Technical developments for computed tomography on the CENBG nanobeam line
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ABSTRACT

The use of ion microbeams as probes for computed tomography has proven to be a powerful tool for the
three-dimensional characterization of specimens a few tens of micrometers in size. Compared to other
types of probes, the main advantage is that quantitative information about mass density and composition
can be obtained directly, using specific reconstruction codes. At the Centre d’Etudes Nucléaires de Bordeaux
Gradignan (CENBG), this technique was initially developed for applications in cellular biology. However,
the observation of the cell ultrastructure requires a sub-micron resolution. The construction of the nano-
beam line at the Applications Interdisciplinaires des Faisceaux d’lons en Region Aquitaine (AIFIRA) irradiation
facility has opened new perspectives for such applications.

The implementation of computed tomography on the nanobeam line of CENBG has required a careful
design of the analysis chamber, especially microscopes for precise sample visualization, and detectors for
scanning transmission ion microscopy (STIM) and for particle induced X-ray emission (PIXE). The sample
can be precisely positioned in the three directions X, Y, Z and a stepper motor coupled to a goniometer
ensures the rotational motion. First images of 3D tomography were obtained on a reference sample con-
taining microspheres of certified diameter, showing the good stability of the beam and the sample stage,

and the precision of the motion.

1. Introduction

During the last years the interest for applications in 3D mapping
using ion beam as a tomography probe has significantly increased
although there are still few laboratories that use these techniques
[1-3]. The first experiments using scanning transmission ion
microscopy-tomography (STIM-T) and particle induced X-ray
emission-tomography (PIXE-T) were done at the end of the eighties
and beginning of the nineties, respectively [4,5]. Since then, the
development of 3D microscopy techniques providing a spatial res-
olution less than 1 pm has demonstrated to be very suitable in
materials research [6] as well as life sciences [1,3,7]. One of the
most interesting advantages of this technique is the use of STIM-
T in combination with PIXE-T. These two analytical tools in combi-
nation with a specific computer algorithm code to reconstruct the
data [8,9] allow to analyze the spatial distribution of different ele-
ments and also the composition of the sample under study. In addi-
tion, the limited angle tomography has been recently implemented
by the group of LIPSION [10]. This permits to obtain 3D structural
information, from experimental data covering only an angular
range of 120° instead of 180°.

The feasibility of STIM and PIXE tomography at the cell level
was previously demonstrated at CENBG on human cancer cells
[11] using the microbeam line. The recent installation of the ul-
tra-stable single-ended HVEE 3.5 MV Singletron™ accelerator at
CENBG in the framework of the AIFIRA facility opens the opportu-
nity to focus alpha, proton and deuteron ion beams in the range of
MeV to sub-micrometric scale [12,13] at the nanobeam line (based
on a 25 cm working distance doublet-triplet configuration of Ox-
ford Microbeam Ltd. OM-50™ quadrupole lenses). The need to go
to the nanometric level involves solving some difficulties, like
focusing and the stability of the beam, in order to obtain reproduc-
ibility in the measurements. With this work, we want to demon-
strate that the nanobeam line of CENBG is already capable to
perform standard STIM tomography. At the moment, the nano-
beam line is currently reaching a resolution of about 300 nm when
working in STIM configuration with a current of a few thousands
ions of counts per second and about 1 pum when working in PIXE
configuration with a current of a few pA up to hundreds of pA. Such
a resolution allows to get promising results at the sub-cellular
level.

Technical developments have been carried out on the CENBG
nanobeam line to perform a 3D characterization of the specimens
with high resolution. In particular, we will emphasize on the 3D
tomography setup. Moreover, we will confirm the stability of the
goniometer rotation axis during the analysis and the spatial reso-



lution in these first experiments using the nanobeam line in STIM-
T configuration. A whole description of the CENBG nanobeam line
can be found in Refs. [14,15].

