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Abstract

A design for an incident-beam collimator for the Paris-Edinburgh pressure cell is described here.
This design can be fabricated from reaction-bonded B4C but also through fast turnaround,
inexpensive 3D-printing. 3D-printing thereby also offers the opportunity of composite collimators
whereby the tip closest to the sample can exhibit even better neutronic characteristics. Here, we
characterize four such collimators: one from reaction-bonded B4C, one 3D-printed and fully
infiltrated with cyanoacrylate, a glue, one with a glue-free tip and one with a tip made from
enriched '°B4C. The collimators are evaluated on the SNAP beamline of the Spallation Neutron
Source and the WAND? diffractometer at the High Flux Isotope Reactor, both at Oak Ridge
National Laboratory. The work clearly shows that 3D-printed collimators perform well and also
that composite collimators improves performance even further. Beyond use in the Paris-Edinburgh
cell, these findings also open new avenues for collimator design as clearly more complex shapes
are possible through 3D printing. An example of such is shown here with a collimator made for
single-crystal samples measured inside a diamond anvil cell. These developments are expected to
be highly advantageous for future experimentation in high pressure and other extreme
environments and even for the design and deployment of new neutron scattering instruments.
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1. Introduction

A considerable advancement in neutron scattering techniques in terms of neutron sources,
instruments and complex environments is required for the study of the ever-increasing complexity
of materials. One key aspect in this endeavor is the need to reduce backgrounds not just of the
overall instrument but also that originating from any complex environment placed into the neutron
instrument. This can be achieved through custom collimation that defines the beam path of incident
and scattered neutrons. Specifically, when such collimation is placed into the incident beam, this
requires a neutron-absorbing collimator material, preferably one with low hydrogen content that
can be formed into complex shapes.

The requirement of neutron absorption across a large energy range, specifically for white beam
time-of-flight (TOF) instruments, significantly lowers the number of materials and elements that
can be used. Unlike for X-rays, neutron absorption cross-sections do not directly correlate to a
higher number of electrons in the element. Typical materials for neutron collimation or shielding
are cadmium, gadolinium and boron. Cd and Gd are heavy metals and toxic for many applications.
Additionally, they do not shield at the highest neutron energies produced by for example, the
Spallation Neutron Source (SNS) and may also produce prohibitively high y-radiation when placed
in the direct beam. Thus, a key element of choice is boron and specifically °B, which absorbs
significantly better than natural B. While pure boron powder is not necessarily safe to handle,
boron carbide, B4C, is available in many forms and can be handled easily. It is however, a ceramic
and cannot be machined in the same way as metals.

Thus, recent advances in additive manufacturing - 3D printing - contribute significantly to realize
improved collimation. This has been recognized at neutron sources across the world and several
developments are in progress. For example, a collimator printed from stainless steel and painted
with gadolinium oxide (Gd,03) optimized for a sapphire-opposed-anvil pressure cell inside a 100
mm bore cryostat was successfully tested at the WISH beamline of the ISIS Neutron and Muon
Source [1,2]. It appears that the use of the collimator was invaluable specifically within the tight
constraints of a cryostat where no space for more traditional collimation exists. Moreover, a slit
for small-angle neutron scattering was printed from a boron-carbide/polymer composite and tested
at the NIST Center for Neutron Research [3,4]. This study also showed that enriched '°B was
vastly superior to other fillers. These works highlight the potential of 3D-printed collimators based
on neutron-absorbing materials.

Recent work at Oak Ridge National Laboratory (ORNL) has also contributed to the development
of 3D-printed neutron-absorbing collimators. A method based on binder-jet additive
manufacturing was developed to print B,C without any added polymer [5,6]. Comparisons at the
CGI1B beamline of the High Flux Isotope Reactor (HFIR) showed that polymer collimators
increased the background by an order of magnitude over collimators made from such 3D-printed
B,4C. In this study, collimators were placed directly into the incident beam. There, the hydrogen as
present in these 3D-printed polymers gave rise to a very high background due to its large
incoherent scattering cross-section. While polymer-based collimation may thus find many
applications that focus on scattered-beam geometries, they are not necessarily ideal for incident-
beam application.



