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ABSTRACT 

 
The National Bureau of Standards Reactor (NBSR) at the NIST Center for Neutron Research (NCNR) 
provides a safe and reliable neutron source for the thousands of visiting U.S. and international researchers 
annually. A new state-of-the-art research reactor utilizing U-10Mo low-enriched uranium (LEU) monolithic 
fuel is being designed for the NCNR to replace the aging NBSR. The new reactor (NIST Neutron Source, 
or NNS) will be tailored primarily for neutron science involving thermal and cold neutron beams. This 
paper provides preconceptual design characteristics for the proposed NIST Neutron Source, highlights of 
reactor core neutronics and thermal-hydraulics analysis results, and a brief description of the user facilities, 
thermal neutron guides, cold neutron sources and cold neutron guide network. The initial results imply a 
total cold neutron current gain at the guide entrances ranging between a factor of 6.5 to 8.4, and at least a 
factor of two increase in the thermal neutron Maxwellian brightness with respect to the existing NBSR 
liquid hydrogen cold source. 
 
 
 
 
 
 



1 Introduction 
 
The NIST Center for Neutron Research (NCNR) houses the National Bureau of Standards Reactor 
(NBSR), which is one of the high performance research reactors in the U.S. and is the premier 
source of cold neutrons for thousands of visiting national and international researchers annually. 
The NBSR has a long history of successful operation since its startup in 1967 [1], and it is licensed 
to operate until 2029 at which point it will need to be relicensed. Currently, it is now one of only 
two major steady-state neutron scattering facilities in the U.S. 
The NCNR has a long-standing reputation for scientific productivity, as measured by the 
abundance of scientific publications and number of research participants. The measurement 
facilities are perennially over-subscribed with a continually increasing demand from the scientific 
community. There are also increasing maintenance demands associated with the aging NBSR 
reactor systems and components. To address these issues in the longer term and to accommodate 
novel scientific instruments, a new state-of-the-art research facility is proposed for the NCNR. The 
new NIST Neutron Source, or NNS, will be tailored primarily for neutron science involving 
thermal and cold neutron beams. It will provide thermal neutron beams directly from the reactor 
core and cold neutron beams via cryogenically cooled moderator inserts (Cold Neutron Sources, 
or CNSs).  
The proposed siting of the NNS adjacent to the NBSR would allow the latter to continue operation 
during the construction of the NNS and to share existing NCNR infrastructure and personnel 
resources. At initial startup (commissioning), the NNS would deliver equivalent measurement 
capabilities to the existing NBSR neutron source by operating minimum one cold source delivering 
cold neutrons to one of the guide halls. Once at full capacity, the facility would provide new 
measurement opportunities and should significantly alleviate the current over-subscription of 
scientific instruments by operation of both cold sources and guide halls.  
With a primary focus on neutron beam experiments, an essential aspect of the proposed NNS user 
facility is the provision of cold and thermal neutron beams as well as several irradiation positions 
to meet the diverse needs of the neutron research community [2]. Cold neutrons have energies 
below about 5 meV [3], where the wave-particle duality of the neutron allows this range to be 
described by neutron wavelengths, λ, greater than about 0.4 nm. The challenge for neutron sources 
is to furnish collimated neutron beams of sufficient intensity to satisfy the demand for experimental 
throughput. The NNS intends to provide not only a replacement for an aging facility but aims to 
offer significantly increased scientific output through enhanced beam intensity and an expansion 
in the number of experimental stations available. This paper provides preconceptual design 
characteristics for the proposed NNS, highlights of the reactor core neutronics and thermal-
hydraulics, and a brief description of the user facilities, thermal neutron guides, cold neutron 
sources and cold neutron guide network. 

2 Design Description 
 
The NNS reactor concept was influenced by several reactors designed for neutron science, 
particularly the Open Pool Australian Light Water (OPAL) reactor design, which were used 
extensively to ensure the use of realistic parameters for the preconceptual core and fuel assembly 
geometry [4]–[6]. The NNS is proposed to be an open-pool research reactor with a nominal power 
of 20 MW.  It is composed of a light-water-cooled compact reactor core located inside a vertical 
channel (the “core chimney”) that is surrounded by heavy-water in the reflector tank. These 
components/structures are located at the bottom of the reactor pool filled with demineralized light 
water.  
The reflector tank encompasses the cold neutron sources and associated beam tubes as well as 
beam tubes for thermal neutron beams. The core is cooled by an upward flow of demineralized 
light water, which also acts as a neutron moderator. The core chimney channels the coolant to 



outlet, where it is pumped away by the primary cooling system (PCS) for heat removal by the 
secondary cooling system. The PCS has four centrifugal pumps and four heat exchangers, each 
housed in separate rooms to lower common cause failures and allow maintenance, with only three 
units used for normal operation. The fourth pump and heat exchanger can either be in standby 
mode or under maintenance. 
The general layout of the reactor including the PCS is shown in Figure 1. At the center of the figure 
(in yellow) is the reflector tank. The internals of the reflector tank, including the reactor core at 
the center, two cold neutron sources, and beam tubes are shown in Figure 2.   

