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ABSTRACT
The Quite Intense Kinetics Reflectometer (QIKR) will be a general-purpose, horizontal-sample-surface neutron reflectometer. Reflectometers
measure the proportion of an incident probe beam reflected from a surface as a function of wavevector (momentum) transfer to infer the
distribution and composition of matter near an interface. The unique scattering properties of neutrons make this technique especially useful in
the study of soft matter, biomaterials, and materials used in energy storage. Exploiting the increased brilliance of the Spallation Neutron Source
Second Target Station, QIKR will collect specular and off-specular reflectivity data faster than the best existing such machines. It will often
be possible to collect complete specular reflectivity curves using a single instrument setting, enabling “cinematic” operation, wherein the user
turns on the instrument and “films” the sample. Samples in time-dependent environments (e.g., temperature, electrochemical, or undergoing
chemical alteration) will be observed in real time, in favorable cases with frame rates as fast as 1 Hz. Cinematic data acquisition promises
to make time-dependent measurements routine, with time resolution specified during post-experiment data analysis. This capability will be
deployed to observe such processes as in situ polymer diffusion, battery electrode charge–discharge cycles, hysteresis loops, and membrane
protein insertion into lipid layers.
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SCIENCE DRIVERS
General

Interfaces are ubiquitous and the transport of atoms, molecules,
or charge across interfaces is fundamentally important to the prop-
erties and function of materials. Interfacial potential energy gra-
dients drive a host of thermodynamic processes. Many advanced
properties sought through materials by design will only be real-
ized in new materials having at least one nanoscale dimension. In
these systems, new functionality can arise from surface-dominated
forces and interactions, rather than from the less-specific inter-
actions that span the bulk. Neutron reflectometry directly probes
air/solid, solid/liquid, air/liquid, and liquid/liquid interfaces. The
Quite Intense Kinetics Reflectometer (QIKR) is designed to shine the
unprecedented brightness of the Second Target Station (STS) onto
these problems.

The ability to perform time-resolved studies with the unique
capabilities that neutron beams offer is one of the most impor-
tant advances enabled by the STS. Structural alterations that follow
changes in temperature, shear, pressure, and other environmental
conditions are vital to the performance and processing of materials.
Many of these interesting structural processes occur over seconds
to minutes after the stimulus, which is well matched to the new
capabilities afforded by the STS. In favorable cases, the potential for
resolving materials changes with each neutron pulse may exist and,
hence, time-resolved experiments (∼100 ms) become feasible.

A recent report describes the science to be addressed by the STS
(ORNL, 2019). Drawn from this and other sources, the following
brief survey illustrates the wide range of topics addressable by a high-
intensity broad bandwidth reflectometer like QIKR.

Soft matter

Soft matter encompasses materials that are at least 1000 times
mechanically weaker than conventional solids. Soft matter is typi-
cally composed of large molecules, polymers, membranes, colloidal
suspensions, or foams, and also encompasses dislocations and grain-
boundary networks. Common examples include plastics, detergents,
oils, gels, pastes, paints, and condiments. There is strong overlap and
synergy between soft matter and biological materials.

Polymer molecules located at solid and fluid interfaces exhibit
an enormous spectrum of technological applications. For example,
they provide a mechanism for imparting colloidal stabilization, are
used as protective coatings (including the mechanical protection of
hard materials against friction and wear), govern the interactions of
biological cells with surfaces, and through judicious design are used
to modulate dispersion properties (e.g., rheology) under a variety
of processing conditions (Stockton and Rubner, 1997). Knowledge
of the conformations that adsorbed or terminally anchored chain
molecules adopt when subjected to confinement and/or solvent flow
is essential for predicting the interaction forces and tribological and
rheological properties in materials utilizing thin-film technologies
(Sanchez, 2013).

Processes occurring at liquid/liquid interfaces are relevant
across a broad range of scientific disciplines, from chemical extrac-
tion to metabolic processes at biological and synthetic membranes
(Schlossman, 2002). These interfaces are difficult to interrogate,
but the penetrating power of neutrons and their sensitivity to light
elements provide a unique capability.

Solvent extraction plays a major role in the hydrometallur-
gical separation of base and precious metals, such as rare earths
(Tasker et al., 2004), as well as in the reprocessing of spent nuclear
fuel and in the separation and isolation of long-lived radionuclides
from high-level nuclear waste (Nash, 2006). Solvent extraction is a
flexible and scalable technique based on the distribution of chem-
ical species between two immiscible liquids, usually an aqueous
phase in contact with an organic phase. Although the interaction of
metal ions with aqueous complexants and organic extractants at the
aqueous–organic interface determines the efficiency and kinetics of
extraction processes, little is known about the molecular complexes
that form at the interface or the ion transfer mechanisms that under-
lie the process of solvent extraction. Neutron reflectometry provides
a unique ability to view these interfaces by traversing a liquid phase
as the incident medium. Depending on the problem, the transmit-
ting medium may be either above or below the interface, so QIKR
is designed to operate in both geometries. Reduced measuring time
will allow tracking of interfacial processes on seconds-to-minutes
time scales.

The extraction cycle consists of both forward- and back-
extraction processes. Of interest for neutron reflectivity experiments
is an exploration of the role of aqueous complexants and buffers
in the back-extraction process enabled by a liquid/liquid inter-
face cell capable of injection/exchange of various solvent/solute
components. Such a cell enables formation of well-defined, planar
liquid–liquid interfaces. The kinetics and composition of complexes
of ions formed at the interface and their interaction with extracting
surfactant molecules can be derived from the measured reflectivity
curves.

To address the four cross-cutting National Academy of Engi-
neering Grand Challenges in health, food, energy, and sustainability
(NAE, 2022) and the NSF guidelines for Growing Convergence
Research (NSF, 2022; Gropp, 2016), interfaces of soft materials and
polymers should be designed to be self-cleaning, antifouling (for
environmental and energy applications, such as in filtration mem-
branes) (Maan et al., 2020; Zhang et al., 2017; Geyer et al., 2020;
and Yan et al., 2020), and adaptable to changing environments
and in addition to deliver bioactive molecules in biomedical set-
tings. Yet the fundamentals of constructing such surfaces are not
well understood. A specific challenge is to observe the short-
term response of surfaces to changing environments (e.g., light- or
analyte-triggered dehydration or conformational challenges). This
short-term response, often occurring on time scales of seconds
or minutes, strongly affects long-term surface antifouling/drug-
delivery behavior, but techniques to study such responses are lack-
ing. Time-resolved neutron reflectometry (NR) within controlled
sample environments (e.g., shear, contact with adsorbing molecules,
application of light) will enable the observation of surface reorga-
nization, inversion of polymer molecules, response of surfaces to
invading molecules, and release of active compounds from coatings
at relevant time scales and thus will enable the design of surface
properties for maximized antifouling/drug-delivery functionality.

Energy materials

Energy storage and conversion are growing in importance for
the nation’s energy and economic security as described in DOE’s
Energy Storage Grand Challenge Roadmap (BES, 2022). Focus areas
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where QIKR can contribute include, but are not limited to, tra-
ditional lithium-ion batteries as well as newer cell chemistries,
including sodium ion, metal–air, flow, and all solid-state batter-
ies. There are two fundamental challenges limiting energy storage
development: (1) interfacial chemistry and (2) materials assembly.

Challenge 1: Interfacial chemistry

In every single energy storage system, interfacial reactions
dominate cell performance and lifetime. These reactions occur
because of large oxidation and reduction potentials at the cathode
and anode, respectively, causing the decomposition of materials at
the electrode surface (Peled, 1979; Peled and Menkin, 2017). These
decomposition reaction products are described as the solid elec-
trolyte interphase (SEI) at the anode and the cathode electrolyte
interphase (CEI) at the positive electrode (Verma et al., 2010). These
reactions lead to mixtures of inorganic (e.g., LiF, Li2O, Li2S, Li3N)
and organic/polymeric compounds (e.g., Li–R–O–CO2, alkoxides,
ethers) and depend on cell chemistry, electrolyte, cell additives, and
the chemical potential of the interface. A poorly formed SEI can lead
to cell failure and safety issues such as ignition and outgassing. Most
current understanding of these processes derives from ex situ char-
acterization using infrared- and vacuum-based scattering methods
from cells disassembled and washed prior to analysis. Given that the
SEI and CEI mediate battery stability, ion transport, cell power, and
lifetime, it is essential to develop a predictive understanding of their
chemistry.

In situ neutron reflectometry measurements over the past
decade have provided previously unobtainable insights into SEI and
CEI chemistry. Reflectivity data have revealed the spontaneous seg-
regation of solvent and ions at anode and cathode surfaces, resulting
in a 3–5 nm-thick interface layer with liquid electrolytes. These films
are thicker than the classic double layer and are believed to be the
first steps of SEI formation (Veith et al., 2014). Upon lithium-ion
cycling, it has been determined that interfaces on silicon anodes are
highly dynamic and change in thickness and composition with the
state of charge in a process called “breathing” (Veith et al., 2014;
Fears et al., 2016; and Veith et al., 2017). SEIs and CEIs range
in thickness from 1 to 100 nm. Furthermore, salt components of
the SEI are easily removed by solvent exposure, leaving insolu-
ble species behind, providing a link between ex situ and in situ
characterization (Browning et al., 2019; Browning et al., 2020).
Other groups have focused on the diffusion of lithium within an
anode and identified phase fronts that form with the amorphiza-
tion of crystalline silicon (Jerliu et al., 2013; Seidlhofer et al., 2016;
Jerliu et al., 2014; and DeCaluwe et al., 2015), the interface chem-
istry of cathodes (Hirayama et al., 2010; Veith et al., 2015; and
Minato et al., 2016), and lithium (Avdeev et al., 2017) or carbon
anodes (Kawaura et al., 2020). In all these studies, data were col-
lected in “static” modes where a cell was charged to a specified
voltage or lithium content, allowed to relax, and then reflectivity
data were collected. This data collection choice was dictated by the
speed of available data acquisition parameters, neutron flux, and cell
design. However, from these prior studies, chemistry and composi-
tion change with the state of charge over time periods ranging from
seconds to years.