This finding is particularly important if complex environments are placed into the neutron beam.
In this case, incident-beam shielding or collimation is critical in order to reduce or eliminate any
parasitic scatter from the environment surrounding the sample. High pressure neutron scattering is
a prime example of a technique in need of stringent collimation due to small sample sizes. High
pressure is critical in the context of novel functional materials far from equilibrium, the emergence
of novel states of matter or the behavior of planetary interiors. To achieve ever-higher pressures,
these studies deploy commensurately smaller sample sizes, which then require proportionally
decreased background levels. This often makes custom collimation, placed into the incident
neutron beam as close as possible to the sample, essential. Interestingly, while these experiments
are dependent on the development of new, improved collimation methods, it also makes them ideal
test cases for such new methods, a fact exploited here.

In this work, we demonstrate how the background can be reduced using a custom incident beam
collimator that was designed for use with the Paris-Edinburgh (PE) pressure cell [7,8]. Several 3D-
printed collimators were compared against one fabricated by traditional means, i.e. reaction-
bonded B4C. Specifically, while one 3D-printed collimator was fabricated uniformly throughout
(3D-printed with B4C and infiltrated with the glue cyanoacrylate), two further collimators were
fabricated in a composite manner where the collimator tip differed from the majority of the body
(i.e. tip made from enriched B,C and tip not infiltrated). Their behaviors were investigated on two
different types of diffractometers: the white-beam TOF Spallation Neutrons and Pressure (SNAP)
diffractometer at the SNS and the monochromatic, steady-state Wide-Angle Neutron
Diffractometer (WAND?) at HFIR. Based on these evaluations and also scientific examples, we
demonstrate the usefulness of these 3D-printed B,C collimators.

2. Collimator shape and fabrication

The incident-beam collimator evaluated here was designed specifically for use with single-toroidal
anvils in the Paris-Edinburgh cell [7,8] when used on SNS’s SNAP beamline. Generally, the PE
cell consists of a large press (the press can apply 200 metric ton in its VX3 configuration) equipped
with two opposed anvils forming an opening aperture of £7° from the plane normal to the press’
thrust axis. The anvils are made from superhard materials such as polycrystalline diamond or cubic
boron nitride (¢cBN) and are pressed into steel binding rings that provide radial support. A null-
scattering gasket (typically TiZr) is then placed with the sample in between these two anvils and
compressed. In the typical setup on the SNAP beamline, the beam enters through and diffracts out
through the gasket. The sample cross-section, determined by its diameter (4-6 mm), and the initial
gap between anvils (~1.6 mm) is significantly smaller than typical neutron beam sizes. If no
collimation is present, this configuration results in high background scatter from the anvils, their
binding rings and other nearby cell components that renders the sample signal all but invisible.
Previous experiments on SNAP used flexible boron-materials to form shielding and apertures since
Cd or Gd in the direct beam produce prohibitively high y-radiation for SNAP’s Anger cameras.
An example of such a previous experiment set-up is shown in the Supplemental Material.



Now, this has been addressed through the design of an incident-beam B4C collimator that consists
of a small snout with a 5.1 x 0.75 mm? aperture placed as close to the gasket/sample as possible.
This snout is glued to the downstream end of an open box shape designed to capture any neutron
scatter emanating from the upstream surface. The assembled collimator can be fixed to the PE cell
directly or to an adjustable stage (manual or motorized) scannable in height relative to the sample.
Thus, anvil, cell and a large portion of the gasket are masked by the collimator and only the sample
and minimal gasket material are illuminated. A 3D schematic of the set-up on SNAP is shown in
Fig. 1. The schematic shows how the collimator in place reduces the size of the incident neutron
beam (blue) so that only the gasket/sample are illuminated but not the anvils, binding rings or cell
components. A detailed schematic drawing of the collimator assembly is shown in Fig. 2.

290 mm

Figure 1: (a) 3D drawing of the entire Paris-Edinburgh cell set-up as placed on the SNAP beamline. The
(blue) incident neutron beam enters through the (black) collimator to illuminate sample/gasket contained
inside. The scattered beam is not indicated for clarity. (b) A close-up cross-section and (c) a top view of
the single-toroidal anvil assembly with collimator and incident beam. There, the anvil consists of binding
ring (yellow) and cBN anvil (grey) and is shown with the gasket (orange) and sample (green) in the center
and together with the collimator in place (black) that reduces the size of the incident/transmitted neutron
beam (blue).

