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Abstract

Scattered-beam collimation is a very useful method to reduce unwanted back-

grounds and to boost the desired sample signal instead. This approach is of

particular interest for samples contained within a complex environment that

gives rise to much unwanted parasitic scatter. As neutron scattering instru-

ment and techniques advances, small samples are becoming of more and more

interest, which necessitates optimized collimation. Here, we describe a con-

cept for the design and fabrication of advanced scattered-beam collimation 3D

printed from B4C specifically tailored for samples contained within a complex

environment. This concept is demonstrated through the use of a diamond anvil

cell for high pressure experimentation, a technique that very typically requires

small samples. The collimators here are designed through a modeling proce-

dure via Monte Carlo neutron ray tracing that encompasses the entire system:

the instrument, the complex environment and the collimator. Since the first

approach of simply scaling up of the print-size was not successful, a novel con-
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cept of a multi-part alternate-blade collimator was developed. This approach

addresses printing constraints but gives greater flexibility in design. Its perfor-

mance is computationally compared against an unprintable progressively tighter

blade collimator to assess the effect of alternating blades. No strong difference

was observed. Its performance was validated through experimentation at the

Spallation Neutron Source. The results emphasize the critical importance of

ultra-high precision alignment while showing good overall agreement between

simulation and experiment and underscore the feasibility of the method and its

real-world application.
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1. Introduction1

Neutron scattering is a powerful probe used to characterize and study com-2

plex behaviors of materials. More and more often such studies focus on materials3

subjected to a multitude of extreme conditions whereby the studies aim to probe4

the materials’ response through in situ neutron scattering. In common to many5

of these studies is the need for advances in neutron scattering techniques that6

allow studies within new complex environments and smaller or more complex7

samples. This need is driving much development in neutron instrumentation8

such as new neutron facilities, highly optimized neutron beamlines [1–3] and9

also advanced collimation aimed at reducing background levels and removing10

unwanted parasitic scatter.11
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Such efforts on collimation include incident-beam collimation (i.e. attempts12

to ensure only the sample is exposed to the beam and any present complex13

environment is not) as well as elaborate set-ups for collimation of the scattered14

beam. Such collimators are thereby essentially devices that only allow desirable15

neutrons (i.e. those scattering off the sample) to reach the detector while they16

block unwanted neutrons (i.e. those scattering off the complex environment).17

This is possible because sample scatter originates from a different geometric18

position than the unwanted scatter from a complex environment. Convention-19

ally such collimators often consist of an arrangement of thin blades arranged20

radially around the sample/complex environment in question that achieve such21

desirable filtering [4]. Beyond such thin blade geometries (i.e. conventional22

radial collimation), complex three-dimensional shapes have also been used for23

scattered beam collimation. These are made up of channels and blades of var-24

ious geometries to allow for simultaneous horizontal and vertical filtering. An25

early example is the so-called honeycomb design [5], another design uses rectan-26

gular channels instead [6]. In common to all such scattered-beam collimation is27

the fact that it will inherently reduce overall counts as it requires placement of28

a device between sample/complex environment and detector. The challenge is29

to identify a configuration that reduces the background more than the sample30

signal, thus providing a boost in the signal to background ratio.31

Further, for any such collimation to work, the material needs to effectively32

shield against neutrons across a large energy range. Hence, only a very limited33

number of materials and elements are suitable. Typical neutron collimation34

and shielding is made from cadmium (in the form of simple Cd metal foils),35

gadolinium (in the form of Gd2O3 paper or paint) or also boron-containing ma-36

terials (e.g. B4C, Boroflex, boron powder mixed with epoxy). Manufacturing37

constraints posed by these elements and materials have traditionally limited38
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possible shapes that could be made. However, the rise of advanced manufac-39

turing methods, specifically 3D printing, has enabled focused efforts at various40