From the work described above flow several fundamental
questions addressable using cinematic reflectivity measurement of

classic liquid electrolytes (e.g., 1.2M LiPF6 in mixtures of ethylene
carbonate/diethyl carbonate):

● SEI formation: How do the solvent and ions organize and
change during the initial cell charging process? How do
these rearrangements affect stripping and plating of lithium?
What happens at faster or slower rates of charge and cycling?

● SEI dynamics: How does the SEI change upon termination
of charging? How do Li ions relax when not under potential?
Can we develop ways to improve electrode life by studying
nanoscale structural changes with time?

● SEI lifetime: What happens to the interfacial chemistry
when the cell suffers from an SEI failure resulting in self-
discharge over several hours? Can this phenomenon be
controlled? Are there specific electrochemical signals that
can be correlated with chemical and structural changes?

Beyond classic liquid electrolytes, there is a growing need
to understand interfacial chemistry in solid-state batteries where
the electrolyte is a solid ion conductor (e.g., Li–La–Ti–O,
Li–La–Ta–Zr–O, Li–P–O–N). In these systems, there is no liquid
electrolyte, rendering them safer and longer-lived. However, there
are several fundamental questions to be addressed, including the
following:

● Lithium metal interface: What happens as lithium metal is
plated at the anode–solid electrolyte interface? Are observed
chemical changes passivating or constantly changing? What
chemical changes lead to lithium orphaning?

● Cathode–solid electrolyte interface: What happens to the
solid electrolyte at high oxidation potentials? Do lithium
ions segregate at the interface? How do lithium ions move
across the interface?

Answers to any of these questions will provide pathways to
improved battery performance, which is essential for successful
deployment of the next generation of energy storage technologies.

Challenge 2: Materials assembly

Over the last 40 years, and with the explosion of computation
methods, virtually all electrode and solid electrolyte materials have
been identified. The challenge now is to determine how, precisely
and reproducibly, to assemble these materials into structures that are
functional. Functionality includes optimized orientation to facilitate
lithium transport as well as the interfacial stability discussed above.
Candidate materials include lithium-containing ceramics, lithium
salts, and lithium metal, in addition to proton-containing poly-
mers and processing solvents. Fundamental questions include the
following:

● How do we assemble two dissimilar ceramics without allow-
ing interdiffusion of atoms between them? What happens to
the two materials under chemical potential and over time?

● How does the assembly of ion-conducting polymers at
ceramic interfaces vary with processing conditions?

● What happens to the interface when lithium metal is
deposited or grown on a solid electrolyte?

● How do passivation and sacrificial additives affect the
chemistry of the solid electrolyte?
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Answering these questions is essential to moving beyond tradi-
tional stochastic battery formation processes toward rational design.
This science is completely new and requires the ability to track
the segregation of Li- and H-containing materials as a function of
temperature, pressure, field, and chemical potential with time.

Beyond energy storage

The science discussed above focuses on batteries, but there are
numerous other technological areas where understanding changes
in buried interfaces with time and state is crucial, including concen-
trated solar plants, the growth of perovskite solar cells, electrochem-
ical conversion of CO2 and N2 into fuels, and supercapacitors. In
every case, interfaces change as a function of potential over time in
ways that are not understood.

For example, the corrosion of metal alloys determines the life-
time and efficiency of the thermal molten salt systems envisioned for
nuclear and solar energy capture and conversion. In these systems,
interface chemistry between the molten salt and its containment
mediates metal leaching and heat transfer but it is unclear how, or
on what time scales, or even what happens with subtle changes in
chemistry over time. For perovskite solar cells, how does the current-
collector interface with the perovskite evolve over time? How does
this chemistry affect cell efficiency? Can this process be directed?
Within a supercapacitor, how do ions segregate or change orienta-
tion over extended periods of time? In every case, the organization
and relaxation of species under potential play a key, and currently
unknown, role in determining lifetime and performance. The ability
to probe these interface structures as a function of time in situ will
be essential to developing solutions to the nation’s energy security
needs.

Biology

Biological and biomimetic membranes are ubiquitous in a vari-
ety of research areas at the interface of biology, biophysics, health
care, and biotechnology (Young-Rok et al., 2012; Nielsen, 2009;
Yingchoncharoen et al., 2016; Peetla et al., 2009; Egrot et al., 2010;
and Siontorou et al., 2017). In cells, the intrinsically interfacial
nature of plasma membranes makes them the interaction front
between the cell and its environment. In addition, cell mem-
branes are the first line of defense against pathogens, e.g., viruses,
fungi, and bacteria (Auth et al., 2018). However, despite the cen-
tral role of membranes in cellular function, very little is known
about how they respond to their environment, to viral proteins,
and to the bacterial and fungal secretions responsible for cel-
lular hijacking. Furthermore, anomalies in cell membrane com-
position, structure, and in-plane arrangements have been impli-
cated in various disease conditions, including cancer and multidrug
resistance—two imminent threats to global public health (Simons
and Ikonen, 1997; Michel and Bakovic, 2007). For instance, growth
and clustering of lipid rafts—nanoscopic lipid domains rich in
cholesterol—have been linked to the migration and spread of can-
cerous cells (Bi et al., 2018) and for the stabilization of multidrug-
resistant proteins that actively export drugs out of diseased cells
(Rockwell, 2013; de Lange, 2007). With the envisioned surge of
infectious diseases (Bongomin et al., 2017; Singhal, 2020) and the
emergence of various forms of multidrug resistance (Liscovitch and

Lavie, 2000), it is more pressing than ever to understand how mem-
branes rearrange under disease conditions, how they interact with
pathogens, and how the development of new drugs can effectively
control the molecular and nanoscopic arrangements within cell
membranes. All these outstanding questions require the ability to (1)
probe membranes with high resolution in different environments
and in contact with different interfaces, (2) selectively interrogate
functional membrane features, and (3) understand how such fea-
tures evolve over time. Addressing these questions is crucial for
(a) the fundamental understanding of the collective response of
membranes to molecular and environmental cues, (b) the determi-
nation of membrane physical properties responsible for impeding
pathogen attack, and (c) the development of membrane-based ther-
apeutic approaches based on experimentally validated molecular
design rules.

Investigations of this nature benefit from the selective iso-
tope sensitivity of neutron scattering (Ashkar et al., 2018) and
from the molecular- and sub-molecular-level resolution of neu-
tron reflectometry (Majewski et al., 2000; Wong et al., 1999;
Majkrzak et al., 2000; and Junghans et al., 2015). Here, it is important
to acknowledge that while neutron reflectometry from supported
lipid bilayers has been used in a multitude of studies and has shed
important light on vital membrane properties (Nanda et al., 2010;
Hoogerheide et al., 2017; Benedetto et al., 2014; Luchini et al., 2017;
Fragneto-Cusani, 2001; and Gerelli et al., 2012), studies on lipid
monolayers at the air–water interface suffer from reflectivity pro-
files with very few features—rendering model fitting and parameter
extraction difficult. However, the combination of reflectometry mea-
surements with molecular dynamics (MD) simulations offers a
powerful means of modeling reflectometry data and unraveling the
molecular rearrangements inferred from subtle reflectivity changes
(McCluskey et al., 2019). In addition to the use of MD simulations to
model specular reflectivity from laterally averaged membrane struc-
tures, recent developments in simulation capturing in-membrane
structures (Dorrell et al., 2020), e.g., raft-like lipid domains (Lev-
ental et al., 2020; Simons and Ikonen, 1997), open new possibilities
for resolving lateral membrane features of relevance to biologi-
cal function, disease conditions, and therapeutic approaches. More
importantly, the ability to probe the evolution of such features
over sub-minute time scales will revolutionize our understanding
of membranes as dynamic entities that constantly detect interfacial
changes and respond to them in real time. Unfortunately, the cur-
rent absence of methods that enable a view of “membranes in action”
is a bottleneck. Thus, the development of experimental methods
that afford a direct view of membrane kinetics is key to unraveling
the active face of cell membranes—a topic that is in close align-
ment with the DOE-BESAC grand challenge, Mastering Hierarchical
Architectures and Beyond Equilibrium Matter (Hemminger, 2015),
the milestone of engineering biotic and abiotic interfaces identi-
fied in the 2021 EBRC Engineering Biology and Materials Science
Roadmap (EBRC, 2022), and identified as one of NSF’s ten Big Ideas
(Gropp, 2016).

Bilayer membranes, composed of inner and outer amphiphilic
leaflets, are a defining structural motif in biology. Lipid flip-flop is a
biological process in which lipids traverse a bilayer membrane from
one leaflet to the other. During flip-flop, polar lipid head groups
must translocate across membranes not only to sustain growth
but also to support the function of certain biosynthetic pathways,
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maintain the membrane’s nonrandom asymmetry, contribute to the
mechanical stability of the cell, and to manage programmed cell
death. Lipids are actively transported across a lipid bilayer by mem-
brane proteins, or flippases, on time scales of seconds or minutes.
Flippases also exist in forms that trigger non-bilayer rearrangement
or induce transient defects in lipid bilayers. Much work has focused
on the thermodynamics of lipid translocation to establish the flip-
ping mechanism and to identify intermediate structures. However,
there are discrepancies in the time scale, occurrence, and features
of the flip-flop mechanism, depending on the techniques used to
characterize it. Neutron reflectometry (NR) possesses a fundamen-
tal advantage over techniques that employ modified or labeled lipids,
which may differ chemically and structurally from the native lipids
found in biological membranes. NR provides the composition of
membrane leaflets in the direction normal to the interface, which
makes the technique essential in the study of lipid flip-flop systems
(Gerelli et al., 2012). QIKR, with greater flux, will be able to cap-
ture fast lipid translocation triggered by flippases and to identify the
mechanisms of lipid flip-flop systems for the first time.