Initially, these collimators were fabricated from reaction-bonded B,C (RBBC), whereby B4C
powder mixed with free carbon is infiltrated with molten silicon, silicon carbide or metals. The
chemical reaction yields a ceramic composite. Here, grade RBBC-751 was obtained from M Cubed
Technologies (now acquired by II-V1, Inc.). The RBBC-751 ceramic composite consists of silicon,
silicon carbide and boron carbide with B4C at 78.0 wt%, SiC at 8.7 wt.% and Si at 12.3 wt.%.
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(based on XRD) for an overall density of 2.56 g/cm? and an overall Si content of 13.4 vol % [9].
It was obtained in the form of thin plates (to construct the box shape) and a molded tapered snout.
Early snout designs included a relatively large aperture provided by the manufacturer, while
subsequent versions had a solid tip that was then perforated (via electrical discharge machining)
with a smaller aperture size. These parts are, however, complex, expensive to manufacture and
require an extensive turnaround time. This is highly disadvantageous as these collimator parts are
somewhat consumable, often being destroyed during experimentation.

These issues associated with the procurement of a functional RBBC collimator assembly are
largely addressed by additive manufacturing. Thereby, binder-jet additive manufacturing is the
technique of choice, since it deposits a liquid binding agent selectively to join powder particles.
Binder jetting works by spreading powdered material into thin layers and selectively depositing a
liquid binder into the layer via inkjet. This method can also be applied to B4C, where layers of
powder can be bonded to form the desired collimator shapes. These shapes can then be infiltrated
with cyanoacrylate, a glue, for stability as detailed by Stone ef al. [5,6]. Cyanoacrylate has a small
weight percent of hydrogen, an element not desirable in neutron-absorbing collimators, although
past evaluation has shown its usefulness [5].

Here, two types of B,C powder were used. First, pure B,C powder with an average grain size of
18 um was purchased from South Bays Technology, Inc. (now acquired by Ted Pella, Inc.). In this
powder the boron isotopes are present in their natural isotopic distribution of 20% '°B and 80%
B, This powder will be referred to as “natural B4C” onwards. While typically boron is described
as the neutron absorbing element, it is in fact the '°B isotope that is absorbing. For example, for
2200 m/s neutron, the absorption cross section of !B is o, = 3835 barn (=383500 fm?) compared
to ''B with o, = 0.0055 (= 0.55 fm?). This composition yields an average absorption cross section
for natural B of 6, = 767 barn (= 76700 fm?) [10,11]. This means that collimators made from
predominantly '°B shield more effectively. Therefore, a second isotopically enriched B4,C powder
with an average grain size of 23 um was purchased from Ceradyne, Inc., a 3M company. In this
material, all boron atoms consist of the neutron-absorbing °B for 100% !°B,C. This material will
be referred to as “enriched B,C” onwards.

Here, an Innovent binder-jet 3D printer made by the ExOne company was used to fabricate the
collimator geometries. Critical print process settings used during the fabrication of the collimators
are: roller spread speed settings: 200 RPM and 10 mm/s; layer height: 100 um; dry settings: 15
seconds per layer, target temperature: 55 °C; binder saturation level: 60%; packing rate: 60%.

Following this printing process, the collimator shapes were infiltrated with cyanoacrylate from
E-Z Bond (Instant Glue, Thin, I-1605). This glue consists to 99-100% of ethyl cyanoacrylate
(chemical formula CgH;NO,) and 0-0.5% hydroquinone. Disregarding the miniscule
hydroquinone component, this corresponds to a hydrogen fraction of 5.6 wt%.

Three different collimators were 3D printed for evaluation. The first one was printed from natural
B4C and fully infiltrated with cyanoacrylate. The second one was printed in the same manner.
While the main body of the second collimator was still infiltrated for stability, the tip closest to the
sample was not infiltrated, i.e., the collimator was only partially infiltrated. The absence of any
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hydrogen in the collimator tip closest to the sample allows for evaluation of any possible effects
arising from hydrogen present in the glue. For the third collimator, the tip was printed from
isotopically enriched '°B4C and infiltrated with glue. It is noteworthy that these configurations
present the first experimental evaluation of composite 3D-printed collimators as described in a
recently filed patent application [12].

