
HAL Id: hal-03490372
https://hal.science/hal-03490372

Submitted on 22 Aug 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

NeXT-Grenoble, the Neutron and X-ray tomograph in
Grenoble

Alessandro Tengattini, Nicolas Lenoir, Edward Andò, Benjamin Giroud,
Duncan Atkins, Jerome Beaucour, Gioacchino Viggiani

To cite this version:
Alessandro Tengattini, Nicolas Lenoir, Edward Andò, Benjamin Giroud, Duncan Atkins, et al.. NeXT-
Grenoble, the Neutron and X-ray tomograph in Grenoble. Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 2020,
968, pp.163939 -. �10.1016/j.nima.2020.163939�. �hal-03490372�

https://hal.science/hal-03490372
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


NeXT-Grenoble, the Neutron and X-ray Tomograph in
Grenoble

Alessandro Tengattinia,b,∗, Nicolas Lenoira, Edward Andòa, Benjamin
Giroudb, Duncan Atkinsb, Jerome Beaucourb, Gioacchino Viggiania

aUniv. Grenoble Alpes, CNRS, Grenoble INP, 3SR, 38000 Grenoble, France
bInstitut Laue-Langevin (ILL), 71 Avenue des Martyrs, 38000 Grenoble, France

Abstract

NeXT-Grenoble is a Neutron and X-ray Tomograph launched from the col-

laboration between the Universite Grenoble Alpes (UGA) and the Institut Laue

Langevin (ILL). The design started in February 2016 shortly followed by its

construction at ILL. A first version of the instrument has been opened to users

since October 2016.

One of the peculiarities of the instrument is that, as suggested by the name,

the instrument allows the acquisition of truly simultaneous neutron and x-ray to-

mographies, taking advantage of the high complementarity of these two beams.

Also by virtue of the uniquely high flux at the ILL, the instrument can

provide unprecedented spatial resolution (around 4 µm true resolution, in few

tens of seconds) and acquisition speed (1.5 second tomographies).

This contribution details the adopted technical solutions and performances

achieved, reviews some of the key published results and outlines the future

direction of the instrument.
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1. Introduction

NeXT-Grenoble is a Neutron and X-ray Tomograph launched in 2016 from

the joint effort of Université Grenoble Alpes, UGA (and specifically Laboratoire

3SR) and the Institut Laue-Langevin, ILL, and takes advantage of its world-

leading neutron flux. Design started in February 2016 and the instrument was5

available to users in October 2016. It is currently fully open for proposals

through its dedicated website https://next-grenoble.fr.

The high neutron flux available automatically makes this a unique instru-

ment, since tomography performance (in terms of spatial resolution, temporal

resolution and measurement noise) is wholly dependent by noise in data collec-10

tion and therefore flux. Another key feature of the instrument is the possibility

to perform x-ray absorption imaging, in order to take advantage of the high

complementarity of these two techniques, sketched in Fig. 1. The design of the

instrument is conceived with both fundamental and engineering studies in mind

and therefore with the possibility of housing complex in-situ testing apparatus15

for a variety of thermo-chemo-hydro-mechanical experiments. The instrument

uses a particularly “cold” beam (with flux peaking at 2.8Å) which increases the

contrast due to the energy dependence of the absorption cross-section, at the

cost of a reduced penetration capacity. Neutron imaging has a broad range of

applications ranging from renewable energies [1, 2, 3, 4] to biology [5, 6], and20

from paleontology [7, 8] to porous media [9, 10], as outlined in multiple review

papers (e.g., [11, 12])

In this paper we describe the layout of NeXT-Grenoble1, the neutron and

x-ray imaging equipment and their performances as well as a few selected ex-

1A note should be made about the name of the instrument, which is an acronym for
Neutron and X-ray Tomography and which is partially shared with the neutron and x-ray
imaging option in NIST, also named NeXT [13]. While, to the best of our knowledge, the
name of NeXT-Grenoble might be shortly antecedent [14] to that at NIST, the overlap of the
two names is a coincidence and the two instruments are not related. For sake of brevity in
this text we will refer to the instrument interchangeably as NeXT and NeXT-Grenoble, albeit
its full name is the latter. It should also be noted that, while the name of the instrument only
includes the term “tomography,” NeXT is currently capable of performing also other kinds of
absorption imaging, and notably radiography.
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amples of the published results achieved thus far. This paper is meant to be the25

principal reference for the current status of the instrument, superseding the pre-

vious one [14]. A significant upgrade of the instrument, including for example

monochromation and polarisation options, is foreseen in 2021/2022, as detailed

in Section 6. This might be followed by a dedicated publication on its novelties.