Medical devices, such as infusion tubes or prefilled syringes, are
typically either comprised of hydrophobic polymeric materials or are
coated with a layer of hydrophobic oil on a glass surface. Under-
standing the effect of interfacial rheological forces at hydrophobic
surfaces upon adsorption and possible conformational changes of
proteins and surfactants is crucial for storage stability and delivery of
pharmaceutical liquid formulations (Chi et al., 2003). On a neutron
beamline, a rheometer can be used to mimic medical injection pro-
cesses by rotating a prepared surface past a protein solution. The in
situ interfacial interactions between hydrophobic coated substrates
and protein molecules can be tracked by neutron reflectivity inci-
dent from the substrate. Observing the assembly and disassembly
of proteins under flow can help improve the performance of these
devices.

Intrinsically disordered proteins (IDPs) are highly dynamic
and do not have well-defined shapes. Depending on the interaction
between IDPs and the surrounding material, e.g., lipid membranes,
IDPs may quickly adopt stable conformations, complexes, and net-
works (Dyson and Wright, 2002). Time-resolved measurements can
elucidate the mechanisms of protein assembly, adding to the under-
standing of the molecular basis of neurodegenerative and other
diseases.

QIKR is designed to address the type of problems surveyed
above. Its horizontal sample orientation and ability to perform
measurements in the θ–θ scattering geometry (horizontal surfaces)
enable study of lipid monolayers on water as well as lipids and
other amphiphiles at liquid–liquid interfaces. The use of cine-
matic measurements and the unprecedented STS flux to resolve
time dependence promise to open a new window onto membrane
kinetics.

Fundamentals of neutron specular reflectometry

Neutron reflectometry exploits differences in the scattering
properties of atoms to probe interfacial structure. Neutrons behave
as waves, described by the Schrödinger equation and so, analogous
to photons, reflect and refract at discontinuities in refractive index.
The neutron refractive index depends on the scattering properties
of a material’s constituent atoms and how densely those atoms are
packed in space (Squires, 2012; Klein and Werner, 1983),

n =
√

1 − λ2

π
b
V
=
√

1 − λ2

π
ρNA

M
b ≈ 1 − λ2

2π
ρNA

M
b, (1)

where λ is the neutron wavelength, ρ the mass density of the mate-
rial through which the neutron wave passes, NA Avogadro’s number,
M the molecular mass of a formula unit characteristic of the mate-
rial (e.g., crystal unit cell or monomer stoichiometry), and b is the
sum of neutron scattering lengths (the coherent scattering cross
section is 4πb2) of the atoms within the formula unit. The quan-
tity ρNA/M defines the inverse of the volume V occupied by the
formula-unit atoms. The b/V formulation is useful when treat-
ing mixtures, such as amphiphilic molecules spread on a water
surface. Neutrons scatter from both the atom’s nucleus and magnet-
ically from unpaired valence electrons (Squires, 2012; Ankner and
Felcher, 1999). Coherent spin-dependent scattering is not present
for most atoms, so we omit consideration of it here for simplic-
ity of presentation. The dependence of b on the neutron–nucleus
interaction via the strong force means n is determined by iso-
topic (Sears, 1992) rather than atomic composition, a character-
istic exploited to create contrast, most commonly by substituting
deuterons (2H) for protons (1H), and also used in battery stud-
ies (6Li and 7Li) and other applications where relevant isotopes are
available.

Neutron reflectometry comprises the measurement of the
reflected intensity of a neutron beam directed onto a sample surface
or more generally onto the interface between two refractive media.
The reflection and refraction of neutrons from an interface obeys
the same mathematics as that of photons i.e., Snell’s Law (Born and
Wolf, 1980), which is equivalent as well to the quantum-mechanical
one-dimensional particle in a box (Cohen-Tannoudji et al., 1977).
In these treatments, a wave traveling through a refracting medium
impinges on an interface with a medium of differing refractive index
(Fig. 1). A portion of the incoming wave is specularly reflected at
an exit angle equal to the incident angle, with the remainder being
transmitted into the other medium. This elastic scattering process

FIG. 1. A plane wave (wavelength λ) is incident from the left at an angle θ onto
a film consisting of a sequence of L refracting slabs. The wavevector transfer Q
is proportional to the momentum change of reflected relative to incident waves
[Eq. (2)]. Waves specularly reflected from each successive interface combine
coherently to produce a reflected wave of amplitude r0 (Parratt, 1954). A transmit-
ted wave of amplitude tL upon reflection proceeds through a semi-infinite substrate
medium.
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is characterized by a change in momentum between reflected and
incident waves,

Δp = h̵Q = h̵
4π sin θ

λ
, (2)

where p is the component of the wave’s momentum normal to the
reflecting interface, h Planck’s constant divided by 2π, θ the angle
of incidence of the wave onto the interface, and λ its wavelength.
The wavevector transfer Q, dependent on incident angle and wave-
length, characterizes the specular reflectivity process. The scattering
length density, Σ, related to the difference of a material’s refractive
index from 1 (of order 10−6 for neutrons), connects kinematic and
refractive properties [Eqs. (1) and (2)],

Σ ≡ b
V
= ρNA

M
b = Q2

c

16π
, (3)

where the critical wavevector Qc is the wavevector below which a
wave is totally reflected from the interface (r0 = 1).

The wave-equation solution for the reflected amplitude r0 may
be extended to an arbitrary number of interfaces between incident
and substrate media (Parratt, 1954). Essentially, one applies Snell’s
law in turn at each interface to account for the deflection of the
transmitted waves,

Ql =
√

Q2 −Q2
cl =
√

Q2 − 16πΣl, (4)

where index l enumerates the sequence of refracting layers. Refrac-
tive gradients of arbitrary shape may be represented as sequences
of layers of varying thickness and scattering length density (SLD)
(Ankner and Majkrzak, 1992) and the interpretation of spec-
ular reflectivity data consists of fitting parametrized models of
these refractive gradient distributions. The remainder of this work
describes how QIKR will carry out the measurements depicted
schematically in Fig. 1.

QIKR DESIGN
General requirements

The range of scientific fields served by QIKR is large, requir-
ing specialized sample environments to interrogate solid and free
liquid surfaces as well as solid/liquid, liquid/liquid, and solid/solid
internal interfaces. Free liquid and liquid/liquid experiments (and
to a lesser extent rheology) are constrained in that the sample
surface is defined by gravity and so cannot be tilted. The inci-
dent reflection angle in these cases must be defined by deflect-
ing (Campbell et al., 2011) or sampling the angular divergence
of the incident neutron beam (Ankner et al., 2002). Free liquid
surfaces and upper-subphase-transmitting liquid/liquid interfaces
require a downward-directed incident beam, while lower-subphase-
transmitting liquid/liquid interfaces need an upward-directed inci-
dent beam. Solid and solid/liquid samples can be tilted and generally
are not constrained by the incident beam direction. However, deli-
cate or massive sample environments, such as a rheometers, may also
benefit from a non-tilted sample. Therefore, to address the interests
of the entire scientific community, QIKR will offer both downward-
and upward-directed incident beams.

Collecting data rapidly and accurately is important for all
experiments and the neutron flux of the STS will enable experiments
with unprecedented time resolution. True kinetic measurements
must be collected at a single instrument setting covering the Q range
of interest. The key parameter for such measurements is the dynamic
range D accessible in a single instrument setting, which for a pulsed
neutron source utilizing a single incident angle θ and time-of-flight
to determine neutron wavelength may be written as

D ≡ Qmax

Qmin
= λmax

λmin
= 1 + h

m
1
L

1
f

1
λmin

, (5)

where the ratio between the maximum and minimum wavevec-
tors (or wavelengths) for a given measurement depends on Planck’s
constant h, the neutron mass m (h/m = 3956.0 m Hz Å), the neutron-
source–detector distance L, the minimum wavelength λmin, and the
source repetition frequency f . Since the neutron velocity v = L/t, for
instruments employing neutron time-of-flight to determine wave-
length, D = vmax/vmin = tmax/tmin as well (recall h2k2/2m = mv2/2
and k = 2π/λ). To determine neutron wavelength from time-of-
flight, faster neutrons created by a succeeding pulse must not
overrun slower neutrons created by the current pulse and so
tmax = tmin + f −1. Putting all this elementary physics together yields
Eq. (5). On a time-of-flight instrument, large dynamic range is
achieved by a short instrument on a low-frequency source utiliz-
ing short-wavelength neutrons. Accessing a dynamic range of 10 or
more (e.g., 0.02 < Q < 0.2 Å−1) in a single instrument setting enables
cinematic data collection for most samples.

The 15 Hz STS repetition rate allows a much larger wave-
length bandwidth than is available at the 60 Hz Spallation Neutron
Source (SNS) first target station (FTS), but to achieve true single-
setting operation for most samples, QIKR must be able to run in
pulse-skipping mode at 7.5 Hz, using only every other pulse from
the accelerator. In addition, while optimizing transport of neutrons
at peak moderator flux (λmin = 2.5 Å) is essential to maximize Q
bandwidth and minimize counting time, the instrument will also be
capable of operating at 15 Hz and in different wavelength bands. In
such modes, one spans the full Q range with multiple incident beam
angles.