The collimator materials tested at both beamlines are summarized in Tab. 1 and photos of resulting
collimators are shown in Fig. 2 Each collimator had the same geometry, specifically the same
opening aperture as detailed above.

Figure 2: (a) Drawing of the PE incident-beam collimators designed at ORNL. As indicated, the overall size
of the small end is 3.5 x 8.5 mm? with an aperture of 5.1 % 0.75 mm?, and the size of the holding box is 33 x
19 x 25 mm?. (b) Photo of the four different collimators: (1) reaction-bonded B,C, (2) fully infiltrated 3D-
printed natural B,C, (3) partially infiltrated 3D-printed B,C, and (4) fully infiltrated 3D-printed B,C with
19B-enriched B,C tip. (c) Close-ups of collimator tips that differ from the main part of the collimator. The
interface between natural and enrviched B,C is indicated by arrows while the non-infiltrated tip is emphasized
in red. For further photos refer to the supplemental material.

Method Infiltrant Density relative to fully 19B content
at tip dense B,C crystal
reaction-bonded reaction-bonding Si, SiC 101.5% 11 at.%
fully infiltrated 3D printing cyanoacrylate 40% 16 at. %
partially 3D printing none 40% 16 at.%
infiltrated
enriched 3D printing cyanoacrylate 40% 80 at.%

Table 1: Summary of the four different collimator materials evaluated here. Note that the '°B content relative
to a fully dense B,C crystal (mass density 2.52 g/cm’) was estimated based on assuming 4 B atoms for every
1 C atom and 20% '°B content in natural B,C [10,11]. The mass density and B,C weight percent for RBBC-
751 were taken from [9].



3. Experimental details of beamline set-up

The four collimators were tested at the SNAP and WAND? instruments. Both instruments are
versatile diffractometers used for powder as well as single crystal diffraction studies. Beyond this
they differ significantly. The SNAP beamline is a TOF white-beam instrument located at SNS
whereas WAND?, located at HFIR, is a constant wavelength instrument. For consistency,
collimators were evaluated in the same manner. Collimators were placed into the beamline in front
of a reference sample, standard silicon powder (NIST 640¢) in a vanadium can. No other
environments were added. Thus, data from both beamlines together can yield complementary
diffraction data and better evaluation of the collimator materials and composites.

The SNAP instrument is dedicated to the study of small samples under extreme conditions,
specifically under high pressure. SNAP is a high-flux instrument with a medium resolution of Ad/d
= 8 x 103, When using a focusing guide, the full beam (~10 x 10 mm?) is allowed to travel until it
reaches the incident collimator, which is placed as close to the sample as the environment allows.
The goal here is to allow as many focused neutrons to reach the sample as possible; the further
upstream the collimator is located, the more neutrons are absorbed before they can converge at the
focal plane. The beamline is equipped with two moveable square detector arrays (45 x 45 cm?) of
Anger cameras having sub-millimeter resolution [13]. For this experiment, the arrays were placed
to provide the maximum @-range, i.e., centered on 75° and 105° 20. An incident spectrum having
a wavelength () range of 0.5-3.7 A was defined by the three SNAP bandwidth choppers running
synchronously with the accelerator at 60 Hz at a center wavelength of 2.1 A.

Since corrections such as vanadium and empty instrument measurements on SNAP are critically
dependent on the exact beam, detector and incident-beam collimator setup, a SNAP-specific
algorithm was used for data normalization. There, a vanadium correction is obtained through a
fitting algorithm that accounts for the real background levels measured on the sample (see the
supplemental material for further details on this algorithm). To avoid any potential over-correction
included into comparisons between different collimators and also with WAND?, data without this
final normalization step are also considered here.