No significant interruption of public availability is currently foreseen to perform30

this upgrade. For one of the more complex aspects of the facility, simultane-

ous x-ray and neutron imaging, a dedicated publication is under development.

Therein theoretical considerations, technical details and practical applications

will be more adequately explored. It goes without saying that the presented

instrument benefits from the experience matured by the neutron imaging com-35

munity, as well as the developments in synchrotron and lab scanners over the

last decades, as detailed below.
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Figure 1: Sketch of the underlying concept of NeXT: the high complementarity of
the two techniques generally makes the combination of the two superior to the sum of
the parts [15]. In the example of in-situ testing of fluid flow in porous media, x-ray is
ideal for detecting the solid skeleton and measuring its deformation whereas neutrons
are best suited to study the hydraulic response.
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2. Source and guides

Built in 1967 and refurbished between 1991 and 1995, the ILL is a heavy-

water cooled and moderated swimming pool-type reactor, operating with a ther-40

mal power of 58.3MW, which provides the most intense continuous neutron flux

in the world (1.5× 1015 n/cm2/s in the moderator region).

NeXT is situated at the end of the H521 guide which is fed by the Horizontal

Cold source SFH (“Source Froide Horizontale”, in French). The H5 beam tube

is followed by a 13m long guide with a radius of 4000m, then by a 30m segment45

with 1500m curvature and finally by 30m of straight guide. All these segments

ex-pile are supermirror-coated for m=2. This relatively uncommon curvature

significantly reduces the amount of thermal neutrons and gamma radiation pro-

duced in the reactor reaching the instrument.

The location of the instrument within the ILL is shown in Fig. 2. The50

H521 guide starts with a 117x120mm rectangular section, which becomes a

150x60mm section after about 20m, which is then maintained in the last 28m.

Two pneumatic safety shutters made of boron carbide and lead are positioned

immediately at the end of H521 and 5m behind it.

From this rectangular guide only a 30mm circle in the topmost section is55

currently used for imaging, although more will be used in future upgrades (which

will be detailed in section 6).
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Figure 2: Schematic plan of all instruments at ILL, highlighting the position of
NeXT-Grenoble. Modified from https://www.ill.eu/users/instruments/.

3. Instrument layout

At the end of the H521 cold guide lies the “D50” experimental station. It

currently houses two separate instruments/configurations: the Neutron and X-60

ray Tomograph (NeXT-Grenoble), which is the object of this paper, as well as

the Rainbows reflectometer described in [16]. In brief, the peculiarity of this re-

flectometer is that instead of using the more traditional time of flight approach

to discern the wavelength of neutrons, it takes advantage of the wavelength-

dependency of their deflection by a prism. The wavelengths are then measured65

with a high spatial resolution detector. The construction of the reflectome-

ter was initiated in 2014, and financed by the French government initiative

“Programme d’Investissement d’Avenir” funded by the IRT Nanoelec and more

specifically by its program led by the ILL, dedicated to bridge the gap between

industry and large scale research facilities. As aforementioned, the imaging sta-70

tion was added in 2016, financed by the Université Grenoble Alpes. The two

instruments, sketched in Fig. 3, currently work in alternation, as detailed below.