The scientific interests of the QIKR user community require
measurement of materials at solid and solid/liquid interfaces (θ–2θ
geometry) as well as free liquid and liquid/liquid interfaces (θ–θ
geometry). In addition, QIKR should be able to measure using
beams incident from both above (e.g., free liquid) and below (e.g.,
liquid/liquid from the lower subphase) the sample interface (Fig. 2).
In addition, there must be sufficient space available to mount and
operate a variety of sample environments.

Wavevector resolution for specular reflectometry depends on
wavelength (time-of-flight) and angular relative resolutions added
in quadrature,

δQ
Q
=

¿
ÁÁÀ(δλ

λ
)

2

+ (δθ
θ
)

2

. (6)

The coupled H2 moderators planned for STS and the short
flight path required to achieve a broad wavelength bandwidth imply
a minimum relative Q resolution given by neutron emission time
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FIG. 2. Reflectometry scattering geometries. (left) θ–2θ geometry, in which inci-
dent angle θi is fixed and the sample and detector are rotated with specular
condition at θd = 2θs. (right) θ–θ geometry where incident angle is varied or sam-
pled, the sample incident angle is fixed, and θd = −θi for specular reflectivity from
upward-directed (top) and downward-directed (bottom) beams.

uncertainty δt/t (hence, λ and Q) of about 0.02. While most exper-
iments will be well served at that resolution, when measuring
thin-film (e.g., lipid monolayer) kinetics, a user should be able to
relax beam angular resolution and gain flux to improve time resolu-
tion. The considerations described above may be summarized in the
following list of requirements:

● QIKR sample stage and environs must be spacious and
equipped with utilities to accommodate a wide range of
sample environment equipment.

● The QIKR instrument enclosure should be designed to min-
imize sample environment setup time and sample alignment
time.

● QIKR must operate in both θ–2θ (solid and solid/liquid
samples) and θ–θ (air/liquid and liquid/liquid samples)
scattering geometries.

● QIKR must collect data using incident beams from both
above and below the sample horizon.

● QIKR must be able to operate at 7.5 Hz (in addition
to the 15 Hz source frequency) to maximize wavelength
bandwidth.

● QIKR must transport all potential neutron phase space tra-
jectories (space and divergence) of neutrons at the spectrum
peak (λmin) for 0.02 < δθ/θ < 0.07.

● QIKR should be placed as close to the moderator as possible
to maximize wavelength bandwidth.

In addition to the more general requirements listed above, there
are requirements common to most reflectivity measurements, such
as beam footprint (sample size) and Q range. These parameters as
well as resolution and dynamic range requirements discussed above
are given in Table I.

Floor plan and physical dimensions

Considered as a whole, the requirements listed above prove dif-
ficult to satisfy on a single instrument. Geometry places limits on
the working area available to an instrument that must have a short
flight path amid converging neighboring beamlines. Achieving low
background also becomes more challenging the closer one gets to the
neutron source as does blocking the view of the neutron and gamma

TABLE I. QIKR operating parameters.

Parameter Value

Beam footprint at sample Variable from 5 × 10 to 25 × 75 mm2

Q range (θ–θ geometry) 0.008 < Q < 0.35 Å−1

Q range (θ–2θ geometry) 0.005 < Q < 0.50 Å−1

Q resolution 0.02 < δQ/Q < 0.07
Dynamic range D 10

prompt flashes when the proton beam strikes the target. Providing a
range of incident beam angles to achieve the required Q range using
the available wavelengths in the θ–θ scattering geometry is like-
wise challenging. Accessing that range of incident angles from both
above and below a gravity-defined sample horizon is harder still.
These challenges along with the required flexibility in accommo-
dating sample environments have led us to propose an instrument
composed of two independently operable end stations (Fig. 3).

The lower end station (QIKR-L), featuring a downward-
directed beam, can perform free liquid measurements (e.g., Lang-
muir trough and upper-subphase-incident liquid/liquid). The upper
end station (QIKR-U) is intended specifically for liquid/liquid reflec-
tivity measurements with the lower subphase serving as the incident
medium and rheometry in which shear is applied from above. Either
station will be able to handle bulky, massive, or delicate sample envi-
ronments that are best not tilted. The vertical angle of the incident
beam is only determinative for experiments performed in the θ–θ
scattering geometry, where the sample cannot be tilted. Both sta-
tions will be outfitted with sample and detector positioning systems
to enable experiments in the θ–2θ scattering geometry as well.

To provide sufficient space in the independent end-station
caves, QIKR-U will be longer than QIKR-L. The consequent reduc-
tion in dynamic range [Eq. (5)] is a sacrifice needed to satisfy space
needs for both stations. The QIKR-U dynamic range (at 7.5 Hz)
nonetheless equals or exceeds that of most existing instruments.
Independent neutron optical systems will view the same coupled
H2 cylindrical moderator with a peak flux at 2.5 Å. Due to the
intrinsic ∼ Q−4 decrease in reflectivity with Q, we have defined
the smallest usable wavelength λmin to be the spectral peak of the
moderator—greatest flux at lowest reflectivity. Given the require-
ment that QIKR not encroach on adjacent instruments, the closest
we could locate QIKR-L was at a moderator–detector distance of
20 m, with QIKR-U staggered back to 24 m. To access required
Q ranges in the θ–θ geometry (see neutron guide design below),

FIG. 3. Oblique side view of the QIKR lower (QIKR-L) and upper (QIKR-U) end
stations and guide paths. The stations will be physically separated and operated
independently.
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TABLE II. Spatial, spectral, and timing characteristics of the lower (QIKR-L) and upper
(QIKR-U) end stations and the beam angle relative to horizontal, γguide.

Station L (m) λmin (Å) f (Hz) D γguide (deg)

QIKR-L 20.0 2.5 15 6.3 −2.5
7.5 11.5

QIKR-U 24.0 2.5 15 5.4 2.5
7.5 9.8

the incident beams are inclined (γguide) 2.5○ downward and upward
for QIKR-L and QIKR-U, respectively. These parameters and the
resulting dynamic ranges are shown in Table II.

Neutron transport (guide)

In addition to enhancing neutron brilliance transport, super-
mirror guides filter out high energy neutrons and provide angular
divergence to access the full Q range required for θ–θ measurements
(Table I). Figure 4 shows scaled vertical and horizontal schematics
of the QIKR-L components. QIKR-U is essentially similar, differ-
ing only in vertical inclination, overall length, and chopper position.
As with the FTS Liquids Reflectometer, QIKR utilizes multichannel
benders rather than T0 choppers to eliminate the prompt flash of fast
neutrons from the target and moderator. In addition to the spatial
impracticality of placing two T0 choppers near the monolith (which
could be solved by only building one end station), pulse-skipping
operation at 7.5 Hz would be compromised. The T0 chopper must
block every pulse and so must run at 15 Hz, meaning it would tran-
sit the guide in the middle of the 7.5 Hz wavelength frame to block
the unwanted pulse. To prevent the data acquisition issues associ-
ated with this transit, we have chosen to use a multichannel bender,
which also allows extraction of two beams.

The other primary guide function is to supply angular diver-
gence for measurements in the θ–θ geometry. The 3 × 3 cm2

STS cylindrical moderator will be smaller and brighter than the
10 × 12 cm2 FTS moderators. We image this small source using
a long diverging ballistic guide section followed by a shorter con-
verging taper in which the neutron population exiting the ballistic
section is split into three: a central beam passing without reflection
out the tapered exit and two satellite reflections from the bottom

TABLE III. Components of QIKR-L guide and their lengths l, input distance from the
neutron moderator Lin, width w, input hin, height at output hout , supermirror guide coat-
ing as a multiple m of the Qc of nickel, and the number of channels in the component
nchannels. The radius of curvature of the Ballistic Bender is 173 m.

Component
l

(cm)
Lin

(cm)
w

(cm)
hin

(cm)
hout
(cm)

Coating
(m) nchannels

Source volume 200.0 0.0 3.0 3.00 2.65 ⋅ ⋅ ⋅ 1
Ballistic bender 622.0 200.0 3.0 2.65 6.76 5 3
Chopper gap 7.3 822.0 3.0 6.76 6.81 ⋅ ⋅ ⋅ 1
Ballistic guide 482.2 829.3 3.0 6.81 10.00 5 1
Tapered guide 287.5 1311.5 3.0 10.00 2.00 5 1

and top tapered surfaces that exit at shallower and steeper angles,
respectively. The dimensions and coatings of the components of the
QIKR-L and QIKR-U transport systems are given in Tables III and
IV, respectively. The two guide systems are functionally identical,
QIKR-U being 4 m longer with the chopper a meter farther back.
The concept of phase space acceptance is useful in assessing neu-
tron optical performance. The set of all possible trajectories through
which a neutron can pass through a component defines the accep-
tance of that component. Components may be arrayed in series and
acceptance passed from one component to the next (Carpenter and
Mildner, 1982). The optical components used in QIKR are rectilin-
ear, so there is no mixing of trajectories, and the acceptance may be
written as the product of coordinate acceptances transverse to the
beam propagation direction,

A(x, γx, y, γy, λ) = Ax(x, γx, λ)Ay(y, γy, λ), (7)

where x and y are the transverse spatial coordinates and γx and γy
the angles a given trajectory makes with respect to the component
centerline. The function of optical components utilizing neutron
reflection generally depends on neutron wavelength λ as well.