 

 
Figure 1: Reactor pool and primary coolant system 

 
Figure 2: Reflector tank with core, cold sources, and beam tubes 

 

3 Reactor Design and Neutronics 
 
The NNS core consists of nine fuel assemblies (FAs) that are arranged in a 3x3 array, shown in 
Figure 3. There are six control blades placed in two guide boxes. The guide boxes divide the core 
into three rows; with 64 coolant channels at each row. Each fuel assembly, as seen in Figure 4, 
contains 21 urnium-10 wt.% molybdenum (U-10Mo) curved fuel plates (FPs) which are enriched 
to 19.75 wt.% U-235 with a ~8 µm thick zirconium foil interlayer to prevent chemical interactions 
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between the fuel and the Aluminum-6061 cladding [7], [8]. The two cold neutron sources are 
positioned on either side of the core per Figure 2. The core is designed to optimize the length of 
the fuel cycle and satisfy all thermal limits while maximizing peak thermal neutron flux in the 
reflector tank. 
The two control blades adjacent to the central assembly are for control of reactivity during 
operation and the four other blades are shutdown or safety blades. The configuration shown in 
Figure 2 reflects the axial center of the core, whereas Figure 3 shows the core from a top view 
directly above the core. Figure 4 is a zoomed in view of a fuel assembly from above. Both control 
and safety blades are made of hafnium, which is selected for its increased longevity relative to 
cadmium blades currently used in the NBSR. To suppress the higher flux of the reactor at the initial 
stages of the fuel cycle, cadmium wires (0.5 mm diameter) are placed on each side of each fuel 
plate as a burnable poison. The cadmium wires slide into H2O-filled T-shaped slots within the side 
plates of each assembly, where the water is used to provide some level of cooling for the cadmium 
wires.  
In the neutronics model, using the MCNP code package [9], the fuel plates are assumed flat, fuel 
meat in each plate is discretized into axial and radial zones to account for spatial variations in the 
fuel composition and assist in equilibrium core computations. Axially, the fuel meat is discretized 
into 10 zones, where the top and bottom zones are 2-cm high, and the remainder are 8.25-cm high. 
Radially, the fuel is uniformly discretized into three zones each with a width of 2.167 cm. The 
thickness of the fuel plates is 0.25 mm. 

 
Figure 3: Pre-conceptual core design for the NNS 

 
The NNS is designed to have a high leakage core, with multiple beam tube penetrations through 
the reflector and outer shielding. For neutron scattering experiments in particular, cold neutrons 
are useful, and they are obtained in the NNS using cryogenically cooled liquid deuterium-filled 
cold sources. Connected to the cold sources are cold neutron beam tubes made of zirconium alloy. 
Thermal neutron beam tubes, also made of zirconium, extend near the core and allow for out-of-
core thermal neutron experiments. The presence of the cold neutron sources and beam tubes are 
important to understand the behavior of the core and is included in the MCNP models [10].  
The power peaking factors at each fuel plate throughout the equilibrium core in the mid-plane are 
shown in Figure 5 at multiple cycle states, where the view and orientation of the core are consistent 
with Figure 3. The maximum generated power for each fuel assembly is calculated as 2.52 MW 
[10]. The highest power peaking occurs at the outer edges of the assemblies, which is a consistent 
finding throughout all cycle states. An assembly power of 2.37 MW and a 1.77 power peaking 
factor is obtained for the highest power plate during SU [10]. The outermost plates have more 
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power than the inner plates due to increased moderation (water) being present at the edges. This is 
consistent for all FAs in the core, but it is particularly prevalent in the FAs on the outer columns 
of the core (with respect to the views in Figure 3 and Figure 5). 
 

 
Figure 4: Single fuel assembly 

 
 

 
Figure 5: Spatial Distribution of the Power Peaking Factors at each Fuel Plate 

throughout the Core (SU=Start up, BOC=Beginning of Cycle, MOC=Middle of 
Cycle, EOC=End of Cycle) 

 
Due to the implemented spatial power mesh discretization, the power and fission densities are 
calculated at 19,845 nodes throughout the equilibrium core. They are obtained at multiple 
equilibrium cycle states and for cycles transitioning to the equilibrium cycle spanning 40 days. 
These power and fission densities are illustrated in Figure 6 (a) for cycles 1-3 and Figure 6 (b) for 
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multiple cycle states. Note the presence of two additional cycle states in Figure 6 (b), such that the 
quarter 2 (Q2) and quarter 4 (Q4) states are used to cover the 2nd and 4th quarters of the 40-day 
cycle, respectively. Those two states are used as intermediate cycle states to eliminate most errors 
that arise from the constant location of control blades while moving from BOC to MOC or from 
MOC to EOC, respectively.  
The lower fission densities in the 1st cycle are due to the freshly loaded cadmium absorber wires 
that effectively suppress the flux in early stages of operation. As the cadmium burnable poison is 
utilized, the maximum power density grows from around 16 kW/cm3 in the 1st cycle to roughly 18 
kW/cm3. The maximum integral fission density similarly grows from around 1.5×1021 cm-3 in the 
1st cycle to roughly 4.4×1021 cm-3 in the 3rd cycle [10]. 
 