The WAND? instrument is a monochromatic, high-intensity diffractometer recently upgraded with
a large (covering 120° in the scattering plane) 2D position-sensitive *He detector [14]. The
instrument is configured for a relatively low resolution of Ad/d =2 x 102 but with high intensity
to access small samples [13] using a wavelength of 1.486 A. This makes it an interesting prospect
for high pressure studies. Here, the beam size was set to 8 mm on the horizontal and 20 mm on the
vertical using motorized slits immediately upstream of the collimator. The beam size matches the
opening of the collimator which was rotated by 90° for this experiment. Since we were also
interested in the low-Q background, the edge of the detector was set to 3° for a coverage of 3° to
123°. To compare data without collimator, the same Si powder standard was measured with a beam
profile of 1 mm horizontal and 5 mm vertical. This slit setting did not illuminate the same sample
volume and that reference data without collimator were scaled by a factor of 2.15 to allow for
comparison. Note that the experiment on WAND? took place during the commissioning phase of
the instrument when two artifacts were still present in all data. These artifacts [15] have since been
identified and improved upon.



4. Results from experimental evaluations

The diffraction data obtained from the silicon reference sample on SNAP and WAND? are shown
in Fig. 3 and 4, respectively. In both cases, part (a) of the figure shows the normalized data over
the full Q-range measured. For the WAND? data, the silicon reference sample without collimator
is also included. The Si powder peaks are clear and distinguishable. The use of the collimator does
not alter the peak shape or the peak width (as seen from the FWHM). While differences are not
easily ascertained from these full data sets, closer inspection does reveal subtle differences.

In part (b) of both figures, the low-Q regime up to 3.5 A-! zoomed into the background is shown
for both instruments. On SNAP, parasitic peaks in the regime of 2.93-2.98 A-! are seen. First, there
is a sharp peak at 2.93 A ! (= 2.14 A in d-spacing) consistently seen for all measurements. It can
be indexed to the (110) vanadium peak located at d = 2.138 A and originates from the vanadium
can. Additionally, a broad peak around ~2.7 A-! is observed in the SNAP data. This peak appears
due to coherent scatter of the !'B fraction in the collimator materials. Accordingly, the peak is not
observed in the enriched 3D-printed collimator where no "B is present. In both data sets, the
background seems slightly elevated for the partially and fully infiltrated B4C collimators. This is
attributed to the lower fraction of '°B and/or higher hydrogen content in those two cases.

Subtle differences in the range of ~0.7 to 1.2 A-! are detected on WAND? for the four collimators.
While the background for all four appears to track consistently above this point, at such a low Q,
the background for reaction-bonded B,C is somewhat lower than the 3D-printed versions. This
may be attributed to small angle effects arising from the fact that the 3D-printed materials are
porous rather than fully dense. Furthermore, the background level of the partially infiltrated
collimator (i.e., the hydrogen-free collimator tip) dips below the other two 3D-printed ones. This
observation may suggest that at low angles, hydrogen-scatter from the B4C surface within the
collimator aperture itself does contribute to the background.

A geometric sketch of the collimator dimensions with respect to the detector position (see
supplemental material) does indeed reveal a 20 = 14° as the maximum angle under which this
inside surface of this collimator aperture is seen by the detector. The @ = 0.7-1.2 A-! (where the
differences are observed) does correspond to 20 = 9.5-16° at the monochromatic A = 1.486 A that
was used here. The slight shift of the maximum angle from 14° to 16° could be due to beam
divergence. The absence of discernable difference below 9.5° is attributed to increasing effects
from air scattering obscuring these subtle differences. Thus, it does appear that surface scatter due
to hydrogen in the glue could indeed be observed at WAND?.

The relative intensities of the (111) Si peak are compared in part (c) of the figures. In the WAND?
data only subtle differences can be seen. The intensity is highest for the partially infiltrated
collimator followed by the RBBC, the fully infiltrated and the enriched collimator. The collimator
in the WAND? experiment had been fully illuminated and leakage through the collimator would
explain the different intensities. The hydrogen in the fully infiltrated collimator is hereby also
acting as additional neutron attenuator.
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Differences are significantly more prominent in the SNAP data. At SNAP, loosely two groups are
seen, one group with high intensity in the Si peak above background and one group with lower
intensity. This appears to track with '°B content of the collimator, i.e. the collimators lower in '°B
content (fully infiltrated and partially infiltrated) yield high intensity sample signals while the
collimators high in '°B (reaction-bonded and enriched) yield lower signals. This suggests possible
transparency issues with the low-1°B collimators, i.e. these appear to shield less well giving rise to
a larger effective aperture and thus a higher sample signal. Thus, it should be noted that the higher
signal intensity is not necessarily preferable over a lower intensity since it could simply track with
a larger scattering aperture rather than more desirable collimator properties.