neutron sources world-wide to further develop and advance neutron collimator41

concepts.42

The flexibility of 3D printing allows for new concepts, namely custom colli-43

mation of the scattered beam specifically designed and attachable to a complex44

environment. A successful design of a 3D printed collimator was demonstrated45

at the WISH beamline of the ISIS Neutron and Muon Source [6, 7]. There, a46

complex three-dimensional collimator printed from stainless steel and painted47

with Gd2O3 was optimized for a sapphire opposed-anvil pressure cell inside a48

100 mm bore cryostat. Another recent effort focused on the fabrication of slits49

for small-angle neutron scattering from a boron-carbide/polymer composite [8]50

and was successfully tested at the NIST Center for Neutron Research [9, 10].51

Other efforts at the High Flux Isotope Reactor at Oak Ridge National Labo-52

ratory (ORNL) have used a 3D printed plastic collimator coated with borated53

aluminum. Plans for upgrades to a radial collimator printed from 40 wt.%54

boron-nitride doped thermoplastic polyurethane are in progress [11]. Similarly,55

the future use of 3D printed radial collimators is also planned for total scattering56

applications at the Japan Proton Accelerator Research Complex [12].57

Significant efforts at ORNL have further focused on the 3D printing of B4C.58

The majority of the work has focused on directly 3D printing B4C via binder-59

jet additive manufacturing without any added polymer. Here, the final product60

is infiltrated with cyanoacrylate [13] or hydrogen-free aluminum [14]. Other61

work associated with ORNL has used Selective Laser Sintering instead to print62

B4C – Al composites that yield a 20% B4C [15]. Here, we continue to focus63

on three-dimensional collimators made through direct 3D printing of B4C by64

binder-jetting. Binder jetting allows us to create collimators with 40% B4C and65
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has further advantages for blade/channel design in terms of channel size, wall66

thickness and build geometry.67

Consequently, this technique has been successfully used for the fabrication68

of custom incident-beam collimation [16] and for advanced scattered-beam col-69

limation using three-dimensional channel and blade configurations [17, 18]. For70

the latter, the design was performed through a computational optimization al-71

gorithm using Monte Carlo Ray Tracing in Monte-Carlo VIrtual Neutron Ex-72

periment package (MCViNE) [19, 20]. These collimators showed significant73

boosts in relative sample scatter when tested with a piston-cylinder type pres-74

sure cell, a so-called clamp cell [17, 18]. Based on these past successful findings,75

this present work here continues to focus on such three-dimensional collimators76

made through direct 3D printing of B4C by binder-jetting.77

While these past studies focused on samples of considerable size, i.e. �4.5 mm78

diameter and a few cm tall, many current and future experiments require signif-79

icantly smaller samples. This in turn requires even further advanced designs for80

collimation. Specifically, the collimators need to be significantly larger (in order81

to only positively select for the scatter of a very small geometric area, i.e. the82

sample). Further, these collimators also require ultra-high-precision alignment83

with respect to sample and complex environment.84

Here, we explore the feasibility to design, fabricate, and use 3D printed85

three-dimensional B4C collimators that are optimized for a small sample (well86

below 1 mm3 sample volume) contained within a complex environment. The87

overall aim is thereby to demonstrate that such a collimator can reduce the rela-88

tive parasitic diffraction signal from the environment while boosting the relative89

diffraction signal from the sample. The test case for the complex environment90

chosen is a neutron diamond anvil cell (DAC) [21, 22] used for high pressure91

studies, a research area that requires small samples to achieve the highest pres-92

5



sures. The representative sample volume used here was 1 mm diameter and93

0.2 mm tall, consistent with a sample contained within such a DAC. As first94

step, the creation of the necessary DAC model is described. Next, the necessary95

increase in size of the printed B4C collimation was attempted in two ways, first96

through simply increasing the print size and next, through printing a multi-97

part design that was manually assembled into a larger collimator. A key feature98

of this multi-part design was the ability to alternate blades to progressively99

tighten the selectivity of the collimator which allowed higher density of blades100

while maintaining printing constraints. While it was not possible to evaluate101

the first design experimentally, experimental evaluation of this alternate-blade102

design on the beamline is described. On the one hand, the experiment illustrates103

