other components of
the instrument to the detector.

Using this model, a real measurement on DMC has been compared with
a McStas Monte Carlo simulation. The results are in excellent agreement and
shown in Figure 2. The comparison has been done for nine Bragg reflection
peaks, including symmetrically equivalent reflections. The used wavelength
was 2.457 A. The simulated values are normalized to the maximum count-
rate of the measurement, which is observed for the Bragg peak at 72.65°. The
comparison shows that peak position, relative peak height, and peak resolu-
tion all agree extremely well. It should be mentioned that several Bragg peaks
overlap. The peak at 79.15°, for example, contains two Bragg reflections. This
overlapping was also correctly reproduced in the simulation.

In summary, this comparison between the simulation and the experimen-
tal data demonstrates how powerful and accurate virtual experiments are to-
day. They have become a valuable tool for designing and optimizing new neu-
tron instruments and beamlines—and are also the starting point for upgrade
investigations of instrument components.
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Figure 2: Comparison of simulated and measured data (color figure available online).

Neutron Guide Investigations

The simulation of generic and rather simple VITESS/McStas setups is suf-
ficient to demonstrate the potential of guide upgrading because only the effec-
tiveness of propagating neutrons through the guide is of interest here.

As the reference source for these simulations, we use the wavelength spec-
trum at the outer surface of the cold neutron source H5 of the High-Flux Re-
actor at ILL.'® The neutrons enter the guide at a distance of 200 cm from the
source. The guide-module then simulates the neutron flight-path through the
mirrored guide, calculating the intensity loss for each reflection as a function
of the neutron wavelength, reflectivity behavior of the supermirror guide, and
incident angle.

We explore two basic options to optimize cold-neutron propagation through
the guide: standard ballistic supermirrors and innovative (elliptic) neutron-
guide geometries.!” Simulation parameters and conditions at the front-end of
the setup, that is, from the source to the guide entrance, remain unchanged in
all cases. The neutron wavelength and spatial intensity distribution of the neu-
tron beam (as illustrated in Figure 3) are then monitored at several distances
from the exit of the guide.

Standard Ballistic Supermirrors Guides

To improve propagation of neutrons through a guide, the critical angle for
total reflection has to be as large as possible. In general, this angle is given by:
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Figure 3: Spatial intensity distributions for selected supermirror coatings and guide
geometries. These illustrative results are for a standard yuide with m = 1 (left), for a standard
guide with m = 3 (center), and for an elliptical guide with m = 3 (right). The maximum
intensities in arbitrary units are 0.9, 3.2, and 10.0, respectively. Shown are the planes of best
focus behind the exit of a reference guide with a total length of 35 m (color figure available
online).
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Here, N is the number density and b the scattering length of the iso-
tope. For natural nickel, the element with highest value for Nb, 6.(A) ~
0.099° A(A)/A. Supermirrors increase the effective critical angle through a large
number of thin, depth-graded bilayers of two materials with high scattering
contrast, for example nickel and titanium.!® The performance of a supermirror
is usually characterized by its m-value, which specifies the resulting critical
angle compared to natural nickel, expressed as the ratio of respective momen-
tum transfers (m = @Q/Q..x). For a complete description, the reflectivity as
a function of incident angle or momentum transfer has to be known. Some
reflectivity files used for the simulations are shown in Figure 4.19

To demonstrate the impact of supermirror technology, we model a stan-
dard guide with a square cross-section of 10 x 10 cm? and a length of 30 m,2°
followed by a linearly tapered focusing guide of 5-meter length and an exit-
window of 5 x 5 cm?. The 30-meter guide has a slight horizontal curvature
with a radius of 2500 m to avoid a direct view on the source, which reduces the
fast-neutron background at the exit and sample position.

The main results for this guide are shown in Figure 5. As expected, rela-
tive neutron intensities increase across all relevant wavelengths with increas-
ing m-values. Compared to the standard nickel coating, the most significant
improvement is observed for m = 2. Higher m-values further improve the
performance of the guide, but the intensity gain is stronger for short wave-
lengths. For example, at 2 A, the guide with m = 3 yields a more than
3.5-fold increase in neutron intensity compared to m = 2. For wavelengths
above 4 A, neutrons are still propagated with a gain of about 50 percent. In
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Figure 4: Reflectivity curves used for VITESS/McStas simulations: natural nickel coating and
supermirror coatings with m = 3 and m = 5. Coatings up fo m = 7 are currently under
development. Theoretical reflectivity curves (as shown and used here) and experimental
data are generally in excellent agreement (color figure available online).'?

addition, Figure 5 also shows the intercomparison between VITESS and Mc-
Stas. The nearly perfect agreement of the data demonstrates that both pack-
ages are suitable tools for neutron-guide evaluations.