Finally, for understanding the SNAP data, consideration of the SNAP data without the usual
normalization step gives further insights. That normalization step referred to here extracts a fake
vanadium/normalizer from the sample data themselves in order to account for pressure-dependent
effects (see the supplemental for further details.). The data shown in Fig. 3(d) clearly show higher
background for the low-!1°B collimators consistent with their decreased neutron absorption.
Additionally, the removal of hydrogen (as is the case for the partially infiltrated collimator) reduces
the background level with respect to the fully infiltrated one. Interestingly, the 3D-printed enriched
collimator has the lowest background up to ~5.5 A-!, even lower than that of the RBBC one. At
higher Q, the background increases and the reaction-bonded material yields the lowest background
level instead. This turn-over point is indicated by an arrow.

To understand these observations, these four data sets were assessed in some more depth.
Therefore, the data for each collimator test were converted to energy E (not shown here). Note that
this conversion was performed prior to the so-called diffraction focusing which correlates each E
and time-of-flight with a diffraction angle. This conversion to E shows the overall count levels
across the entire energy regime and can give insight into specific contributions of hydrogen, for
example. There, scaling to a common count level at low energy showed that all 3D-printed
collimators exhibit a cross-over at ~30 meV with reaction-bonded collimator. Furthermore, above
30 meV the slopes of the enriched and partially infiltrated collimators appear identical while the
slope of the natural 3D-printed B4C collimator rises more steeply. These observations suggest
intricate interaction with hydrogen as well as possible hydrogen-induced moderation of the
scattered beam. The details will need to be assessed with follow-up spectroscopy measurements
as well as Monte Carlo simulations, which are both outside the scope of this paper.

Overall, these comparisons show that all 3D-printed B4C collimators compare well against
reaction-bonded B4C. Overall, clearly higher '°B-contents are advantageous (although also more
costly). Similarly, the absence of hydrogen appears desirable although its presence is not
prohibitive. Thus, for certain demanding applications it may be advisable to use enriched B4,C
and/or ensure that no glue is present in the area closest to the sample. However, for majority of
applications also natural B4C infiltrated with glue i1s usable, even when placed directly into the
incident beam.
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5. Scientific examples

These latter collimators made from natural B4C infiltrated with cyanoacrylate have already been
deployed in the SNAP user program. For example, recent work on water ice has demonstrated that
the formation of amorphous ice is critically dependent on the compression rate [16]. This work has
cast many doubts on our understanding of water and its anomalies in phase behavior. Another
example of relatively recent work using such collimators was focused on understanding the
pressure-temperature phase behavior of the multiferroic perovskite material Sr;-,Ba,Mn;_,Ti,O3
[17]. The pressure experiments in the PE cell were thereby critical to map out and understand the
pressure-temperature phase diagram.

Another recent example was the study of a structural phase transition in barium deuteride (BaD,)
under pressure [18,19]. Such metal hydrides are of interest for solid state hydrogen storage. A
structural phase transition at elevated temperatures unlocks fast ionic conduction of hydride ions
in the high-temperature phase [20]. This transition transforms a slightly disordered orthorhombic
phase into a highly ordered hexagonal phase. The hydrogen diffusion rates increase by an order of
magnitude following this structural modification. The same transition has been reported upon
compression of BaH, beginning around P = 1.6 GPa [21-24] However, past pressure studies were
conducted on BaH, using X-ray diffraction or Raman spectroscopy and the exact position and
behavior of the H (or D) atoms thus remained unknown. This shortcoming was addressed in this
work here.