At the end of the guide lie both a set of sintered B4C pinholes for the

tomograph (30, 23, 15, 12.5, 10, 7 and 5 and 2.5mm in diameter), as well

as a number of vertical slits for the reflectometer. Additionally, a pneumatic75
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fast shutter made of boron carbide as well as two graphite filters (5mm and

10mm thick) can be positioned in the beam. Further downstream, there are two

5m long parallel vacuum flight tubes, optimised for imaging and reflectometry

respectively. The tubes are placed on a rail which allows their alignment with

the neutron beam depending on the operation mode.80

Rainbows reflectometry employs the wavelength-dependent deflection of a

prism to study the reflective properties of matter employing the full white beam,

which is detected at 4m from the sample with a scintillator-based detector as

sketched in Fig. 4. When the instrument is operated in Imaging mode, all the

reflectometry components are either removed or displaced sideways to allow for85

an additional 5m long vacuum flight tube to be added along the beam path.

In summary, for the purpose of this work, the end of the neutron guide is

followed by a series of beam shapers and then by a 10m long flight tube, which

leads to the imaging station itself. The radioprotective bunker of the tomograph

is made of modular concrete blocks (unlike the rest of the instruments upstream90

whose shielding is made from lead and B4C) to simplify the compliance with the

amagnetic constraints of a neighbouring instrument (the spin-echo spectrometer

“WASP”). The roof is made of long concrete beams which can be rapidly removed

by crane for the installation of large pieces of equipment in the bunker.
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Figure 3: Side and top view of the D50 instrument in its entirety, including the
tomograph and the reflectometer
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Figure 4: Conceptual description of the two components of D50: the rainbows re-
flectometer (top) and the tomograph (bottom). From https://www.ill.eu/users/
instruments/instruments-list/d50/description/instrument-layout/. It should
be noted that after the neutron guide and shutters no element is in common between
the two instruments. A 10-meter beam collimation tube is placed in lieu of all the
elements in the top part of the figure as detailed in the text.

3.1. Beam characteristics95

The flux, as measured by gold foil, at the end of the H521 guide is of

1.4× 1010 n/cm2/s, which, to the best of the authors’ knowledge, makes NeXT-

Grenoble the imaging station with the highest neutron flux in the world. With

the largest pinhole currently available, the maximum flux at the sample posi-

tion is of 3× 108 n/cm2/s for an L/D of 333 at the sample position, and future100
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upgrades (Section 6) intend to explore the higher flux at lower L/D ratios. To

compare it to other notable facilities for an arbitrary collimation ratio L/D of

400, at FRM2 (ANTARES beamline) there is a reported flux of 1× 108 n/cm2/s

(without any of the elements available to reduce fast neutron and gamma back-

ground), while NIST (BT-2 beamline) the flux is of about 6× 107 n/cm2/s105

(without the Beryllium filter) and at PSI (ICON beamline) it would be of about

1× 107 n/cm2/s (as estimated from a reported 1.3× 107 n/cm2/s for an L/D of

343). At ILL for the collimation ratio L/D of 400 the flux would be of about

2× 108 n/cm2/s) [17, 18, 19, 20].

The spectrum peaks around 11meV, corresponding to a wavelength of 2.8Å110

as highlighted in Fig. 5. This spectrum was measured by the reflectometer, 5m

from the end of the guide. The two visible dips in the spectrum at 4.518Å and

5.241Å are caused by two fixed monochromators upstream as part respectively

of the D16 diffractometer [21] and the SuperADAM reflectometer [22].

The beam is not perfectly homogeneous, as highlighted in Fig. 6 (a). Figs. 6115

(b) and (c) show the vertical and horizontal profiles of the beam intensity of the

central part of the beam for a selection of the available pinholes. These profiles

highlight how the beam is relatively homogeneous (above 70% of the maximum

value) within the central 100mm and that the larger pinholes generate a slightly

more homogeneous beam than the smaller ones. Some of the finer details of this120

inhomogeneity are induced by the limited reflection at the joints of the beam

guides upstream, and can be partly compensated by employing the graphite

filters detailed in section 3.
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of the central 140mm of beam intensity for different pinholes.
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Figure 5: The neutron spectrum at NeXT, as determined by the Rainbows reflec-
tometer introduced in section 3. The used method might justify some of the higher
frequency fluctuations in the plot.
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4. Imaging station

4.1. Neutron detectors125

Three neutron detectors are currently available at NeXT: a medium reso-

lution detector, with a continuously variable field of view, detailed in section

4.1.1 and two high resolution detectors, each optically optimised for a discrete

number of fields of view, detailed in section 4.1.2. The detectors are mounted

onto a rotating plate which allows for the swapping of two positions, one with130

the medium resolution detector and one which allows for mounting either of the

high resolution detectors with high repeatability thanks to high accuracy dowel

pins.