Innovative Guide Geometry

Traditional neutron guides are characterized by a rectangular shape. The
concept of the so-called ballistic guide was first introduced in the 1990s and
recently has been developed further with elliptical/parabolical guide geome-
tries, which minimize the total number of neutron-reflections along the flight
path.?! Here, we use an elliptical guide with entrance and exit dimensions of
10x10 cm? and 5x5 cm?, respectively. The focal points are about 200 cm in
front of the entrance, that is, very close to the neutron source, and 50 cm be-
yond the exit. The overall length of the guide is 35 m, its maximum width
about 21.8 cm.

As shown in Figure 3, one distinctive feature of the elliptical guide is the
strong focusing of the neutrons compared to standard guides—generally an
important advantage for typical sample sizes. To account for this effect, the
neutron intensity is not averaged over the entire cross-section of the beam, as
done previously, but integrated over the central region of the beam only.

Figure 6 shows the relative neutron intensity as a function of neutron
wavelength and again an intercomparison of VITESS and McStas simulations.
It compares a traditional neutron guide with m = 2 and fixed cross-section,
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Figure 5: Comparison for the standard guide and various supermirror coatings (m = 2-5)
relative to ordinary nickel coating using VITESS (- -) and McStas (—).
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Figure 6: Comparison of relative neutron intensities for standard and elliptical guide
yeometries Intensity is infeyrated over A* = 2x2 cm? in the center of the beam and taken
at 0.5 m after the guide exit. For comparison, results obtained with VITESS (- -) and McStas
(—) are shown.
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which is the standard today at modern facilities, with an elliptical guide using
several advanced supermirror coatings.

Most significantly, the elliptical guide configuration with m = 2 delivers a
gain factor of two for all wavelenghts above 3 A against the standard guide,
which is primarily due to the superior focusing characteristics of the guide.
Comparing the elliptical guide with m = 3 coating to the standard guide, the
gain is significant over the full energy spectrum, but increases strongly for
shorter wavelengths as a result of the higher m-value.

An important aspect of building high-performance but affordable elliptical
guides is the possibility of using the highest m-material only near the entrance
and the exit, where the curvature is strongest and most of the reflections occur.
The m-value of the coating in the middle section of the guide is far less relevant
than in the case of standard guides. The performance of an elliptical guide for
wavelengths below 5 A can therefore be further increased, without significant
additional cost. Specifically, using an advanced coating with m = 5 in an el-
liptical guide yields a five- to six-fold increase in neutron intensity between
3 A and 4 A, and a thirty-fold increase at 2 A compared to the standard guide
with m = 2. In practice, this gain in the shorter wavelength-range is particu-
larly important because cold neutron scattering instruments are mainly used
between 2 A and 6 A. This phenomenon opens up entirely new possibilities for
neutron experiments in this wavelength range.

It must be noted, however, that the elliptical/parabolic guide cannot be
used for all classes of neutron scattering instruments. Especially for Small An-
gle Neutron Scattering (SANS) instruments, the increase in beam divergency,
which comes with focusing, is unacceptable. A further difference between a
curved standard and a straight elliptical/parabolic guide is the existence of
fast neutrons at the instrument position. For the elliptical/parabolic guide-
geometry, several special solutions are already under discussion, for example,
installing a steel kernel in the center of the guide.

Experience with Previous and Potential for Future Facility

Upgrades

Virtually all elements of the experimental setup—from the cold neutron
source, neutron guide, sample environment, and detector technology—may of-
fer potential for improvement.?? Additional strategies for neutron-use opti-
mization include renewal or upgrade of components and instruments. For ex-
ample, in the case of the NBSR at the National Institute of Standards and
Technology (NIST), a two-fold increase in available neutron flux has been re-
ported after replacement of the reactor’s cold neutron source in 2002. A similar
performance gain has been achieved again in early 2012 after a second replace-
ment of the source.??
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Figure 7: Performance gain of the High-Flux Reactor (HFR) at ILL. Conftributions are due to
instrument upyrades (light-shaded area) and post-2002 guide renewals (dark-shaded

area).?4 Actual results were even more favorable than anticipated: a 19-fold increase in
performance has been achieved with the completion of the first project phase.