the critical importance of ultra-high-precision alignment for such a collimator,104

which use is not as straight forward as in the case of the piston-cylinder pressure105

cell. On the other hand, the experiment obtains very good agreement with the106

simulated diffraction data, which highlights the strengths of our approach in107

coupling 3D printing with simulation for collimator design.108

2. Model of Extreme Environment and Sample109

High pressure neutron scattering necessitates the use of small samples, sim-110

ply because smaller samples allow for higher pressures. Furthermore, the use of111

a pressurizing environment also means that the sample is fully encased within112

a non-transparent sample environment. This typically contributes much para-113

sitic cell scatter that often dominates the weak sample scatter from the small114

pressure sample. These challenges make high pressure cells a prime test case for115

the assessment of collimator capabilities. Here, we chose a wide-angle neutron116

DAC that was developed for use across various beamlines of ORNL’s Spallation117

Neutron Source (SNS) and High Flux Isotope Reactor [22]. It boasts a wide118

scattering aperture, an added spring for temperature stability, is typically pres-119
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Figure 1: A model of the key components of the neutron diamond anvil cell [22] created in
MCViNE [19, 20].

surized offline in a press and is made from copper beryllium for faster cooling.120

In order to conduct a comprehensive Monte Carlo neutron ray-tracing simu-121

lation (specifically MCViNE [19, 20]) including instrument, diamond anvil cell,122

sample and final collimator, a detail model of the DAC itself is required as first123

step. Such a model needs to include the geometry, the materials present, and124

the scattering kernel. The scattering kernel thereby describes how incoming125

neutrons interact with the material of the cell and sample.126

In all simulations variance reduction techniques were used to more efficiently127

simulate the relevant scattering and transmission mechanisms.128

Finally, to accurately represent the geometric structures, we used the Con-129

structive Solid Geometry methodology, which creates complex geometries from130

sophisticated assembly of basic geometric structure. Overall, the model followed131

the dimension of the experimental cell set-up [22], including the correct dimen-132

sions of the 6 mm diamonds equipped with 2 mm culets. This particular DAC133

is typically used in a geometry where the incident beam enters and scatters out134
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through the gasket. Here, the gasket consisted of a flat disk of 301 stainless steel135

with 6 mm outer diameter, 200 �m total height and a 1 mm inner diameter.136

Additional anvil support is provided through aluminum wedges placed above137

and below the steel gasket, effectively surrounding the anvil. This assembly of138

steel disk and Al wedges is labelled as ‘gasket’ in the model. Further details139

of this construction are provided in Appendix A and the resulting full model is140

shown in Fig. 1.141

3. Single-Blade Collimator Design and Fabrication142

Large radial collimators for neutron scattering applications are used across143

many beamlines across neutron user facilities worldwide and the principles for144

designing such collimators are well understood. The obvious first attempt in145

designing a collimator for such a small sample is to scale-up the print size with-146

out changing the principle of using continuous blades that form channels while147

taking account of constraints of beamline, complex environment and fabrication148

process of the collimator itself. Specifically, when designing a scattered-beam149

collimator, one wants to use as much of the space between the sample and detec-150

tor as possible. This ensures the channels can be as large as possible for a given151

value of angular divergence, thus reducing the loss due to the finite thickness of152

the collimator blades. Yet, when designing an additively manufactured collima-153

tor, the build volume is another somewhat competing constraint. Specifically,154

one would want to print the collimator as a single piece. However, typically155

the available build volume within a given printer tends to be smaller than the156

available space between the sample and the detector. Thus, one needs to con-157

sider both these two key constraints, the neutron instrument, and the printing158

capability, when scaling-up the size of a 3D printed collimator as necessary for159

small samples160

Here, our collimators were printed from B4C in binder jet printers. Binder161
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jetting works by spreading powder into thin layers and binding the shape of162

the layer using a liquid polymer in solution deposited by an inkjet printhead.163