  
 

Figure 6: Distribution of the Correlation between Power and Fission Densities 
throughout the Core at (a) Multiple Cycles and (b) Multiple Cycle States 

 

4 Core Thermal Hydraulics 
 
The thermal-hydraulics model consists of a coupling between separate thermal and hydraulics 
models. The thermal model calculates the single-phase convective heat transfer between the fuel 
plates and the coolant, and it relies on pre-computed power distributions from the neutronics 
analysis. The model makes use of a one-dimensional energy balance formulae to calculate bulk 
coolant temperature and cladding wall temperature in each coolant channel, where the Petukhov 
and Kirillov correlation is used [11] to compute the heat transfer coefficient. The thermal model 
assumes symmetrical heat dissipation to the coolant channels and assumes a uniform power density 
within the fuel meat  [12].   
The hydraulics model calculates the flow distribution and pressure drop across the FAs by 
simulating parallel coolant channels that are connected to a shared inlet and shared outlet plenum, 
which means that the pressure drop across any given channel is the same. The diagram of all 
coolant channels in a single row with three FAs is given in Figure 7. It can be seen from the 
diagram that there are four different channel types in the hydraulics model, each denoted by a 
different color. Due to the curved nature of the fuel plates, the coolant channel between the 
chimney and the first FA is not equal to the one between the last FA and chimney. All the 
associated coolant channels are calculated considering the geometry specifications of the core.  
The hydraulics model uses the pressure drop equation which is the integrated version of the one-
dimensional momentum equation. For each coolant channel, the model computes the total 



frictional pressure drop and local pressure drop at the entrance and exit of each channel as a 
function of the cell-average velocity and temperature. In order to calculate the friction factor, the 
Churchill correlation is used [13], [14].  
 

 
Figure 7: Diagram of Coolant Channels in FAs at a Single Row of the Core 

 
Coupling the thermal and hydraulics models yields a consolidated model that solves for the 
reactor’s thermal-hydraulics characteristics iteratively. In each iteration the thermal model 
calculates the bulk coolant temperature and cladding temperature for a given mass flow rate. Then 
the hydraulics model computes the pressure drop for the calculated temperatures and yields the 
mass flow rate distribution across all channels. The iterations are continued until the inlet and 
outlet mass flow rates converge to the pre-defined input value [12].  
Cladding temperature distributions of selected fuel plates at startup (SU) are given in Figure 8 . 
The plot shows the axial cladding temperature distribution for the first (1), last (63), and some 
intermediate fuel plates (FP) in the bottom row (row C) including those at the interface of each 
FA. For SU, the highest cladding temperature is observed to be 361 K at the first FP of the bottom 
row. Other rows have very similar distributions across their FPs. 

 
Figure 8: Axial Temperature Distributions of Cladding Walls of Different FPs in a 

Row at SU 
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The thermal limits for different core states are given in Table 1, where the critical heat flux needed 
to compute the minimum critical heat flux ratio (mCHFR) is obtained using the Sudo-Kaminaga 
correlation [15]. The onset of flow instability ratio (OFIR) is computed using the Saha-Zuber 
correlation [16]. Across all core states, the core maintains a relatively stable mCHFR and OFIR, 
which increases as the core proceeds through its cycle. The mCHFR is always greater than 2, which 
agrees with the general acceptance provided by the U.S. Nuclear Regulatory Commission in 
NUREG 1537 [17]. 
 

Table 1: Thermal Limits at Different Core States 
Core State mCHFR OFIR 

SU 2.22 12.9 
BOC 2.18 13.6 
MOC 2.42 15.2 
EOC 2.61 15.1 

5 Neutron Guides, Instrumentation and Facilities 
 
The NNS reactor core and CNS design prioritizes a significant increase in the useable cold neutron 
beam intensity relative to the NBSR. All neutron guides shown are technically feasible and to 
scale. Each has a high simulated cold neutron transmission using currently available supermirror 
coatings combined with a low fast-neutron and gamma-ray transmission (due to the guide 
curvature). Definitions of the instruments are summarized in Table 2. Further details are given in 
Ref. [2]. Additional end-guide positions can be created with benders on guides whose end-position 
instruments do not require the full beam height (e.g., SANS instruments). Monochromatic beam 
positions may be created on the sides of the longer guides and on outer guides where the full beam 
area can be used in most cases with little perturbation to downstream instruments.  
 