2. 3D-tomography setup

The experimental setup has been designed by the CENBG engi-
neers especially for 3D-tomography analysis. The analysis chamber
has been equipped with a special goniometer with a four-axis
movement designed for this purpose. A picture of the analysis
chamber and goniometer is shown in Fig. 1a. A careful adjustment
of the sample along the rotation axis is necessary. For this, two
micrometric screws permit the adjustment of the tilt angle, and
two others are used for displacements in the horizontal plane.
Hence, the sample can be aligned with the vertical rotation axis
of the goniometer with an accuracy of 1.0° in tilt and of 1.0 pm
in translation. The alignment is done manually using the micro-
metric screws and motor-step in air (Fig. 1b). Next, the goniometer
is rotated in order to assure the line-up of the sample with the
rotation axis. In the mean time, a movie is recorded using the
microscope and the camera placed at the chamber. That movie is
used to check for a displacement of the rotation axis during the
process of rotating. Finally, if everything is ok, the chamber is
closed and evacuated. During the evacuation of the chamber, the
sample undergoes a slight misalignment in the range of a few
micrometers. Smaller corrections in the horizontal plane position-
ing can be done, directly in vacuum, The goniometer can rotate
with an angular step size of 0.01°. For a precise tracking of the sam-
ple, the chamber is equipped with three microscope objectives
with different magnifications: one 10x on the front side, i.e. in
the direction of the incoming beam, one 4x and one 20x viewing
the back side of the sample. The STIM detector, Faraday cup (FC)
and microscope objectives (4x and 20x) are placed at 0° in the for-
ward direction on a motorized stage, which can be remote-con-
trolled (Newport™) from the experimental room, to position
them conveniently in the beam path. An X-ray detector can be
placed in the backward direction at 45° on the incoming beam axis.

2.1. Reference sample preparation

A reference sample composed of borosilicate glass microspheres
was prepared for the first experiment. These microspheres were
chosen as a model for STIM-T study due to their regular spherical
shape, certified diameter of 5.6 + 0.5 pm and relatively low mass
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Fig. 2. Reference sample mounted on the goniometer sample holder. The dashed
line indicates the vertical rotation axis. The 10« microscope objective is also shown.

density of 2.5 + 0.5 gfcm?® [16]. Although the size of these micro-
spheres does not reach sub-micron level, they are suitable for a
first test of the spatial resolution in STIM-T. A suitable concentra-
tion of microspheres can be achieved by mixing 90.0 £0.2 mg of
them in 1.0 + 0.1 ml of a liquid polymer (formvar). Then, the fibers
were stretched out and dried in air for 1 day and glued on top of a
metallic needle 500 um in diameter. The length of the polymer fi-
ber was 5 mm. The sample mounted on the goniometer sample
holder is shown in Fig, 2. The sample was aligned along the vertical
axis in air and then in vacuum, according to the procedure de-
scribed previously.

2.2. Experimental conditions

For this experiment, a 3 MeV H" beam was used as a probe,
STIM-T requires a good definition of the beam spot on the sample.
For that reason, a circular collimator of 5 pm in diameter is used as
an object for the quintuplet configuration. It is followed by a circu-
lar aperture of 20 pm in diameter placed before the triplet, 8.25 m
away from the first collimator, in order to keep aberrations low.
With these settings, the beam size in the focal plane is around
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Fig. 1. (a) Analysis chamber and goniometer designs; the different parts of the chamber as well as the beam path are indicated. (b) Picture of the goniometer mounted on the
XYZ motorized stage. The dashed line indicates the vertical rotation axis. The sample, sample holder and micrometric screws are also shown.
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Fig. 3. (a) 3D-reconstruction of the reference sample, the dark ocrhe dots correspond to the microspheres. (b) Position of the six selected slices of Fig. 4 within the
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Fig. 4. Reconstruction of the reference sample. Left: sinusoidal patterns characteristic of the sample's rotational motion during the analysis appear on the areal density
sinograms corresponding to of two of the slices. Right: the following 2D images were extracted [or clarity to facilitate the observation ol borosilicate spheres (bright spots).

250 nm in diameter. The current was kept low enough (less than
2000 ions/s) to avoid any damage of the sample during the analy-
sis. In these conditions, STIM-T is considered as a non-destructive
technique, even avoiding any shrinkage of the sample. The trans-
mitted ions are collected in a passivated implanted planar silicon
detector (Canberra PIPS detector, 25 mm?, 12 keV energy resolu-
tion), placed at 0° on the incoming beam axis. The detector was
about 6 mm away from the sample and, was moved mechanically
during the acquisition. Thus we avoid any overexposure in the area
of detection. The data acquisition and the 3D-scan analysis are
fully automated. The beam scan over the region under study is pro-
grammed at the beginning of the experiment. In this case, a
170 x 85 um? area was selected for 3D STIM-T with a total of 64
horizontal slices, obtained from a 128 x 64 pixel scan. So, the res-
olution of the scan was 1.33 pm/pixel. With the purpose of avoid-
ing sample damage, several rapid scans were performed for every
projection. The scan speed was here selected to be 100 ps/pixel.
A total of 100 projections were recorded over 180° angular range
with steps of 1.8° with using 50 scans/projection. The total dura-
tion of the analysis was typically around 2 h.