Once the powder is bound, the build box is heated to ‘cure’ or dry the binder164

so the part can be removed from the powder bed. The largest binder jet printer165

available to us is the M-Flex binder jet printer (ExOne Operating LLC, North166

Huntingdon, PA, USA) located at ORNL’s Manufacturing Demonstration Fa-167

cility (MDF). This printer provides a build volume of 401 � 250 � 250 mm.168

Next, the neutron instrument used had to be considered. The experimental169

evaluations were conducted on SNS’s high pressure instrument, the Spallation170

Neutron and Pressure (SNAP) diffractometer [23]. This instrument is a time of171

flight Laue design and has two Anger camera, pixelated detector banks that are172

fixed in a horizontal plane, but can be positioned at an arbitrary scattering angle173

(2�) away from the incident beam. The available detector-to-sample distance is174

50 cm. This full space is only accessible with removal of some detector shielding,175

easily accessible space is smaller. The SNAP instrument has a hexapod at176

the sample position which allows for precise alignment of pressure cells and/or177

samples and exhibits a very small, focused neutron beam optimized for small178

samples such as those in high pressure cells.179

To comply with these constraints, we started with a single collimator design180

that fills the maximum build volume of the printer, but does not fill the available181

space on the instrument. The collimator was designed to take up as much as182

possible in available sample-detector distance. It was not designed to cover183

an entire SNAP detector bank, as this was not required to demonstrate the184

principle. Specifically it was designed to cover part of a detector bank centered185

at 2� = 50◦.186

The collimator design was optimized in MCViNE [19, 20] for sample-to-187

background signal incorporating the restrictions of available print volume, con-188
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straints due to the printing process, the beamline characteristics and the model189

of the sample in the DAC shown above. The constraints due to the printing190

process were determined empirically during initial studies [17]. Specifically, we191

found that printed walls can not be thinner than 1 mm and the channel size192

should not be smaller than 3 mm. A very small incident beam of 100 µm was193

chosen for the optimization. The upstream collimation of the sample regulates194

the angular resolution of the incident beam. With the given upstream size of195

the incident beam of 100 µm, and at a position 14.68 m from the source, the196

upstream collimation is approximately 0.024 minutes of arc. We then optimized197

the downstream collimator using the criterion of maximizing the ratio of the198

intensity of the longest d-spacing Si Bragg peak to the intensity of the 
-Fe199

Bragg peaks. The collimator characteristics, adjusted in this optimization pro-200

cess, included the collimator’s blade count, overall size, and opening angle.201

This optimization procedure substantially reduced the neutrons scattered from202

sources outside the sample (e.g. the sample environment) by absorbing them in203

the blades of the collimator. This strategy enhanced our signal-to-noise ratio,204

thus improving the quality of our measurements. The optimization process used205

is further described in detail elsewhere [17]. The collimator designed using these206

criteria is shown in Fig. 2 with overall dimensions of 300 mm full length and an207

opening area on the detector side of 230�230 mm.208

The resulting simulated diffraction patterns with and without collimator209

are shown in Fig. 3(a). Clearly, the optimizer produces an improved signal-to-210

background ratio as the relative intensity of the 111, 220, 311 and 400 Si peaks211

increase by a factor of 1.52�0.04.212

To gain more insight, an additional simulation interrogated the individual213

cell and sample components with respect to the collimation (not shown here).214

To capture further cell parts such as the Al part of the gasket and the diamond215
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Figure 2: The single-part collimator designed and optimized in MCViNE [19, 20] in side-view,
back-view and front-view. The design dimensions are thereby 300 mm full length, an opening
of 230�230 mm2 on the detector side and of 44�44 mm2 on the sample side.
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Figure 3: Simulated diffraction data of an Si sample within the DAC with and without
scattered-beam collimator, with (a) the full pattern and (b) the pattern zoomed into lower
intensity areas for details. The overall intensity was normalized to 1 for the 111 
-Fe peak.
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anvil, the incident-beam size was increased to 2.2 mm. The same neutron statis-216

tics of 1�109 were used for simulations of each of the individual models in order217