4.1.1. Medium resolution detector

The Medium Resolution detector at NeXT, shown in Fig. 7, follows a com-135

mon approach in neutron imaging: scintillator, mirror and camera plus optics.

One of the peculiarities of this detector is the fact that the scintillators can

be mounted onto protruding “noses”. This is meant to allow minimal distance

between sample and detector (to reduce the so called penumbra blurring thus

maximising the true spatial resolution) in the case of complex sample environ-140

ments (e.g., flanged mechanical testing rigs, where the cell diameter in the mid-

dle region can be significantly smaller than at its extremities), in line with the

user-oriented philosophy of the instrument. Multiple available noses of different

sizes can be mounted on the detector to allow for different scintillator/mirror

distance as well as different scintillator sizes. The scintillators are held in place145

by a counterframe screwed on the nose itself, which also ensures light-tightness.

This elongated nose also removes the risk of multiple reflections between mirror

and scintillator. This detector has its longest axis oriented vertically to minimise

the encumbrance in the working plane.

At the moment of this writing, the set of available scintillators includes150

ZnS/6LiF scintillators of different thicknesses (200, 100 and 50 µm), as well

Gadolinium Oxysulfides (20, 10, 5 µm Gd2O2S : Tb/6LiF and a 3µm one, this
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latter one enriched with the isotope 157 of Gadolinium: 157Gd2O2S : Tb as

detailed in [23]). These gadolinium scintillators can also be (and are predomi-

nantly) used in the high resolution detectors detailed in the next section. Given155

the high neutron flux, their efficiency decreases with time and they are there-

fore periodically replaced, and new scintillators of different sizes, thicknesses

and compositions will be added to the above set, depending on the necessities.

A mirror is placed behind the scintillator at an angle of 45◦, held by a me-

chanically adjustable frame, which ensures a 90◦ image reflection. This common160

solution is adopted to keep the camera electronics out of the primary beam in or-

der to minimise radiation damage. While the choice of the mirror was initially

optimised for optical efficiency, this has resulted in a relatively high gamma

count near the camera which can reduce its life expectancy, increase noise and

induce occasional camera errors. Currently a 0.5mm thick SiO2 wafer coated165

by pure aluminium layer is used as a mirror, with a noticeable reduction of

measured gammas, and an acceptable loss of light.

Images are acquired by a Hamamatsu ORCA-Flash4.0 V2 sCMOS camera,

which is actively water cooled. This camera has an array of 2048x2048 pixels

6.5 µm in size. In this case a sCMOS camera was chosen over a CCD for the170

higher (100Hz) maximum reading speed, essential given the high flux of the

instrument, albeit the addition of a new CCD camera for the higher resolution is

planned in the future. This camera can mount a set of lenses including a 24mm

f./0.9, 50mm f./1.2, 60mm macro f./2.8, 85mm f./1.2, 100mm f./2.0 macro,

105mm f./1.4 , 180mm macro f./3.5 as well as 1.4x and 2.0x teleconverters, for175

a continuous range of fields of view from 165mm× 165mm down to potentially

below 20mm× 20mm (although below 30mm the high resolution setups are

optically more efficient) as highlighted in Fig. 8.

The camera is mounted on a high accuracy rail (nominally ±3 µm position

repeatability) coupled with a high precision optical encoder (down to 50 nm),180

which permits the adjustment of the field of view as well as to finely tune

the focus. The entire mechanics (choice of granite as construction material,

as well as the high accuracy of the linear actuators and encoders down to few

12



microns in accuracy and repeatability as will also be the case for the x-ray

setup in section 4.2) was conceived for thermal and mechanical stability of the185

setup to enable the desired high spatial resolutions across a tomography in a

non-temperature controlled bunker, as well as for experimental repeatability.

