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Abstract

- Boglarka Maréti’ - Zoltan Kis' - Jozsef Janik’ - Laszl6 Zoltan Horvath'

PGAI-NT, a neutron-based element composition and structure analysis method, is well applicable to the non-destructive
characterization of valuable artefacts, paleontological, bulk geological samples or to industrial reverse engineering. To set
up the measurement geometry and scanning positions for items with unconstrained shapes, sizes, and matrices, accurate
knowledge of the object’s geometry is a must. We applied portable structured-light 3D optical scanning or segmented
neutron/X-ray tomography data to produce 3D meshes of the complex samples. Subsequently, 3D printing was used to
fabricate detailed replicas of museum objects, as well as their gentle ad hoc sample holders, or produce custom parts of the

Budapest PGAA instrument.
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Introduction

The technology required to accurately describe and replicate
the geometry of an irregular-shaped object has dynamically
progressed in recent years. Additive manufacturing (AM,
also known as 3D printing) [1], where three-dimensional
objects are directly constructed from their digital geometry
representations by repeatedly depositing thin layers of a
raw material, gained importance in industrial prototyping
and reverse engineering [2]. The AM is no longer limited to
plastic: aluminum, titanium, stainless steel, gold and silver
became available as raw materials.

Scientific instruments at large-scale facilities can there-
fore significantly benefit from AM technology. Many com-
ponents of these instruments, e.g. sample holders, sample
chambers, collimators [3] or radiation shielding blocks are
typically custom, where 3D printing can save manufacturing
cost and time [4]. AM is able to realize designs that can-
not be achieved with subtractive fabrication, therefore it can
make constructions lighter in weight. This can be significant
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to reduce the potential radioactivity of the near-beam struc-
tural components and the related spectroscopic background.

The beam time at such stations are expensive, so attempts
have to be made to minimize the set-up time of an experi-
ment. The alignment procedure can be shortened if the sam-
ple geometry of the object is known in advance, and e.g. dur-
ing shutdown periods one can set a sequence of sample stage
movements and verify that there will be no collision with the
sample chamber wall. This can be achieved virtually [5] or
physically. Valuable museum objects, paleontological sam-
ples, or meteorite fragments are usually not available for this
exercise, as they can be borrowed only for a limited period,
for the sole purpose of the experiment, and can be handled
only by the curators. Tangible plastic geometrical replicas
can be, however, effectively used instead by the instrument
scientists, and when the real object arrives at the measure-
ment site, a plug-and-play type sample holder will assist its
rapid and unambiguous placement relative to the beam and
the detection system. Moreover, if an object is measured at
multiple experimental stations in a row, merging the datasets
usually requires the alignment of the measurement coordi-
nate frameworks of the different experimental stations. If
one fabricates a set of disposable sample interlocks, that
defines its placement relative to the object and at the same
time relative to the standard sample holder of each station,
the registration procedure is much simplified.
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Hereafter we present a set of examples that highlight the
potential applicability of these novel technologies in our
experiments carried out at the neutron beam lines of the
Budapest Neutron Centre (BNC).

Methodology

For all bulky samples to be analyzed, the definition of the
geometry is achieved via a surface meshes stored in STL
(Standard Tessellation Language) format. This can be
obtained well in advance of the neutron-beam experiment
via structured-light 3D optical scanning or segmentation of
3D X-ray or neutron-tomography data.

Structured-light 3D scanning

A simple, cheap, productive and absolutely non-invasive
solution has been the use of a RangeVision SMART 3D
scanner [6] coupled to its TS-12 type turntable and con-
trolled by the ScanCenter NG 2018.2 software. Once the
scanner acquired a surface point cloud of 1-2 million raw
points within a scanning time about 10-30 min, the registra-
tion of the various views, data cleaning, 3D surface mesh
generation, and photorealistic rendering are completed. By
using the turntable, no markers are needed to be attached to
the object. The optional photorealistic 3D output is an excel-
lent feature for cultural-heritage samples to properly indi-
cate the measurement spots on the object. Our 3D scanner is
capable of providing a surface mesh with a spatial resolution
of 0.12 mm, directly comparable to the imaging performance
of our neutron imaging stations [7], while the best industrial
scanners can reach 10 pm precision. The scanner device is
fully portable, so 3D scanning can be carried out well in
advance at the museum site, without the need to move the
object out of the collection.

3D optical scanning has, however, limited performance
if the sample is too dark, glaring, transparent, concave,

heterogeneous, or has internal voids. For precious artifacts
the usual 3D laser scanning anti-glare sprays (e.g. Helling
3D Anti-Glare Spray, Art. No. 119.990.001) are not appli-
cable to improve the contrast, as they are difficult to remove
from rough surfaces without a residue (risk of micro-
scratches to the surface), and their hydrogen- and titanium-
contents would bias the element analysis results. One can
bypass this problem by using a cyclododecane spray (e.g.
Kremer Pigmente Art. No. 87099) instead that sublimates
from an object within a few days after the application (see
Fig. 1), so it does not falsify the results of a subsequent
neutron-beam experiment.

3D imaging with neutrons or X-rays

For objects not amenable to optical scanning, neutron or
X-ray tomography still offers a solution. X-ray imaging
at the Budapest Neutron Centre can be done with a port-
able X-ray generator device (ERESCO MF3.1, tube volt-
age: 5-200-kV, max. current: 10 mA) and a digital sCMOS
camera (Andor Neo 5.5) focusing on the green-emitting
intensifying screen (CAWO OG?2). Neutron tomographic
data can be taken with thermal, epithermal, fast (RAD sta-
tion [8]) or cold neutrons (NORMA station [9]). Neutrons
with higher kinetic energy penetrate through thicker lay-
ers of the material, but in exchange, the spatial resolution
becomes worse. One has the flexibility this way to make a
compromise considering the object size, penetration depth,
and required spatial resolution. The RAD station has a field
of view of 180 mm, so larger objects can be imaged, while
the NORMA station is best for the imaging of smaller items
up to 40 mm in size.