to ensure comparability. The individual parts simulated with and without col-218

limator were (i) the sample, (ii) the steel gasket, (iii) the Al wedges used above219

and below the steel gasket, and (iv) the diamond anvils. Additionally, the fully220

assembled cell with and without collimator was modeled. No irregularities were221

observed and the individual contributions of each component of the DAC corre-222

sponded precisely with the cumulative contribution of the whole assembly. The223

consistency between individual and cumulative behavior of these components224

signifies the predictability of the system.225

We then attempted to 3D print the collimator via the binder jet additive226

process with B4C (average grain size 18 µm, South Bay Technology, Inc., now227

acquired by Ted Pella, Inc.) in the M-Flex. The MCViNE model was therefore228

converted into an stl file which was sliced for use in the M-Flex. Typical ma-229

terials shaped with binder jetting include steels and other metals, so the use of230

B4C on this printer, not previously used for B4C, required some process devel-231

opment. During the tuning process to accommodate this new type of powder, it232

became apparent that it was not possible to print the smallest print-size feature,233

the 3�3 mm2 channel size. In order to find what we could print we increased234

the minimum channel size to 4�4 mm2 channels on the upstream side while235

decreasing the overall channel length accordingly.236

With these changes in the design in place the printing and curing step pro-237

gressed as anticipated. The final part is a ‘green’ or loosely-bound, powder238

part with strength similar to chalk. The next step was the depowdering, a slow239

process as the part had to be carefully unburied cell-by-cell. Thus, overall de-240

powdering took several weeks. Yet, as a result of the fragile nature of binder241

jet printed parts, the inherent design of the thin-walled collimator, and thermal242
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gradients during the cooling process, several cracks formed within the collimator243

that were revealed during the depowdering step.244

Photos of the final product are shown in Fig. 4(c)-(e). While the overall245

shape appeared intact, close visual inspection revealed the cracks within the246

channels and additionally subtle unwanted sloping of the channels. These are247

indicated by small arrows in Fig. 4(e). Furthermore, as a result of the crack-248

ing the printed dimensions differed greatly from the design dimensions. For249

instance, the detector-facing side was not a perfect square, but the width varied250

from 230 mm to 235 mm with wider parts present closer to the center. Similarly,251

the channel sizes varied significantly. Most channel openings on the detector-252

side were �18.5 mm wide if no cracks were visually detected, but the presence of253

cracks increased this dimension to �19.5 mm. Moreover, the channel openings254

on the sample-side were not consistent. Some channel openings were measured255

to be a consistent 4 mm but variations down to 3.8 mm and also up to 4.1 mm256

were observed. Furthermore, the channels were visibly distorted from the square257

shape they were expected to be. There was no discernible pattern in size and258

location of channel openings and sizes were not even entirely consistent within259

one single channel. No cracks were observed but clearly the print precision was260

not sufficiently high.261

Clearly, process limitations (binder strength and the thermal profile during262

cooling and depowdering) impaired the precision of the print to such a level263

that it was not suitable as collimator for testing on the beamline. It should be264

possible to eventually mitigate these manufacturing defects through process and265

design optimization (for example research in a new binder agent used during the266

print-stage is underway) and this manufacturing test provided abundant infor-267

mation about the printing process. This was used to continue moving forward268

by switching to a multi-part design.269
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Figure 4: (a) Photo of the final single-part collimator 3D printed with B4C. The full length
of this part is 297 mm. (b) Photo of the back-view, i.e. the detector-side end. The width of
this part is 230-235 mm. (c) Close-up of the webs with the white arrows indicating cracks.
The inner width of the channels varies from �18.5 to �19.5 mm.