Once the manual pre-focusing is performed with an optical target, a number

of images of a known target at regularly spaced camera positions are acquired.

Their frequency content is then analysed to determine the sharpest image and190

therefore the optimal focusing position. The high reproducibility of the setup

permits to then go back to this ideal position. The highest spatial resolution

achieved with this setup is of 30 µm.

The setup is encased within a box which ensures light tightness including

light-tight sheaths to pass the control cables. Multiple 2 cm thick lead sheets195

coupled with 0.5mm boron carbide sheets are then used to further reduce the

radiation damage to the optical components.

To have a general indication of the overall efficiency of this setup, it takes

0.5 s to almost saturate the camera in binning 1 using a 100 µm ZnS/6LiF

scintillator, for a field of view of about 100mm (using the 50mm lens). This200

implies that in binning 4 it takes indicatively 30ms to almost saturate the

camera, (i.e. the signal to noise ratio goes below 10 only around 1ms exposure).

This in turn implies that fast tomographies composed for example of 200 or

300 projections can be acquired with sub-second exposures. For example the

tomographies in Fig. 11 are a recent result from [24], and were acquired in 1.5 s,205

highlighting a water imbibition front in a loose soil containing Lupine roots,

underlining the potential of the technique for imaging of high speed processes.
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Figure 7: Commented design of the medium resolution detector at NeXT.
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Figure 8: Range of available (and forthcoming) fields of view and corresponding pixel
sizes achievable with the medium resolution and the suite of high resolution detectors

4.1.2. High resolution setups

To achieve better spatial resolutions, a higher degree of collimation (L/D,

where L is the pinhole/sample distance and D is the pinhole size) of the beam210

is necessary, which reduces the effective neutron density at the sample position.

Additionally, given the higher magnification required, the density of neutrons

per pixel per second is also reduced. Smaller effective pixel size also requires

higher magnification lenses which have a lower numerical aperture (their photon

acceptance). Finally, the higher light output scintillators (e.g., the ZnS/6LiF215

ones) cannot be employed : in these scintillators, in fact, the capture process

14



begins with the activation of 6Li, which emits triton and alpha particles, exciting

the ZnS, which in turn emits photons. The mean free path for these triton

particles in Li6/ZnS is 130 µm, which is incompatible with higher resolutions.

Conversely, Gadox scintillation works through electrons whose mean free path is220

12 µm. The drawback is that while 10 µm of Gd can stop 90% of the beam, the

photon emission per neutron is orders of magnitude lower than Li:F scintillators.

Consequently, while the detector detailed in the previous section could in

principle be adopted for higher resolutions, the exposure times rapidly becomes

unsustainable. The approach followed here for the higher resolutions is therefore225

to adopt optically optimised solutions covering a number of discrete fields of

view (rather than allowing its continuous variation as for the medium resolution

detector) to partially compensate for the lower photon flux. It makes use of the

infinity corrected optics approach described in [25, 26, 27] and adopted in other

leading centres such as the Helmholtz Zentrum Berlin (from which this design230

was inspired).

It employs an “imaging lens” (usually a telephoto or tube lens) to form a

parallel light image which is then captured by one of the high aperture “objective

lenses” detailed above. NeXT-Grenoble currently employs two setups relying on

one of two right-angle lenses manufactured by Rodenstock: an XR-Heliflex f =235

122mm f/2.6 (Numerical Aperture NA = 0.2) and a TV-Heliflex f = 55mm,

f/1.0, (NA = 0.41), with a third, intermediate detector mounting an XR-Heliflex

f = 100mm, f/1.50, (NA = 0.32) currently under construction.