The resulting voxel-based 3D dataset contains the local
attenuation coefficients, a measure that allows implicit
material identification. Based on this, the different con-
stituents can be distinguished from each other as well as
from the ambient air. The surface of the entire object, or its
regions of interests, can be obtained using a 3D rendering
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Fig. 1 The sublimation of a I-mm-thick cyclododecane coating at an ambient temperature from a porous pottery fragment
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software (e.g. the advanced surface determination feature of
the VGStudio MAX 3.2 [10]). The edge detection is based
on the evaluation of the grayscale value gradient between
adjacent voxels and results in a point cloud at the interfaces
between various structural components and/or the air. This
is converted to a geometrical model by generating a trian-
gular surface mesh, i.e. interconnecting neighboring points
to form a collection of triangles that approximate the real
surface or interface. This procedure can well handle internal
void regions or dishomogeneities (see the internal cavity in
Fig. 2), as long as there is sufficient contrast between the
regions.

3D printing

A Stratasys Mojo type 3D printer [11] that makes use of
the Fused Deposition Modeling (FDM) technology [2]
on acrylonitrile butadiene styrene (ABS) polymer, was
applied to turn the 3D data to a tangible form. When load-
ing the STL file, care must be taken to preprocess the point

cloud and make the model “watertight®, i.e. the mesh must
fully enclose a volume, with no gaps, holes, folds or self-
intersections. The printing procedure usually takes about
1-12 h.

Results and discussion

Plastic replica of an artifact from 3D segmented
data for sample stage setup

A part of a sculpture, a South-Levantine naked goddess
with palm trees and sitting monkeys on both sides (Inv.
No. 2007.2-E of the Museum of Fine Arts, Budapest), is
used here as a demonstration. Detailed element analy-
sis results [12] and imaging studies [13], as well as the
discussion of its cultural-heritage background, have been
reported in earlier publications. As illustrated in Fig. 3,
the replica, in combination with a laser pointer, can sub-
stantially assist the preparatory geometrical alignment.
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Fig.2 The advanced surface determination on a neutron-tomography dataset (shown in white) to obtain the 3D surface mesh (shown in blue)
using VGStudio MAX. Note that unlike optical scanning, the internal cavities are not part of the resulting model
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Fig.3 a the photograph and b
the 3D printout of the left mon-
key figurine from the bronze
sculpture. ¢ Replica object

in the sample chamber of the
NIPS-NORMA station. d—e The
neutron radiograms of original
and replica

In neutron radiograms (Fig. 3d—e), one can see close
agreement between the authentic and the copied object,
confirming the geometrical accuracy of this approach.
These plastic items, unlike the real bronze, do not get
radioactive from neutron irradiation, so they are much
easier to manipulate and to visually observe the place-
ment by the experimental team. After the experiment,
these 3D-printed objects can be further used to present
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the anatomy of a fragile object to a broad audience (e.g.
open science day for students).

Custom sample holders

If an object is not solid and homogeneous, optical scanning
is outperformed by segmented X-ray or neutron data. From
these, the wall thicknesses not visible to the naked eye can
also be derived. This allows the numerical calculation of the
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Fig.4 a Photograph of a bronze
cast spearhead. b photorealistic
STL digital model. ¢ 3D AM
copy of the object. CAD con-
cept (d) and the realization (e—f)
of a custom sample interlock
coupling the sample and the
standard sample stage of the
NIPS-NORMA station at BNC

center of gravity and the principal axes. Considering this,
one can fabricate an ad hoc sample holder with the AM tech-
nology that can serve as a stable, but still gentle support for
the object during the neutron beam experiment (see Fig. 4).
On a plastic replica one can contemplate different support
options before the most suitable one will finally be applied
to the valuable original object.

Production of sample changer’s custom components

In prompt-gamma experiments, productivity can be
enhanced and radiation dose of the instrument scientists
can be lowered with increasing level of automation and
remote control. A low-cost custom-made sample holder
stack and the pickup mechanism for the sample frames
were designed and 3D printed for use at the Prompt Gamma
Activation Analysis (PGAA) facility [14, 15] of the Buda-
pest Neutron Centre. The plastic parts (shown in blue in
Fig. 5), allow great geometrical flexibility, easy assembly,
and maintenance.
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Fig.5 The sample changer of
the Budapest Prompt Gamma
Activation Analysis (PGAA)
facility. Blue items were made
with 3D printing

Conclusions

With the present study, it has been demonstrated that additive
manufacturing, in combination with 3D geometry definition,
either from structured light 3D optical scanning or segmented
tomographic data, can be a significant enhancement towards
the more efficient use of neutron-beam instruments. We devel-
oped a workflow based on 1:1 size replica of complex-shaped
cultural heritage objects to speed up the geometrical alignment
of an experiment and to securely attach the valuable samples
to the facilities’ sample manipulator using 3D printed sample
coupling. We also used 3D printing to manufacture custom
parts of an automated sample changer, in order to enhance the
productivity of our PGAA facility. We expect that the appli-
cation of AM will become soon a daily routine at most large-
scale facilities for physics worldwide.
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