270

4. Multi-Part Alternate-Blade Collimator Design and Fabrication271

Simply scaling-up the print in one single part with continuous blades was272

clearly not feasible without further optimization of the process parameters.273

Therefore, a new concept was developed to increase the overall size from previ-274

ously reported sizes [17], while reducing the size of each individual part to be275

printed. There were two key changes to the design: (i) Several small parts were276

printed and then later assembled manually into one large collimator, and (ii)277

instead of designing the collimator with fully continuous blades, an alternate-278

blade design was used. This means a collimator was designed with progressively279

tighter blades (going from sample to detector side). Such a design allows for an280

overall higher density of blades, reduction in channel size, avoided the process281
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Figure 5: The alternate-blade scattered-beam collimator designed and optimized in MCViNE
[19, 20] whereby the individual parts and the fully assembled collimator are shown. The design
dimensions are thereby 180 mm full length, an opening of 120�150 mm2 on the detector side
and of 42�33 mm2 on the sample side.

limitations noted above, and worked around new limitations due to a multi-282

part configuration. These new restrictions are now misalignment during the283

final assembly process. By ensuring there were no blades that crossed over a284

piece boundary, the design is less sensitive to misalignment between pieces. The285

main reason for the smaller pieces is that the cracking observed in the single part286

design is usually due to differential contraction during the curing process. By287

reducing the overall size of the part, the part can cool more uniformly resulting288

in less stresses to produce cracks.289

Such a multi-part alternate-blade collimator was designed for the beamline290

and DAC in MCViNE [19, 20] using the same optimization process as before [17],291

with a few aspects of the design highlighted: First the collimator was separated292
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into 3 distinct sections going along the beam. Those are the upstream section293

labeled 1, the middle section labeled 2 and 3, and the downstream section294

labeled 4 and 5. As there are 3 sections, each layer must have a multiple of 3�295

the number of channels as the first, here 3, 9, and 27. Next, the blades that296

are in the adjoining upstream section are removed. Finally the middle section297

is divided into parts 2 and 3, and the downstream section is divided into parts298

4 and 5. This separation was done so the wall was one single piece rather than299

two half pieces, for ease and precision in assembly of the final full collimator.300

Figure 5 shows the parts as described as well as the full assembly .301

The resulting simulated diffraction patterns with and without collimator are302

shown in Fig. 6. Clearly, an improvement in relative sample statistics is seen.303

Specifically, the relative intensity of the 111, 220, 311 and 400 Si peaks increases304

on average by a factor of 1.23�0.03.305

As such an alternate-blade concept has not previously been characterized, it306

is useful to assess whether the blade removal, to provide the alternate design,307

appreciably affects on the collimator performance. Simulation is essential here308

since it offers a way to critically assess the design without the constraints of309

actual printing.310

To investigate the alternating effect, we devised a progressively tighter colli-311

mator. The only distinction between this design and the experimentally tested312

alternate-blade collimator is the reinsertion of the blades in parts 2-5, which had313

been removed in the alternate-blade design to prevent the blades from exhibit-314

ing intersecting boundaries that could arise from potential printing mishaps and315

to reduce shadowing from misalignments during the assembly of a multi part316

piece. The design of this progressively tighter collimator is illustrated in Fig. 7.317

For clarity, the alternate-blade collimator’s blade orientation is also presented in318

the same manner in Fig. 7, emphasizing the differences between the two designs.319
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Figure 6: Simulated di�raction data of an Si sample within the DAC with and without the
scattered-beam collimator, with (a) the full pattern and (b) zoomed into lower intensity areas
for details. The overall intensity was normalized to 1 for the 111 
 -Fe peak.
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Figure 7: Blade con�gurations of (a) the corresponding progressively tighter collimator and
(b) the alternate-blade collimator previously shown in Fig. 5. Both collimator designs exhibi
the same overall dimensions, e.g. a full length of 180 mm, and openings of 120 � 150 mm2 and
33� 42 mm2 , respectively.