The high pressure experiment was conducted on SNAP in a VX3 PE press equipped with single-
toroidal cubic boron nitride (cBN) anvils and null-scattering TiZr gaskets. The anvils and gasket
were placed into a dedicated insert designed for loading samples in a glove box. After filling the
gasket with the BaD, sample, a press located inside the glove box was used to apply a 5 m. ton
sealing load, which was then transferred to the insert by tightening a threaded breech bolt at the
top. Due to the high reactivity of the sample, no pressure medium was used, as consistent with past
diamond anvil cell pressure experiments [23]. The clamped insert was then transferred to the
SNAP beamline and loaded into the PE press. The cell was compressed in several steps to a
maximum of 75 m. tons of applied load corresponding to a maximum sample pressure of 11.3 GPa
(based on the equation of state of BaH,). Data were collected as before and refined using GSAS-
IT [25]. Further details on the experiment are presented elsewhere [18,19].

An example of the diffraction patterns collected on BaD, using a fully infiltrated 3D-printed B,C
collimator is shown in Fig. 5 for both the low pressure orthorhombic and the high pressure
hexagonal phases. The refinement confirmed the orthorhombic phase at low pressure [space group
Pnma (#62)] with lattice parameters a = 6.712(4) A, b=4.137(2) A, and ¢ = 7.817(3) A at 0.6 GPa
and the hexagonal phase at high pressure [P6y/mmc (#194)] with lattice parameters a = 4.257(2)
A and ¢ = 5.580(2) A at 7.7 GPa. The quality of the fit for the high pressure refinement is lower
due to the non-hydrostatic conditions that arise in the absence of a pressure medium. Nonetheless,
Rietveld refinement was possible in both cases. The presence of BaO was also detected due to
minor oxidation of the BaD,. The neutron diffraction study verifies for the first time the full
structure including the deuterium positions in this interesting high-pressure phase. Corresponding
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quasi-elastic neutron scattering experiments are in progress to further elucidate the details of the
diffusivity in this interesting metal hydride.

In addition to interesting insights into the phase behavior of BaD,, the data also give insight into
the quality of the 3D-printed collimator. No hint of iron was detected at ambient or elevated
pressure. This shows the collimator sufficiently shields all cell components and also the steel
binding ring around the anvil. Although not detected at ambient conditions, parasitic scatter
originating from the cubic boron nitride (BN) anvil is included in the refinments. Up until a
pressure of 7 GPa, no BN is seen. At 7.3 GPa, the Rietveld refinement yields a BN phase fraction
of 0.9% which increases to 4.1% at the highest pressure of 11.3 GPa. Even at these highest
pressures the BN fraction thus remains small and does not overly contaminate the sample signal.
This quite clearly illustrates the usefulness of the collimator.
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Figure 5: Diffraction patterns of BaD, measured in the PE cell on SNAP using a 3D-printed fully infiltrated
natural B,C collimator. The measured and refined BaD, pattern in the low-pressure orthorhombic phase at
0.6 GPa is shown in (a) and the high-pressure hexagonal phase at 7.7 GPa in (b). See text for further details.

Finally, it should be noted that all past publications using the PE cell on the SNAP beamline used
some form of collimation in order to improve the sample/background signal. Nonetheless, most
publications focused on low pressure studies or on regions of interest in the high d-regime where
no overlap with cBN peaks occur. Thus, collimators like those described here are extremely useful
for successful studies that require detailed structural refinment or those that focus on total
scattering.
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6. Future directions

This work here clearly shows that 3D-printed B4C can be readily deployed for collimation during
neutron scattering experiments, even when placed in the incident beam. It furthermore appears that
the majority of applications are served by natural B4C infiltrated with the (hydrogen-containing)
glue cyanoacrylate. Such 3D printing is highly advantageous over past methods due to fast
turnaround and inexpensive methods and materials. By simply creating or modifying a design
drawing, new collimator geometries can be quickly 3D-printed and tested, hence enabling the
geometry to be optimized for use at different instruments or with specialized sample environments,
a feature which is not easily performed using traditional methods. For more demanding
applications, the performance may be even further improved through composite designs using °B-
enriched B4C, for example.

Furthermore, a recent development enables the replacement of the glue with aluminum through an
infiltration approach [26,27] A test piece was printed and is shown in Fig. 6(a). Initial testing on
the SNAP beamline suggested subtle improvement of neutron-absorbing properties over
cyanoacrylate infiltration. This has, however, not yet been tested as vigorously. Furthermore, the
aluminum infiltration process puts limitations on the fast turnaround that is possible with simple
cyanoacrylate infiltration. Nonetheless, if necessary, hydrogen-free 3D-printed collimation and
shielding is in reach.