Using the acceptance framework (Ankner et al., 2002), we can
assess how well the QIKR guide system addresses our requirements.
Since the QIKR-U is functionally equivalent to QIKR-L, we confine
our discussion to QIKR-L. Integrating acceptance over both spa-
tial and angular coordinates yields the total volume of phase space
passed by the guide system. The integrated horizontal acceptance
(∫ Axdxdγx) of the QIKR-L guide system (to the end of the Tapered

FIG. 4. Beamline schematic for the
downward-directed QIKR-L beamline
showing components and their distances
from the neutron source (moderator).
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TABLE IV. Components of QIKR-U guide and their lengths l, input distance from the
neutron moderator Lin, width w, heights at input and output hin and hout , supermirror
guide coating as a multiple m of the Qc of nickel, and the number of channels in the
component nchannels. The radius of curvature of the Ballistic Bender is 173 m.

Component
l

(cm)
Lin

(cm)
w

(cm)
hin

(cm)
hout
(cm)

Coating
(m) nchannels

Source volume 200.0 0.0 3.0 3.00 2.65 ⋅ ⋅ ⋅ 1
Ballistic bender 622.0 200.0 3.0 2.65 5.68 5 3
Ballistic guide 103.7 822.0 3.0 5.68 6.18 5 1
Chopper gap 7.3 925.7 3.0 6.18 6.21 ⋅ ⋅ ⋅ 1
Ballistic guide 778.5 933.0 3.0 6.21 10.00 5 1
Tapered guide 287.5 1711.5 3.0 10.00 2.00 5 1

Guide) is plotted along with the acceptance of the same guide system
straightened out with no blades in the Ballistic Bender (Fig. 5). The
bender system delivers on the twin requirements of transporting the
peak spectral flux (acceptance transmission >0.98 for λ > 2.5 Å) and
eliminating fast neutrons (a hard cutoff for λ < 0.17 Å due to the
segmentally curved Ballistic Bender). The Tapered Guide (TG) pro-
vides angular divergence for θ–θ measurements and its performance
may be evaluated by integrating the vertical acceptance over the spa-
tial coordinate (∫ Aydy) to simulate a rocking curve. Figure 6 plots
the spatially integrated vertical acceptance against the angular devi-
ation of the neutron trajectory relative to the TG centerline. Three
beams are produced: along the centerline and at ±1.67○ relative to
it (±1.63○ for QIKR-U). Apertures downstream of the TG exit (see
Fig. 4) are used to direct a beam at the chosen incident angle onto an
interface in the θ–θ scattering geometry. Table V shows the resulting
single-measurement Q ranges for 15 and 7.5 Hz. These individual-
angle ranges provide sufficient overlap for non-cinematic coverage
of the full Q range at both 15 and 7.5 Hz as well as a wide enough
range to enable cinematic measurements in most cases, particularly
for the γguide = ±2.5○ centerline beams. Gravity will affect where
the longest-wavelength neutrons strike the diverging and converg-
ing guide sections and may alter the spectra of the satellite beams
shown in Fig. 6, an effect we will assess via Monte Carlo simulation.

FIG. 5. Horizontal QIKR-L acceptance integrated over space and angle plotted
vs wavelength λ. The bender filters out fast neutrons and transmits >0.98 of the
integrated acceptance for λ > 2.5 Å.

FIG. 6. Vertical QIKR-L acceptance integrated over the spatial coordinate plotted
against the deviation of the trajectory from the centerline of the Tapered Guide.
Beams are present along the centerline and at ±1.67○ relative to it. The 2.5○
downward tilt of QIKR-L yields incident beams at 0.83○, 2.5○, and 4.17○.

Operationally, we expect the spectra to vary between the different
satellites and will normalize the data accordingly.

Wavelength bandwidth control

Definition of wavelength bandwidth at both the 15 Hz source
frequency and for pulse-skipping at 7.5 Hz will be done using
a single counter-rotating double-disk bandwidth chopper and a
frame-overlap mirror (FOM) on both the QIKR-L and QIKR-U
beamlines. Controlling bandwidth on a low-repetition-rate source
such as the STS is easier than on the 60 Hz FTS simply because there
are fewer pulse trains to sort through in the guide. One double-disk
chopper and a frame-overlap mirror (FOM) suffice (Fig. 7). One
sets the phase of a rotating chopper so that the peak intensity of
the center wavelength in the selected band passes the chopper at the
dead-center angle of its open window. After rotating through 2π, the
chopper opens again. At each cyclic chopper opening, neutrons from
past pulses are let through, in addition to those desired from the
current pulse. The FOM is set at such an angle that it reflects away

TABLE V. Accessible Q ranges for measurements in θ–θ geometry for the three
beams produced by the QIKR-L and QIKR-U guide systems as a function of source
frequency f , dynamic range D [for λmin = 2.5 Å, see Eq. (5)], and beam angle of
incidence θ.

Station f (Hz) D θ (deg) Qmin (Å−1) Qmax (Å−1)

QIKR-L 15 6.3 −0.83 0.012 0.073
−2.50 0.035 0.219
−4.17 0.058 0.366

7.5 11.5 −0.83 0.006 0.073
−2.50 0.019 0.219
−4.17 0.032 0.366

QIKR-U 15 5.4 0.87 0.014 0.076
2.50 0.041 0.219
4.13 0.068 0.362

7.5 9.8 0.87 0.008 0.076
2.50 0.022 0.219
4.13 0.038 0.362
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FIG. 7. Renderings of (a) STS standard double-disk chopper and (b) frame-overlap
mirror (FOM).

these unwanted longer wavelength neutrons. In Fig. 8, the chopper
has been phased to admit 2.5 < λ < 14.4 Å and an m = 3 supermir-
ror coated FOM array set at 8.2○ to reflect away λ > 28 Å neutrons
for the most divergent beams envisioned. The imperfect reflectance
of supermirrors above the nickel critical angle has been mitigated
in the existing Liquids Reflectometer by stacking three front- and
back-coated mirrors in the beam, which reduces the 0.1 unwanted
transmission of a single mirror surface at the worst-angle to 10−6

(six mirror surfaces). We will confirm the adequacy of this perfor-
mance and evaluate other filtering options (Saerbeck et al., 2018) via
Monte Carlo simulation.

Precise alignment and sharp wavelength rejection of the FOM
are crucial to pulse-skipping operation at 7.5 Hz. In addition to
rejecting neutrons from previous desired pulses, the system must
also completely reject neutrons from the pulse immediately preced-
ing the desired one and allow through twice the bandwidth as at
15 Hz. Figure 9 depicts this trickier situation. The desired wave-
length band lies close to that of neutrons passed by the chopper from
the rejected pulse (neutrons from earlier desired pulses are present
only for λ > 45 Å). The chopper disk edge must transit the beam
sufficiently rapidly that both desired and rejected wavelength bands
have a sharp cutoff and the FOM must cleanly reject neutrons within
a narrow wavelength gap.

FIG. 8. Transmission functions of QIKR-L chopper rotating at 15 Hz phased to
deliver 2.5 < λ < 14.4 Å (green) and an m = 3 frame-overlap mirror (FOM) inclined
at 8.2○ to the beam (red).

FIG. 9. Transmission functions of QIKR-L chopper rotating at 7.5 Hz phased to
deliver 2.5 < λ < 26.2 Å (green) and an m = 3 frame-overlap mirror (FOM) inclined
at 8.6○ to the beam (red). The chopper and FOM must also reject the previous
pulse (dashed green).

The double-disk chopper plays a crucial role implementing
pulse-skipping and thereby enabling routine cinematic operation at
QIKR. Due to the intrinsic uncertainty of neutron emission times
from the moderator, short-wavelength neutrons emitted late can
arrive at the chopper and find it open. If this leakage bleeds into
the long-wavelength edge of the stroboscopically collected pulses,
assignment of wavelength to time-of-flight will fail. In Figs. 8 and
9, we have assumed we can use 90% of the calculated frame band-
width to extract the stated wavelength ranges. The angular opening
of a single-disk chopper is cut by the manufacturer and can only
be changed by swapping out the disk. The angular opening of
a counter-rotating double-disk chopper depends on the relative
phases of the two disks and so can be optimized to yield the largest
practical wavelength bandwidth. Additionally, the twice-faster tran-
sit time of the counter-rotating disks enables mounting the QIKR-L
chopper to the side of the guide and closer to the moderator with-
out encroaching on the neighboring instrument. Table VI lists the
parameters of the wavelength band defining components.

Incident beam definition, sample and detector
positioning

Reflectometry requires precise beam definition and sample
positioning. To enable experiments on free liquid and liquid/liquid
samples in the θ–θ geometry, both QIKR-L and QIKR-U will be
horizontal-surface instruments. In Fig. 10, upstream and down-
stream apertures su and sd define a beam incident at an angle θ onto a
sample within a footprint F determined by the apertures and the dis-
tance between them (lud), which in addition determine the angular
divergence of the incident beam δθ.

Generally, one wishes to confine a beam of given angular reso-
lution within a limited footprint (e.g., to avoid illuminating gaskets
or mounting hardware and to improve normalization accuracy).
Turning the problem around and performing a bit of algebra (see
the complete version in the Appendix), we can use these con-
straints to define the slit apertures in terms of the desired footprint
F and relative resolution δθ/θ using the small-angle approximation
sin θ ≈ θ,

su ≈ ludθ(δθ/θ), (8)
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TABLE VI. Parameters of the QIKR bandwidth defining components: type of chopper, distance from the neutron source L,
width of beam cut (tangential to chopper-disk rotation) w, height of beam cut (radial) h, absorption of chopper blades for 1 Å
neutrons, and guide coating on the frame-overlap mirror (FOM) as a multiple m of the nickel Qc .