The di�raction signal resulting from the the sample and the DAC with these320

two collimators in place, as well as without collimator, was simulated using an321

incident beam neutron count of 2.5� 108 for all three. Note that an incident322

beam of 2.2 mm was used here in order to also illuminate the aluminum part of323

the gasket. The resulting data were processed using identical masking, binning324

and smoothing. The full di�raction data and a zoom-in are shown in Fig. 8(a)325

and (b), respectively. The intensity levels were normalized for the 111
 -Fe326

peak to enable relative comparison as before. While the normalization of both327

collimated data sets was very similar (less than 5% di�erence), the total intensity328

without collimator in place was naturally higher as no blades obscured the329

detector (by a factor of � 2.8). Clearly, the progressively tighter collimator and330

the alternate-blade collimator yield a highly similar di�raction pattern without331

readily discernible di�erences. A signi�cant di�erence can however, be observed332

in the relative intensity of the Al peaks without the collimator in place.333

For more detailed comparison the two simulated di�raction data sets ob-334

tained with a collimator in place were divided by the simulated di�raction data335
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Figure 8: (a) Simulated di�raction data and (b) zoom-in of Si in the DAC with these two
collimators and without any collimator. (c) Intensity of the simulated data with collimator in
place divided by the intensity without any collimator in place. See text for further details.

20



without the collimator. Note that the intensities prior to normalization were336

used here for all in order to sharpen visibility of subtle di�erences. The resulting337

data are shown in Figure 8(c). For clarity, the width of various Si, Fe and Al338

peaks is indicated. Additionally, lines are added to guide the eye toward the339

average intensities seen for Si, Fe and Al across the entire spectrum. First, the340

relative intensity in the Fe peaks is the same for both collimators. The relative341

intensity in the Si peaks, i.e. the sample peaks, is also the same for both colli-342

mators but at a di�erent intensity level than the Fe. This is consistent with the343

previous observation that adding the collimator does indeed boost the sample344

signal relative to the background signal. Interestingly, observations on the Al345

peak are more complex. The overall intensity level is lower than for the Fe346

peaks, suggesting a better collimating e�ect. Furthermore, a subtle di�erence347

in Al intensity is seen between the two collimators as indicated by the arrow in348

the �gure. There, the Al intensity in the progressively tighter collimator seems349

subtly lower than for the original alternate-blade collimator. This may suggest350

slightly better performance of the progressively tighter collimator, which is con-351

sistent with its higher blade density. The e�ect is however, very subtle only and352

it is highly promising that the alternate-blade collimator performs comparabily353

so well. This is particularly noteworthy given the alternate-blade collimator is354

printable while the progressively tighter one is not.355

This assessment demonstrates that an alternate-blade collimator is indeed356

viable and does reduce parasitic scatter of the extreme environment. It is thus357

useful to print the collimator and verify its performance experimentally.358

The individual collimator parts were 3D printed from B 4C (average grain359

size 18µm, South Bays Technology, Inc., now acquired by Ted Pella, Inc.) using360

the Innovent binder jet printer (ExOne Operating LLC, North Huntingdon, PA,361

USA) also located at the MDF. The parts exhibited maximum dimensions of362
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Figure 9: (a) Photos of several individual pieces and the �nal assembled alternate-blade
collimator 3D printed with B 4C. The full length of the assembled collimator is 185 mm.
(b) Photo of the sample-facing end of the collimator, whereby the collimator sits within its
mounting bracket as used on the beamline, a bracket that was printed separately from plastic.
The size of the opening is 33� 45 mm2 . (c) Photo of the detector-facing end of the collimator.
The size of the opening is 120� 150 mm2 .

60 mm width, 60 mm thickness, and 150 mm height. Each part was printed,363

cured, depowdered and in�ltrated with cyanoacrylate separately.364

Visual inspection of the parts showed no cracking at the level observed in the365

single piece part. This demonstrates that di�erential cooling for the cracking is366

a reasonable explanation. The �nal parts were then assembled into one piece367

manually and glued together using the same cyanoacrylate as for in�ltration.368

No experimental issues were encountered during this process and photos of the369

�nal 3D print are shown in Fig. 9(b)-(d). Finally, measurement of the collimator370

dimensions also revealed no issues and a good match to design dimensions was371

obtained, i.e. a full length of 184 mm, an opening of 120� 150 mm on the372

detector-side and of 34� 45 mm2 on the sample-side. The channel openings on373
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