Moreover, 3D printing possesses the unique advantage that it enables the creation of shapes beyond
those made from simple plates. Specifically, it enables curved and other complex shapes. It also
enables small apertures such as is needed with incident-beam collimation for high pressure
experiments in diamond anvil cells. There the sample is orders of magnitude smaller than in the
PE cell, and thus, collimation to minimize background scattering from the high pressure
environment is especially critical. An example of such a complex collimator is shown in Fig. 6 (b)
and (c). The collimator was designed for a diamond anvil cell used on the CORELLI instrument
of the SNS [28,29]. CORELLI is a statistical chopper spectrometer with energy discrimination
designed to probe complex disorder in crystalline materials through diffuse scattering of single-
crystal samples. This cell allows for higher pressures than devices typically employed on this
beamline, yet it is still small enough to be cooled with a closed-cycle refrigerator to ~5 K in a
reasonable amount of time (<4 hr). The requirement for such a capability is a very small sample,
making collimation key. Constrained by the instrument and cell geometries, a collimator was
designed specifically for single-crystal experiments that require rotation of the cell in the beam.
The result demonstrates clearly that complex shapes and small apertures are available to the
designer and can be accurately produced.

Naturally, these developments are applicable beyond incident beam collimators for pressure cells
and other complex sample environment. For example, shielding required in neutron
instrumentation can clearly benefit the from the ability to make curved shapes. Furthermore,
increasing the size of the 3D print will also allow for the fabrication of neutron-absorbing radial
collimators as typically used to define the scattering volume viewed by the detector. Finally,
coupling 3D printing with simulations that predict an optimized custom collimator design could
revolutionize the deployment of complex environments in neutron instruments and even the way
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new instruments are designed. The development of such a platform is currently underway at ORNL
but outside the scope of this paper here.

(@)

Figure 6: (a) A photo of a 3D-printed B,C collimator for the PE cell following a subsequent infiltration with
aluminum. The same dimensions as shown in Fig. 2 and described earlier in the text were used. (b) A
schematic of a 3D-printed collimator designed for single-crystal experiments in the diamond anvil cell on
SNS’s CORELLI beamline. (c) Photos of the resulting 3D-printed collimator in front and back view. For
further photos refer to the supplemental material.

7. Conclusion

Here, we have demonstrated a 3D-printed incident-beam collimator design for the Paris-Edinburgh
pressure cell made from neutron-absorbing B4C. Four different collimators were evaluated, one
made from more traditional reaction-bonded B4C and three different 3D-printed ones. Of those,
one was fully infiltrated with the glue cyanoacrylate and two additional composite collimators
were made with an enriched '°B tip and a tip absent of hydrogen-containing glue, respectively.
The collimators were compared on two neutron diffractometers, the white-beam TOF instrument
SNAP at the SNS and the monochromatic steady-state WAND? at HFIR. Our comparisons clearly
show that these 3D-printed collimators compare well with the traditional RBBC. This is highly
advantageous for use at the beamline since 3D-printing offers fast, inexpensive turn-around.
Additionally, we show that the use of composite collimator designs allows to further improve the
collimator performance. This may be particularly useful for demanding applications whereas the
‘standard’ design of a fully infiltrated 3D-printed collimator works well for the SNAP user
program. Finally, such 3D-printed collimation is not only useful for the PE collimators discussed
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here but also for more complex collimator shapes as shown on an example for a single-crystal
collimator. Clearly, the advent of such complex, custom-made 3D-printed collimation will be
highly useful for neutron scattering experiments using extreme environments such as high pressure
environments yet is also well-suited for new instrument designs.

Supplementary Material

Further details are provided in the supplementary material that is available online. Specifically,
this material includes (i) details on an experiment conducted in the PE cell at the SNAP beamline
that compares the new experimental set-up with the collimator presented here with a replication of
a previous set-up using flexible boron shielding, (ii) details on the data analysis conducted at the
SNAP beamline, (iii) details on the geometry of the experimental set-up on WAND?, and (iv)
photos of the 3D-printed collimators with rulers placed as scales.
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