Depending on the combination of imaging and objective lenses used, the ef-

fective pixel size changes. This is usually expressed through the magnification240

factor M, which in this case is simply the ratio between the focal lengths of the

Objective and the Imaging lenses. One of the several possible configurations al-

lowed by this setup, combines the 55mm TV-Heliflex, coupled with the 180mm

Canon objective lens, which yields a magnification factor of 3.27, which, when

the Hamamatsu ORCA sCMOS camera detailed above is used, gives a virtual245

pixel size of 6.5/3.27=1.99 µm. A list of possible combinations of the lenses and

ensuing resolutions and fields of view is reported in Table 1. While zoom lenses

15



Obj Lens Img. Lens Magnification pixel size [µm] FOV [mm2]

50 122 0.41 15.86 32.48x32.48
50 55 0.90 7.15 14.64x14.64
100 55 1.81 3.58 7.32x7.32
180 55 3.27 1.99 4.06x4.06

Table 1: Magnification (M), effective pixel size (Peff ), and Field of View (FOV) for
several combinations of available objective/imaging lenses.

could be adopted for this setup, allowing intermediate fields of view, these lenses

have generally a lower numerical aperture, which increases the exposure time

and lower sharpness.250

Fig. 9a shows a rendering of the detector mounting a 55mm TV-Heliflex in

a configuration coupling it with a the 50mm f./1.2 Canon (i.e. in this case the

virtual and real pixel sizes coincide). Unique to this design is the possibility

to change the objective lenses while maintaining the distance to the imaging

lens constant, essential to minimise photon losses. Different scintillators can255

be mounted on either detectors. The design allows the minimisation of the

sample/detector distance by virtue of the shape of the scintillator holder as well

any potential interactions with the x-ray setup thanks to the compact design

and to the possibility to orient the detector in three different positions (with

camera to the right, the left or above the beam).260

At the moment of this writing this setup achieves a resolution of about

4 µm, as highlighted in Figure 9b. This compares favourably with the existing

results from the literature. For example, the PSI Neutron Microscope Project

[28] follows a classic scintillator/mirror/lens design but adopts a bespoke, high

numerical aperture lens with a fixed focal length. To the best of the authors’265

knowledge its current highest resolution of 4.5µm was achieved based on 40

individual radiographs over about 20 minutes when it was recently tested at the

Institut Laue Langevin [29]. Approaches based on single event reconstruction

[30] provide spatial resolutions as low as 2µm, albeit coming at the cost of the

acquisition of about 105 frames, which, with the current technology, translates270
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to more than one hour per radiograph, not accounting for the time needed for

the data treatment as centroid recuperation. This was achieved by combining

the 55mm TV-Heliflex lens, the 180mm objective and the 3µm 157Gd2O2S : Tb

scintillator detailed in [23] and produced and sold by the Paul Scherrer Institute.

To provide a general indication of the overall efficiency of this setup, it275

takes less than one minute to saturate the 16 bit camera with a standard 5 µm

Gd2O2S : Tb scintillator and an effective pixel size of 3.2µm pixel size, yielding

a 7µm resolution (55mm TV-Heliflex, 100mm f/2.0 Zeiss lens). This would be

about twice as long with the setup yielding a 4 µm resolution.

support for camera and 
radioprotection

 

adjustable 
x/y position

 

interchangeable tubes 
for objective lenses

 

adjustable 
scintillator position

support for light-tight
imaging lens

 

sCMOS Camera 
(here Hamamtsu Orca)

34 mm

(a)

1 mm

4 µm spokes
(b)

Figure 9: Commented design of the high resolution detector at NeXT (a). The
highest spatial resolution achieved, around 4 µm, is highlighted by the visible 4 µm
spokes at the centre of the Siemens Star target produced and sold by PSI [31] in (b).

4.2. X-ray setup280

The x-ray setup is constituted by a microfocus x-ray generator, a detector

as well as by the corresponding mechanics, as highlighted in Fig. 10a.

The x-ray source is a Hamamatsu L12161-07, a sealed microfocus source with

a Tungsten target and a Beryllium window. It can accelerate electrons towards

the target with up to 150 kV and up to 500 µA, with a minimal focal spot size of285

5 µm. To maximise the lifetime of the source by reducing the damage caused by
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any scattered neutron, the source is encased by an aluminium box containing

6mm of lead and 10mm of boron carbide except in the exact point of exit of

the beam, where a removable boron carbide plaque is placed.