Station Chopper L (m) w (cm) h (cm) Absorption (Å−1) FOM (m)

QIKR-L Counter-rotating double disk 8.2 6.8 3.0 10−5 3
QIKR-U Counter-rotating double disk 9.3 3.0 6.2 10−5 3

sd ≈
ludθ[F − lds(δθ/θ)]

lud + lds
, (9)

where the dimensions are defined in Fig. 10. The preceding deriva-
tion is a basic application of phase space acceptance. The integrated
acceptance (again using the small-angle approximation) is just the
product of the downstream aperture and twice the steepest angle
(relative to the centerline) through the slits,

∫ Aydydγy ≈
susd

lud
. (10)

The function of the instrument downstream of the guide is to
direct a precisely defined beam onto a precisely oriented sample
and collect the reflected neutrons in a precisely positioned detec-
tor. While there are many motors in a reflectometer, there are only
a handful of essential angular and linear parameters. In addition to
the apertures defined in Eqs. (8) and (9), the inclination angles of
the incident beam (γi), the sample (γs), and the detector (γd) relative
to horizontal are essential (Fig. 11). The angle of the beam onto the
sample is given by (recall Fig. 2)

θi = γs − γi ≡ θ. (11)

Likewise, the detector angle is

θd = γd − γi. (12)

In Fig. 11 and the preceding equations, downward-directed angles
are negative and upward-directed angles positive. These expressions

FIG. 10. Collimation geometry for reflectometry. The neutron beam (green) is colli-
mated by upstream and downstream slits, su and sd , a distance lud apart, passing
onto a sample a distance lds from the downstream slit. The beam strikes the sam-
ple at an angle θ (generally <5○). Specifying a given footprint F and angular
resolution δθ/θ determines the slit values (see text).

hold for both θ–θ and θ–2θ scattering geometries (Fig. 1). Accu-
rately and precisely defining the upstream and downstream beam
apertures and the angles of the incident beam, sample, and reflected
beam is essential for specifying Q and controlling the resolution and
footprint on the sample.

Positioning the incident optics, sample, and detector will be
carried out in a similar fashion as is done currently on the FTS
Liquids Reflectometer (Fig. 12). An incident table will support the
upstream and downstream slits (su and sd) and their inclination
angle γi. The downstream slit will be mounted on an extensible arm
allowing placement as close as possible to the sample (minimize
lds—see Fig. 10) for a given sample environment to maximize the
incident intensity within a specified beam footprint. A Sample Table
will position the sample translationally and rotationally (including
γs) and be sufficiently robust to support the burliest sample envi-
ronments (e.g., vacuum chambers). We are currently assessing the
relative merits of different positioning options, such as a goniometer
stack vs a hexapod. The detector will be mounted on a detector arm
able to rotate about axes transverse to the incident neutron beam in
the plane of (γd) and normal to the sample surface. To allow more
working space and room for sample environments, we are working
to make the QIKR components more compact without sacrificing
strength or stability (Fig. 13).

Beam detection and data acquisition

Detectors at STS will need to handle increased count rates over
broader wavelength bands than at FTS. The number of neutrons
incident on the sample can be calculated if one knows the bright-
ness of the moderator, which may be estimated using Monte Carlo
methods (MCNPX) (Gallmeier et al., 2016) and broadly follows the
blackbody emission of an object at the temperature of the modera-
tor. Figure 14 shows brightness as a function of neutron wavelength
for the proposed 3 cm-diameter cylindrical coupled 20 K H2 mod-
erator at STS illuminated by 700 kW of proton power deposited

FIG. 11. In addition to upstream and downstream apertures su and sd , the tilt
angles of the incident beam (γi ), sample (γs), and the reflected beam (γd ) are
essential parameters for defining the scattering wavevector Q.
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FIG. 12. First Target Station Liquids Reflectometer (FTS-LR) components
downstream of the guide exit. QIKR will employ a similar arrangement.

on target at 15 Hz. Such a plot assumes moderator emission to
be isotropic in angle and position on the moderator surface. This
approximation is broadly valid in practice since the instruments are
constructed nearly “face-on” with moderators and divergence angles
are small. Under these assumptions, neutron intensity on sample
may be written (Zhao et al., 2013) as follows:

I(λ) = Φb(λ)∫ A(x, y, γx, γy, λ)dxdydγxdγy, (13)

where λ is the neutron wavelength, Φb is the source brightness, x,
y and γx, γy are the position and angular divergence coordinates,
respectively, of a neutron incident on the sample. The acceptance

FIG. 14. Calculated brightness of STS cylinder moderator (Gallmeier et al., 2016).

function A comprises the coordinates of neutrons emitted by the
moderator capable of striking the sample [recall Eq. (7) and see the
Appendix].

What count rates do we expect the QIKR-L guide system to
deliver from the STS cylinder moderator to the sample? The set-
tings in Table I span a wide range of operational conditions, from a
tightly collimated beam onto a small sample to a relaxed collimation
beam illuminating a large patch on a free liquid surface. Table VII
shows two extreme settings: small, tightly collimated at the shallow-
est θ–θ angle (γi = θ = −0.83○) and large with relaxed collimation at
the steepest (γi = −4.17○). A more typical setting is also given for the
central angle (γI = −2.5○). The most intense expected incident beam
occurs for the steepest incident angle and the most wide-open col-
limation illuminating the largest footprint (the I = −4.17○ setting).
Acceptance is independent of wavelength for λ > 2.5 Å (Fig. 5), so the
space and angle integrals over horizontal and vertical coordinates in
Eq. (10) operate as multiplicative factors on the brightness.

The result of these integrations, the wavelength-dependent
count rate for the most intense beam is shown in Fig. 15. The 15 and

FIG. 13. Ongoing design effort on QIKR detector arm aimed at creating space without sacrificing stiffness or accuracy. Similar efforts are under way for the incident table.
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TABLE VII. Settings for beam on sample at QIKR-L in θ–θ geometry in terms of incident angle γIi (= θ here), relative beam divergence δθ/θ, beam footprint on the sample F,
and horizontal beam aperture (in x) sw . The upstream and downstream vertical apertures (in y) to illuminate F for lud = 190 cm and lds = 10 cm are su and sd , respectively. The
final two columns show the integrated horizontal and vertical acceptances.

γi (deg) δθ/θ F (mm) sw (mm) su (mm) sd (mm) ∫ Axdxdγx (cm mradian) ∫ Aydydγy (cm mradian)

−0.83 0.020 10 5 0.55 0.11 4.2 0.003
−2.50 0.025 30 25 2.07 0.31 24.1 0.124
−4.17 0.070 75 25 9.18 4.70 24.1 1.480

7.5 Hz transmission functions from Figs. 8 and 9, respectively, have
been applied to Φb as well as a transmission function constructed
from the curved-guide plot in Fig. 5. The peak count rate at 2.5 Å in
a 0.14 Å-wide bin at 15 Hz is 1.6 × 107 ns−1. Pulse-skipping at 7.5 Hz
costs half the intensity but doubles the bandwidth.

The challenge for measuring reflectivity on QIKR will lie not
only in the raw peak intensity, but rather in the broad wavelength
bandwidth and consequent wide range of intensity. At 7.5 Hz, inten-
sity on sample varies over nearly four orders in magnitude. To
comprehend this challenge, consider how specular reflectivity is
conventionally measured,

R(λ) = IR(λ)
ID(λ)

, (14)

where R is the absolute reflectivity, IR the intensity reflected from
the sample, and ID the intensity of the direct beam onto the sam-
ple. In principle, this is simple. Measure the direct beam, measure
the reflected beam, divide reflected by direct, and convert to R(Q)
via Q = 4π sin θ/λ. In practice, detectors have difficulty handling the
instantaneous count rate for the direct beam, so one either attenuates
the incident beam or samples a portion of it, e.g., with tighter slits.
With the comparatively narrow wavelength bandwidths at the FTS
(e.g., 3.4 Å for FTS-LR at 60 Hz), these approaches work well. Due to
the wide range of intensity over the broader QIKR wavelength band
(greater than 100 at 15 Hz and almost 10 000 at 7.5 Hz), reducing
the intensity uniformly at all wavelengths (or worse) overcounts the
short wavelengths. Using such normalization data would inject this
statistical bias into every reflectivity dataset.

FIG. 15. Wavelength-dependent neutron current for the most intense expected
beam on sample (γi = −4.17○ in Table VII) corrected for guide and chopper
transmission.