3. Data analysis: 3D-reconstruction

For data treatment the TomoRebuild data reduction software
was used. This program, developed at CENBG, was designed to be
interactive, simple to use and easily modifiable according to exper-
imental conditions. The program interface consists of a single win-
dow, allowing reconstruction of 2D or 3D tomography images.
Intermediate results can be easily accessed to be checked and/or
modified at different steps of the reconstruction. Automatic correc-
tion procedures can be implemented to improve noisy data. The

reconstruction is based on the filtered backprojection algorithm.
A detailed description of how the TomoRebuild software operates
can be found in Ref. [17].

4. Results and discussion

The 3D-reconstruction of the sample is shown in Fig. 3a. Two
isosurfaces are displayed. The density closed to zero is characteris-
tic of the limit between the sample and surrounding vacuum (light
ochre). The highest densities show the glass microspheres (dark
ochre). Their spherical shape is visible in the slices (bright spots
in Fig. 4), selected along the fiber as indicated in Fig. 3b. The areal
density calculated for two of those slices (n° 12 and n® 30) are dis-
played in the sinograms in Fig. 4 (left). A linear scale ranging from
zero (black) to the highest areal density 1.9 g/em? (white) was used
to represent the data. The reconstruction was performed assuming
a uniform theoretical composition of formvar C3HgO for all the vol-
ume. Because of the approximation made on sample composition,
the reconstructed values of the mass density given hereafter are
only indicative, and should not be considered as a precise determi-
nation. The reconstructed density of formvar was 1.09 + 0.01 g/cm?
in good agreement with the expected density 1.2 g/cm®. The mass
density obtained for the glass microspheres 1.51 + 0.07 gfcm? was
lower than the certified 2.5 + 0.5 gfcm?, The measured diameter of
the spheres was around 5 pm which is in a good agreement with
the certified one,

In the present study, the sinogram is composed of 100 horizon-
tal lines (one per projection). The characteristic shape of the sinu-
soidal paths, showing a common symmetry axis and defining the
position of the rotation axis, appears on the sinogram during the
rotational motion of the slice. The regularity of these sinusoidal
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Fig. 5. Determination of the position of the rotation axis: the rotation centers
calculated for each slice (black squares) are displayed. The solid line indicates the
rotation axis obtained from these points.

patterns as visible in Fig. 4, is a good indication of the stability of
the experimental setup during acquisition.

An important step in TomoRebuild reconstruction is the deter-
mination of the rotation axis of the step motor. This rotation axis
is obviously close to the center of the sample, as it was adjusted
experimentally, but not exactly in the middle of the sinogram. A
least squared algorithm is used to determine the precise position
of the rotation axis, as proposed by Azevedo et al. [18]. For this,
the slice centre of mass is taken as a reference point. Its position
is computed for each line of the sinogram and fitted by a least
squares algorithm to obtain the equation of the corresponding
sinusoid. It is possible to deduce the position of the experimental
rotation centre from the sinusoid parameters. In Fig. 5, the position
of the rotation centers is plotted for every slice. Then, a fit was per-
formed to obtain the theoretical position of the rotation axis. These
theoretical values are then used to perform the tomographic recon-
struction. The discrepancies between the calculated rotation cen-
tres and the rotation axis were found to be very small
0.20 +0.05 pm. This shows that the rotational motion of the sam-
ple is very stable. Moreover, the verticality of the axis is estimated
to be inclined by 1.9 + 0.1°. The 64 tomographic slices were recon-
structed separately, using the TomoRebuild code, and were numer-
ically stacked to obtain the 3D images.

5. Conclusions

This preliminary study carried out on a glass microsphere refer-
ence sample shows for the first time the capability to perform 3D

STIM-T experiments on the CENBG nanobeam line. The regular
shape of the measured sinograms and the good alignment of the
rotation centers obtained for every slice, are indicating the stability
of the sample stage during the tomography experiment. Further
experiments will require to include PIXE-T information to charac-
terize the elemental distributions within the sample and to obtain
a more accurate quantitative mass density determination. Such
experiments are planned on organic samples.
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