The detector is a Varex PaxScan® 2530HE, where the HE stands for “High290

Energy”. In this particular model in fact the electronics is moved to the sides of

the active area of the detector (rather than behind it). This allows the masking

of the electronics with additional shielding, for nominal use above 225 kV. In

our case, a supplementary aluminium frame was installed to allow the addition

of an extra sheet of 6mm of lead as well as 10mm sheets of boron carbide295

to cover the deported electronics. The active area of the detector also has a

protective layer of 5mm of Boron Carbide which only reduces the x-ray flux by

a few percent while attenuating 99.9% of the scattered neutrons. The use of

lithiated polyethylene was also tested with comparable effects. These additional

protections are particularly important at ILL, given the flux. The detector has300

1792 x 2176 pixels 139 µm× 139 µm in size and is oriented in portrait mode,

and has a maximum speed of 9Hz (or 33Hz in binning 2).

The scintillator chosen was Caesium Iodide (rather than the Gadolinium Ox-

ide one) following the logic that the Gadolinium oxide one is also very sensitive

to neutrons, meaning that it would more promptly detect unwanted neutrons305

scattered towards the flat panel. Furthermore, Caesium Iodide scintillators are

more efficient than Gadolinium Oxide ones at higher x-ray energies, which is

coherent with the types of samples more likely to be tested at NeXT.

It should be noted that the choice of the source and detector adopted, as well

as of multiple other details regarding the x-ray setup, follows the successful ex-310

ample of the laboratory scanner of Laboratoire 3SR, partner in the development

of this instrument [32].

The source and detector are mounted onto a granite arch (as shown in Fig. 10

a) and their distance is step-wise fixed (the source holder allows for four different

position 20mm apart). The shortest distance is of 500mm, chosen to be slightly315

larger to the maximum illuminated area given the 43° of opening of the beam,

and by geometrical considerations. The zoom is made possible by an axis moving
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this ensemble with respect to the sample. This ensemble can also pivot by ±20°

to reduce the cross-talk between the x-ray and the neutron setup as well as be

moved into a “parking position” beside the neutron flight tube.320

This setup can achieve spatial resolutions as small as 5 µm and fields of view

in principle almost as large as the 30 cm× 25 cm detector depending on the

geometry of the object. Further details about the setup including the reasoning

behind these technological choices, the cross-talk between techniques, the overall

calibration of the setup and the data integration go beyond the purpose of this325

paper and will be detailed in a future publication.

NeXT-Grenoble, whose x-ray capabilities were added less than one year af-

ter its entrance into operation (i.e., in 2017 [14]), is not the only instrument

allowing for simultaneous x-ray and neutron imaging. The aforementioned BT2

instrument at NIST also allows for simultaneous x-ray imaging, and first in-330

strument description was published around the same period (e.g., [13], albeit

some abstracts reporting the use of the technique date to 2016). PSI started

instead introducing the possibility for combined x-ray and neutron imaging in

2015, with early results in 2016, as detailed in [33, 34].

It should be noted that in all these setups the x-ray capabilities are com-335

parable to those of commercial µ-CT scanners, with resolutions around a few

micro-meters. At the moment of this writing, several commercial x-ray scan-

ners allow for significantly higher resolutions, even in the hundreds of nanometer

range, allowing studies at spatial and temporal scales inaccessible to neutrons.

While this is of great interest for numerous scientific problems, it comes at the340

cost of higher thermal and mechanical constraints, and can limit the possibility

of a direct comparison between the x-ray and neutron images, which justifies

the choice of the setup detailed above.
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Figure 10: Design of the sample station highlighting the x-ray setup (a) and the
neutron detectors (b).