The dependence of reflectivity on wavelength offers a solu-
tion to this counting statistics problem and in addition can relieve
the peak count rate burden on the detector. Neutron reflectivity
from the smooth surface of a monolithic material such as quartz
or water decreases as Q−4 at large Q, meaning it increases as λ4.
This dependence neatly counteracts the falloff in moderator bright-
ness with wavelength. The direct beam in Fig. 16 is produced by the
“conventional” settings in Table VII (Ii = −2.5○) at 7.5 Hz incident
onto a D2O surface. The chopper-selected (2.5 < λ < 26.2 Å) wave-
length band produces reflectivity over 0.019 < Q < 0.22 Å−1. The
constancy of the wavelength-dependent count rate (solid blue) over
the entire wavelength range suggests an alternative, indirect way to
measure the direct-beam intensity,

ID(λ) =
IR(λ)

Rknown(λ)
. (15)

If one knows the reflectivity of a standard reference sample,
then the illuminating direct-beam intensity can be determined by
dividing the measured reflected intensity by the known reflectivity
curve. The indirectly measured direct-beam intensity ID may then
be used to normalize samples in the conventional fashion [Eq. (14)].
The reflectivity of pure materials without surface contamination,
such as quartz and D2O, is known with a high degree of confidence
and ID(λ) measured over the full range of high-quality reference
sample reflectivity data at a given θ. The falloff in reflected inten-
sity at the shortest wavelengths (<5 Å) in Fig. 16, though, hints
at the limitations and challenges of the indirect procedure. For a
given incident angle and slit settings, one must be able to mea-
sure reference sample reflectivity out to the highest Q accessed by

FIG. 16. Wavelength-dependent count rate for the direct beam incident at
γi = −2.5○ (settings in Table VII – green) vs that of the beam reflected from D2O
(blue). D2O reflectivity is shown in the blue dashed line with scale on the right.
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the chosen wavelength band. For D2O, incoherent scattering from
the subphase limits one’s ability to measure R to much below 10−6,
which is about 0.22 Å−1 in Q at θ = 2.5○. Quartz performs rather
better, allowing Rknown to be measured out to 0.3 Å−1. Both these ref-
erence layers are currently in use at the FTS-LR (Phan et al., 2020;
Blair et al., 2022) for normalizing pulse-skipping measurements at
30 Hz. Investigation of bootstrapping more complicated reference
films featuring higher reflectivity at high Q (e.g., thin oxide layers
on silicon substrates) is ongoing. If extending the maximum Q of
the reference sample reflectivity proves infeasible, we may employ
more conventional attenuated direct-beam measurements of over-
lapping low- and high-λ bands and splice them together, accepting
the variation in statistical quality over the hybrid band. Implications
for detector count rate of the indirect normalization procedure are
clear from Fig. 16: a reduction in peak instantaneous count rate of
105. In the worst case, measuring at I = −4.17○ with the most relaxed
resolution, the reflected intensity is of order several thousand counts
per second and should be readily measurable using existing detec-
tor technology. In terms of spatial requirements, the smallest, most
finely collimated beams envisioned (γi = −0.83○ in Table VII) pro-
duce beams at the detector no smaller than 1 mm high, while the
coarse beam (γi = −4.17○) is not larger than 10 mm high. Collimated
to 25 mm horizontally, beams will spread to 70 mm at the detec-
tor. Therefore, for specular reflectivity measurements, all the action
takes place in a relatively confined rectangular area of 10× 2 cm2 and
could be accommodated by a detector with relaxed horizontal reso-
lution and a rectangular footprint. Off-specular reflectivity, though,
demands a taller window. The 20 × 20 cm2 view of the current
FTS-LR detector has proven sufficient. The more restricted footprint
of the specular beam may aid in construction (tiling) for some of
the detector technologies under consideration. Use of a large-area
position-sensitive detector enables correction of the gravitational
deflection of the longest-wavelength neutrons after reflection from
the sample by redefinition of the specular pixels over the wavelength
band.

PERFORMANCE ESTIMATES
Brilliance transfer

The performance of an instrument depends crucially on how
efficiently neutrons are transported from source to sample. Oper-
ating the instrument at relaxed resolution is one of the parameters
specified in Table I. If one does not need angular resolution for a
given measurement, can one exchange resolution for intensity? The
small (3 × 3 cm2) bright STS cylinder moderator favors higher reso-
lution and smaller samples, broadly. Conversely, loosely collimated
beams illuminating large samples (or sample footprints) are not so
readily extracted. The derivation of collimating slit acceptance in
the Appendix assumes sufficient phase space acceptance is deliv-
ered to the upstream slit that its divergence is determined solely by
the slits. The filled parallelogram of Fig. 21 and trapezoidal rock-
ing curve in Fig. 23 are characteristic of fully illuminated optics.
Since most of the experiments run currently on the FTS-LR uti-
lize δθ/θ = 0.025, the guide system was optimized to deliver full
intensity at small angular divergence. Only users studying very thin
films such as lipid monolayers can afford to significantly relax res-
olution. The results of this optimization are seen in Fig. 17, which
plots vertical slit acceptance rocking curves on QIKR-L for a series of

FIG. 17. Vertical coordinate acceptance rocking curves for the QIKR-L central
beam in θ–θ geometry (Fig. 6, γi = −2.5○) with slits illuminating an F = 30 mm
footprint (Table VII) for relative resolutions in the range of 0.025 < δθ/θ < 0.10 (lud
= 190 cm, lds = 10 cm).

relative angular resolutions ranging from 0.025 to 0.10 for the central
beam (γi = −2.5○) illuminating a 30 mm footprint in θ–θ geometry.
Both 0.025 and 0.05 are fully illuminated, with all needed trajecto-
ries illuminated. The 0.075 setting exhibits an absence of available
phase volume in the truncated wings of the rocking-curve trape-
zoid. Attempting to extract δθ/θ = 0.10 results in a nonintuitive loss
of integrated acceptance due to the reduction of downstream slit
aperture sd required to maintain the beam footprint (see Fig. 24).
Trading resolution for intensity is only profitable out to δθ/θ = 0.07,
as specified in Table I.

We have not yet considered the cost of guide imperfection.
Unfortunately, neutron supermirrors are not perfectly reflective out
to their nominal m value (multiple of the Ni critical reflection angle).
Reflectivity is close to 1 up to the Ni critical angle, then declines lin-
early with angle out to the m value. For the m = 5 guides used here,
reflectivity declines to about 0.75 at the nominal supermirror criti-
cal angle (SwissNeutronics, 2022). To estimate the cost of imperfect
reflection, weigh the perfect-guide acceptance by 0.9 raised to the
average number of bounces a neutron makes (tracked in the accep-
tance calculation). Consider the integrated acceptances plotted in
Fig. 5. The reference uncurved straight guide with a direct moder-
ator view features an integrated horizontal acceptance of 39.3 cm
mradian, but each neutron bounces an average of 2.9 times off the
guide walls, reducing the actual intensity delivered by a factor of
0.92.9 = 0.74. Imperfect reflection costs about a quarter of the neu-
trons in the baseline direct-view guide. The neutrons transiting the
three-channel curved guide with an acceptance of 39.0 cm mradian
bounce an average of 6.2 times, primarily due to the narrow chan-
nels costing 0.96.2 = 0.52 of what perfect guides would deliver. Since
we do not live in a world of perfect guides, the correct factor to
apply as the neutronic cost of the multichannel bender is (0.52/0.74)
× (39.0/39.3) = 0.7. The cost of the bender vs a direct moderator view
and T0 chopper is therefore about 30% of the intensity. In return,
we do not have to deal with the chopper slug transiting the pulse-
skipping wavelength band mid-frame and we have space to construct
two end stations.

Simulated sample

The guide and chopper parameters and performance were cal-
culated analytically as described above to optimize the design and
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the resulting instrument was implemented for Monte Carlo simula-
tion using McStas (Willendrup and Lefmann, 2020; Willendrup and
Lefmann, 2021). A McStas virtual source was created at the exit of
the guide and sampled by slits and a specularly reflecting sample
using MCViNE (Lin et al., 2019). The reflected beam passed onto
a 2D position-sensitive detector, from which were generated NeXus
event data files, then reduced like actual data (Shipman et al., 2014).

The virtual source illuminated an Ir calibration film under
several different experimental conditions. These measurements are
shown in Fig. 18. The upper two curves (blue and red) are collected
conventionally, using 1○ and 4○ incident angles at 7.5 Hz to span
0.009 < Q < 0.35 Å−1. For both measurements, the 1○ data were col-
lected in a single pulse; the 4○ sets were collected for 10 min (blue)
and 1 min (red). The third set was collected using a single incident
angle of 2.5○ for one minute. The base model for the Ir film was
taken from a fit to data from an actual film measured on the FTS-LR.
Despite being a noble metal, the Ir sputter deposited on a Si substrate
exhibits a surface oxide layer as well as retaining an essentially intact
native Si oxide layer at the substrate interface. Table VIII shows fits
to reflectivity data with counting statistics generated from a McStas
virtual source using slit settings that illuminate the sample in a 2
× 3 cm2 footprint on a 5 cm-diameter substrate using a constant
relative angular resolution δθ/θ = 0.023.

Each reflecting layer features a thickness d, a scattering length
density Σ, and an rms interfacial width σ with the overlying layer.
The two-setting 10-minute duration dataset (top, blue in Fig. 17)
corresponds closely in quality to data we collect currently on the
FTS-LR in about 80 min, validating our estimated QIKR intensity
gain. Reducing the counting time of the higher angle to 1 min results
in a notable decrease in fit quality, particularly for the interfa-
cial widths. Interestingly, the single-setting 1 min dataset model is
intermediate in quality and superior in that it does not require a
60–90 s instrument adjustment between settings. The poorer fit to
the two-angle, one minute data shows how fit quality can vary subtly
depending on choice of Q range and counting time. For the single-
setting measurement, QIKR can simply be turned on, collecting data
as the sample evolves under environmental stimuli. What portion
of the time stream is of value and what time resolution is required

TABLE VIII. Fitted model parameters for the datasets shown in Fig. 18, with the left
column corresponding with the top blue dataset, the middle column to the middle red
dataset, and the right column to the bottom green dataset. Thickness (d), scattering
length density (Σ), and rms interfacial width (σ) were fitted for the Ir film, oxide layers
above and below, and the Si substrate.