The most comprehensive effort at upgrading performance is underway at
the High-Flux Reactor (HFR) at ILL. Initiated in the year 2000, this so-called
“Millennium Programme” envisions systematic modernization of the reactor’s
instruments and infrastructure. As illustrated in Figure 7, a 16-fold increase
in overall performance of the facility was originally expected as a result of this
ambitious long-term initiative.?* As shown, a significant fraction of this gain
is due to neutron-guide upgrades. The first phase of this program (“M-0”) has
now ended and resulted in a higher-than-expected improvement of average
detection rate of neutrons for all instruments by 19 times.?’> A second phase
(“M-1”) is now underway and expected to be completed by 2014.26 As part of
the Millennium Programm, the instiute also pursues the “ILL 20/20 Upgrade
Project,” which seeks to “boost the overall efficiency of ILL’s instrument suite
by a factor of thirty by 2011.7%7

In general, the greatest performance gains can be expected for facilities
where upgrades are most overdue. Some neutron research facilities don’t use
supermirror coatings at all, very few facilities worldwide use coatings with m
> 2 on their neutron guides, and elliptical guides remain an exception.?® For
example, the cold-neutron guides of the FRM-II, which began routine operation
only in 2005 at Munich University of Technology (TUM) and are currently
HEU-fueled, typically use a coating of m = 2.2° Thus, even the most modern
facilities may be able to benefit from more advanced neutron optics.

Funding has to be available to carry out such upgrades. For example, the
costs of an advanced neutron guide similar to the reference guide discussed in
this article may be on the order of $300,000-600,000%°; additional installation
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and infrastructure costs, could bring the total cost for replacement or instal-
lation of a new neutron guide to $1 million. This is a significant investment,
but it has to be compared to the operating costs of a modern research reactor,
which can be on the order of tens of millions of dollars per year. Investments
in instrument-performance are therefore quickly recovered.?!

One example for a candidate facility that could benefit significantly from
a convert-and-upgrade strategy is the Russian PIK reactor, which has been
under construction at the Saint Petersburg Institute of Nuclear Physics since
1976. The reactor, which is designed for a power level of 100 MWt and might
require on the order of 100 kg of HEU per year, was recently completed, but its
startup delayed until late 2012.32 According to Russian press reports, the op-
erator apparently has insufficient funding to complete construction of several
support facilities. The PIK reactor has 50 positions for neutron instruments,
but a large fraction of them would currently remain unused.?® Preliminary con-
version analyses for the reactor were carried out in the early 2000s and, even
then, a reduced enrichment of 36 percent was considered feasible.?* Using ad-
vanced fuels that are available today, combined with modern neutron guides
as discussed in this article, it may be possible to redesign the reactor for low-
enriched fuel, while turning it into a state-of-the-art center-of-excellence for
neutron research.

CONCLUSION AND OUTLOOK

In this article, we have assessed the large potential of using supermirror coat-
ings and elliptical guide geometries to optimize the neutron flux available for
experiments at research facilities. The results of our simulations show that a
several-fold increase in neutron intensity for short wavelengths can generally
be expected through upgrades to the neutron guides alone. The discussion also
highlights the importance and pivotal role of modern Monte-Carlo computer
codes to optimize the overall performance of high-flux reactors and their con-
nected instruments used for neutron research.

The performance gain from using a combination of innovative neutron-
guide technologies has important implications for international efforts to end
the use of highly enriched uranium fuel in research reactors. Converting these
reactors to use low-enriched fuel often brings small losses in neutron flux, but
in this case the win-loss relation is extremely favorable. Our analysis demon-
strates that the potential flux penalties due to conversion from HEU to LEU
fuel become effectively irrelevant if a facility also upgrades its neutron guides.

Funding a program to simultaneously convert a research reactor to
low-enriched fuel and upgrade its neutron guides need not be a significant
constraint. The typical costs of conversion, operating costs, and the costs
for upgrading neutron guides or instruments are generally comparable.
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Investments in instrument-performance are therefore quickly recovered.
Given that there is now broad international acceptance of the need to end the
use of highly enriched uranium in the civilian nuclear fuel cycle, and also to
establish regional “centers of excellence” for neutron research, it appears that
the next few years may present research reactor operators and neutron in-
strument groups with a unique opportunity to coordinate a combined convert-
and-upgrade strategy and achieve significantly improved overall performance.
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