Table 2: Proposed Cold Neutron Instruments for the Guide Halls 

 
Instruments being considered for use on the thermal beams, along with their abbreviations, are 
listed in Table 3. Thermal beam instruments are considered as one of each where the number of 
instruments could be adjusted based on scientific need. Accommodating a possible suite of nine 
thermal beam instruments at the NNS will likely require several instruments being located further 
from the core on neutron guides. These may be straight or curved multichannel “bender” devices. 

Instrument Type Total Number End Position 

Small-Angle Neutron Scattering (SANS) 2-3 YES 
Reflectometer (CANDOR type) 2 YES 
Cold Neutron Imaging (CNI) 2 YES 
Cold 3-Axis (CN3X) 2 YES 
Backscattering (BS) 2 YES/NO? 
Neutron Spin-Echo (NSE) (Mezei-type) 1 YES 
Neutron Spin-Echo (NSE) (WASP type) 1 YES 
High current physics experimental position (Physics) 1 YES 
Prompt Gamma Activation Analysis (PGAA) 1 YES 
Neutron Depth Profiling (NDP) 1 YES 
Materials Diffractometer (λ > 0.3 nm)? 1? YES 
Interferometer 1? NO 
Monochromatic Physical Measurements Laboratory (PML) positions 2-3? NO 
Miscellaneous monochromatic/ test positions 2-3? NO 
Very Small-Angle Neutron Scattering (vSANS) 1 YES 
TOTAL 22-25 16-18 



As for the cold neutron instruments, the thermal neutron instrument suite will be finalized in 
collaboration with the user community. 
The NNS will produce a significant gain in thermal neutron flux by having a compact core design. 
The NBSR, which by contrast has a larger cross-sectional area, has a peak unperturbed thermal 
neutron flux in the reflector of about 2×1014 cm-2s-1 at a 20 MW power level. The NNS core will 
produce a minimum peak unperturbed thermal neutron flux in the reflector of about 5×1014 cm-2s-

1 at 20 MW [10].  
 

Table 3: Instruments being considered for the NNS Thermal Beams 
Instrument Type Abbreviation 
Prompt Gamma Neutron Activation Analysis PGNAA 
Neutron Microscope Imaging 
High-Resolution powder diffractometer D 
Triple Axis Spectrometer 3X 
Ultra-Small Angle Neutron Scattering USANS 
High Throughput Fast Powder Diffractometer D 
White Beam Engineering Diffractometer (with 
CANDOR-type detector) ENG 

High Current Physics Experimental Position PHYS 

6 Discussion and Future Work 
 
The preconceptual design characteristics for the proposed NNS, highlights of the reactor core 
neutronics, thermal-hydraulics analysis results showing the feasibility and safety of the compact 
design are provided in this paper. Based on neutronic analysis, power peaking factors, integral 
fission densities and core cycle length were found to be acceptable. Furthermore, based on thermal 
hydraulic calculations, the mCHFR is found to be always greater than 2 at any core state. Future 
work includes neutronic, thermal hydraulic, structural, and material analysis, along with 
optimization studies to improve the core design. Additionally, other fuel options, such as uranium 
silicide, are to be evaluated for performance and safety evaluations.  
By having two major CNSs the NNS increases cold neutron guide access with a broad suite of 
cold neutron instruments and an increased number of cold-neutron end-stations. Extensive 
simulations have been performed [2], [18] which compare the NBSR existing Unit 2 liquid 
hydrogen (LH2) CNS with the NNS dual LD2 CNSs. The initial results imply a total cold neutron 
(λ > 0.4 nm) current gain at the guide entrances ranging between 6.5 and 8.4, depending on the 
choice of guide entrance cross-section [18]. There are indications that these gain factors could 
increase with further optimization of the CNS dimensions. The cold neutron gain at the instruments 
may be further enhanced over that available at the guide entrances by designing the intervening 
neutron optics for improved transmission within the specific beam area, beam divergence, and 
bandwidth used by the instruments. Moreover, it is planned that the design of each individual 
instrument be optimized for performance, employing as many advanced concepts and state-of-the-
art neutron optical components as possible. Such improvements, along with the high brightness of 
dual CNSs creates a potential for a significant boost in the cold neutron experimental output over 
what is currently possible at the NCNR.  

7 Disclaimer  
 
Certain commercial equipment, instruments, or materials are identified in this study in order to 
specify the experimental procedure adequately. Such identification is not intended to imply 
recommendation or endorsement by the National Institute of Standards and Technology, nor is it 
intended to imply that the materials or equipment identified are necessarily the best available for 
the purpose. 
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