Parameter
Two angles

(10 min)
Two angles

(1 min)
One angle

(1 min)

dIrOx (Å) 39.8 ± 0.3 37.2 ± 1.5 39.6 ± 0.5
ΣIrOx (10−6 Å−2) 2.57 ± 0.06 2.3 ± 0.3 2.60 ± 0.10
σIrOx (Å) 2.5 ± 0.6 1.6 ± 1.7 1.2 ± 1.0

dIr (Å) 459.1 ± 0.3 460.5 ± 1.2 461.6 ± 0.8
ΣIr (10−6 Å−2) 6.97 ± 0.02 7.04 ± 0.03 7.00 ± 0.03
σIr (Å) 1.2 ± 0.3 7.3 ± 2.1 3.0 ± 0.8

dSiOx (Å) 23.2 ± 0.6 28.6 ± 7.2 27.0 ± 5.0
ΣSiOx (10−6 Å−2) 3.37 ± 0.08 3.3 ± 0.4 2.9 ± 0.4
σSiOx (Å) 1.1 ± 0.4 1.1 ± 2.2 4.6 ± 1.4

σSi (Å) 3.0 ± 1.1 8.2 ± 6.3 1.2 ± 4.4

may be sorted out post-experiment (Blair et al., 2022). In general,
determining interfacial widths of thin layers requires data acquisi-
tion to large Q and relatively long counting times. Finally, Fig. 17
and Table VIII show that a single selected Q range measurement can
produce an excellent fit, particularly when interfacial width is not
a critical parameter. In such cases, it will be possible to push data
collection time below one minute.

SUMMARY

Cinematic data collection is not a new idea. The concept
has been the paradigm for time-of-flight reflectometers since their
inception (Sun et al., 1989; Felcher et al., 1987; and Felici et al., 1988).
In practice, as discussed above, the instrument must conform to
the source and the space available for it, constraints that can be

FIG. 18. Simulated 7.5 Hz STS-QIKR-L
reflectivity from an Ir calibration film col-
lected under three different conditions:
(top, blue) measurements at incident
angles θ = 1○ and 4○ for 0.133 and
600 s, respectively; (middle, red) those
same angles collected for 0.133 and
60 s; and (bottom, green) a single mea-
surement at 2.5○ collected for 60 s. The
datasets are offset by a factor of 100
from each other.
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captured in the dynamic range parameter D [Eq. (5)]. Among
current instruments, INTER at ISIS (Webster et al., 2006) and
FIGARO at ILL (Campbell et al., 2011) most resemble the FTS-
LR (Ankner et al., 2002) in scientific mission and performance.
As part of an ongoing round-robin measurement and from per-
sonal experience (JFA), a conventional dataset may be collected
on these instruments in an hour or so. Both INTER and FIGARO
exhibit a larger dynamic range than the FTS-LR, comparable to
that proposed for QIKR, enabling a range of interesting kinetic
measurements (Campbell et al., 2011). QIKR is designed as a next-
generation version of these horizontal-surface reflectometers, fea-
turing 15–30× faster data collection. Current measurements using
the FTS-LR (Blair et al., 2022), FIGARO (Yuen et al., 2019), and
INTER (Skoda et al., 2017) achieve <30 s time resolution (Camp-
bell, 2018), so collection of comparable datasets with <5 s time
resolution over the full Q range at QIKR should be routine.

There are two instruments on the horizon promising compa-
rable kinetic performance to that of QIKR. FREIA (FREIA, 2022),
currently under construction at the European Spallation Source,
will be a horizontal-surface time-of-flight reflectometer utilizing a
sophisticated chopper system and fast switching between three inci-
dent beams to achieve data collection projected to be 25× faster than
that of FIGARO. The CANDOR reflectometer (CANDOR, 2022),
an inverse-geometry instrument in commissioning at NIST, will
employ several white incident beams and an array of analyzer crys-
tals to cover a broad Q range without employing time-of-flight. The
novelty of the concept makes it difficult to assess performance, but
it will be interesting to see how the instrument performs. For sam-
ples exhibiting negligible off-specular scattering, using an angularly
divergent beam in combination with a wide bandwidth provides
an alternative method for sub-second time-resolved measurements
(Saerbeck et al., 2018).

The coming decade will witness the deployment and ongoing
worldwide use of a set of reflectometers of unprecedented kinetic
capability (<1 s frame rates in favorable cases). Of these instruments,
QIKR will possess the virtue of simplicity, being a throwback to first-
generation reflectometers.
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APPENDIX: TWO-SLIT ACCEPTANCE

The concept of acceptance may be illustrated by considering the
transmission of neutrons between two absorbing apertures (Fig. 19).
The set of all possible trajectories through the slits is bounded by
extreme trajectories, two of which are shown in green. These trajec-
tories and the area they bound are plotted in Fig. 20 for sd = 0.159 cm;
su = 0.968 cm; lud = 190 cm. The labeled vertices define a polygon
containing all allowed trajectories plotted as the height, y, the neu-
tron crosses the downstream slit vs the angular deviation, γy, of the
path from the centerline. The labeled vertices are the extreme paths
through the two slits: (1) bottom–top (upward ray in Fig. 19); (2)
bottom–bottom; (3) top–bottom (downward ray in Fig. 19); and (4)
top–top. Approximating trigonometric functions to first order, the
coordinates of these vertices are, respectively,

[(su + sd)/2lud, sd/2], (A1)

[(su − sd)/2lud,−sd/2], (A2)

[−(su + sd)/2lud,−sd/2], (A3)

FIG. 19. Dimensions of two absorbing apertures and the top–bottom and
bottom–top extreme neutron paths through them (green).
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FIG. 20. Acceptance diagram plotting aperture vs angular deviation from the cen-
terline for neutron passage through the slits shown in Fig. 19 (sd = 0.159 cm, su =
0.968 cm, and lud = 190 cm). The bounding trajectories are (1) bottom–top (upward
ray in Fig. 19); (2) bottom–bottom; (3) top–bottom (downward ray in Fig. 19); and
(4) top–top. All possible trajectories are found within the green parallelogram.

[−(su − sd)/2lud, sd/2]. (A4)

After passage through the slits, this population of neutrons bal-
listically traverses a distance lds = 10 cm to the sample—their angular
trajectories do not change (neglecting gravity over the short distance
lds) but the beam spreads out in space (Fig. 21). The population of
allowed trajectories may now be described by the “sheared” polygon
(Carpenter and Mildner, 1982) depicted in Fig. 22 bounded by the
vertices,

[(su + sd)/2lud, sd/2 + lds(su + sd)/2lud], (A5)

[(su − sd)/2lud,−sd/2 + lds(su − sd)/2lud], (A6)

[−(su + sd)/2lud,−sd/2 − lds(su + sd)/2lud], (A7)

[−(su − sd)/2lud, sd/2 − lds(su − sd)/2lud]. (A8)

We can investigate the angular distribution of the neutrons
incident onto the sample by integrating the acceptance diagram over
the spatial coordinate y,

rocking curve ≡ ∫
ss/2

−ss/2
Ay(y, γy)dy. (A9)

Recall from Eq. (7) that Ay is the vertical acceptance of the
optics. The integral of the distribution over the spatial coordinate

FIG. 21. Ballistic extension of the rays in Fig. 19 a distance lds to the sample, where
the rays are now a distance ss apart.

FIG. 22. “Sheared” acceptance diagram of the neutron population shown in Fig. 20
after traveling a distance lds = 10 cm to the sample.

shown in Fig. 22 is plotted in Fig. 23. We can determine the full
width at half maximum (fwhm) of this rocking curve using the angu-
lar coordinates in Eqs. (A5)–(A8) labeled for the vertices in Figs. 22
and 23,

δγfwhm =
1
2
(γ1 + γ2) −

1
2
(γ3 + γ4) ≈

su

lud
. (A10)

Direct this neutron beam onto a sample at an angle θ, assuming
for simplicity that we are measuring in the θ–θ geometry. Then, δθ ≡
δγ fwhm and note from Fig. 22 that the spatial extent of the beam is ss =
y1 − y3. The extent of the beam footprint on the sample (F) depicted
in Fig. 10 in the main text can thus be linked to the dimensions of
the incident beam,

F sin θ ≈ Fθ = ss = y1 − y3 = sd +
lds(su + sd)

2lud
. (A11)

Solve Eq. (A11) for θ and use the expression for beam
divergence in Eq. (A10) to obtain

δθ
θ
= Fsu

ludsd + lds(su + sd)
. (A12)

The upstream slit opening expression given in Eq. (8) in the
main text then follows from plugging Eq. (A12) into Eq. (A10) and
solving for su. Then, substitute that expression into Eq. (A11) and
solve for sd to get Eq. (9). The acceptance integrated over both spa-
tial and angular coordinates in Eq. (10) is just the area of the polygon
in Fig. 22 (or in Fig. 20 since no neutrons are lost between slits and

FIG. 23. Acceptance distribution from Fig. 22 integrated over the spatial coordinate
and normalized to the peak value.
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FIG. 24. (Top) Required apertures upstream (su) and downstream (sd ) for a beam
incident onto a sample at θi = 2.5○ painting an F = 3 cm footprint when lud =
190 cm and lds = 10 cm at different values of relative angular resolution δθ/θ
per Eqs. (8) and (9) in the main text. (Bottom) Integrated acceptance for those slit
settings per Eq. (10) in the main text.

sample). As shown in Fig. 24, neutron counts (proportional to inte-
grated acceptance) (bottom) can be traded for coarser resolution by
opening the upstream aperture su and mildly throttling the down-
stream aperture sd to maintain a constant footprint F as described
by Eqs. (8)–(10). It is straightforward to modify these expressions for
small samples, where the footprint cannot be practically confined to
the sample surface. In this case, the sample serves as the downstream
aperture and one replaces sd by F sin θ and lud by lud + lds.
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