4.3. Sample environment

The aforementioned x-ray and neutron setups are mounted on the granite345

structure in Fig. 10 and at https://youtu.be/4gPLJsk-9Ig. Granite was cho-

sen for its thermal and mechanical stability, essential given the high spatial

resolutions sought and the current lack of thermal buffers to the environmental

temperature variations of the hall. One of the unique aspects of the setup is

the adoption of a large, hollow rotation table (350mm inner diameter). This350

allows for a variety of complex thermo-chemo-hydro-mechanical testing rigs to

be installed with ease. Some sample environments can require heavy and cum-

bersome equipment, which is best placed below the rotation table where its

weight stabilises the setup. This also allows the thickness of most apparatus

(e.g., triaxial, tension, flow rigs) to be minimised since the cell only needs to355

withstand the imposed loads. To maximise the space available to the testing rigs

the rotation stage is therefore placed 1050mm from the ground (i.e., 260mm

below the centre of the beam, which is at 1310mm from the ground) and an

additional rectangular hole 450mm deep is carved in the floor underneath it.

The table can nominally withstand loads up to 500 kg with ± 5.0 millidegree360

accuracy.

An especially designed vertical axis allows for up to 90mm vertical displace-

ment without encumbering the region underneath the hole of the table. A
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number of hollow or solid interface plates as well as an x, y, z and tilt axes can

be added on top of the rotation stage depending on the application.365

To acquire “open beam” or “flat field” images with ease, the rotation stage

and the granite slab to which it is attached are mounted on rails moving both

transversely to the neutron beam. The detectors are on a rail system, which

allows the regulation of their distance to the sample position.

Near the sample environment a number of experiment infrastructure are370

available including AC (220V and 380V) and tunable DC electrical supplies

(0-30V, 0-3A), exhaust gases recuperation system, compressed air (700 kPa),

industrial input and output water systems, USB and Ethernet cables, monitor-

ing cameras etc. Additional external gas bottle supply pipes and corresponding

monitors (e.g., hydrogen) are also currently under development.375

4.4. Control software

The motion components, cameras, x-ray source and detector are all con-

trolled by a user-friendly adaptive graphical user interface (GUI) specially de-

veloped with imaging in mind by the company RX-Solutions (France) over the

past 15 years (https://www.rxsolutions.fr/). This software, initially devel-380

oped for x-ray imaging, was adapted and optimised for combined x-ray and

neutron acquisitions in collaboration with this company. This Qt, C++ based

software allows a live flat and dark-field image correction, has a live 3D CAD

model of the current position of all axes, can be controlled by both user interface

and command line and is fully scriptable. Most importantly, the setup is fully385

calibrated so that the reconstruction parameters and pixel size are known for

any given axis combination for both the x-ray and the neutron tomographies.

5. Selected examples of early results

Roughly eight months after the beginning of the design stage, a first iteration

of the instrument was operational and open to early access users. Some of these390

early works have already been published and selected highlights are reported

here to provide a glimpse of the capabilities and potential of the instrument.
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In the context of natural resource exploitation, e.g., hydrocarbon and water

production or CO2 sequestration, the high attenuation of hydrogen to neutrons

offers an ideal contrast, for example to study the permeability field in dry porous395

media. Additionally, the isotope sensitivity of neutrons can be exloited, for

example to follow alternate flushes of normal and heavy water while performing

mechanical loading of porous materials. This method, pioneered in [35] has

been adopted for explorations on multiple materials at NeXT, and some of the

results obtained are presented in [36, 37]. The high flux available at ILL allows400

the acquisition of tomographies as fast as 1.5 s [24] while still having enough

contrast to discern the two isotopes as well as the material structure. For

example, Fig. 12a highlights the complexity of the flow path in a pre-compressed

laminite sample. In this case, the speed of the process calls for the fast imaging

capabilities unique to this instrument.405

Figure 11: 1.5 s tomography of Lupine roots with a water front, from [24]

While hydromechanical experiments in sandstone/limestone require rela-

tively low confinements, probing the response of concrete (e.g., for dam or in-

frastructure durability analyses) can require to go up to several tens of MPa.
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In [38] a newly developed Hassler cell capable of withstanding up to 90MPa

confining pressure is presented. In this case, the high flux of NeXT-Grenoble410

can penetrate through the thick (3 cm) titanium walls allowing the study of the

hydraulic behaviour of concrete in real time and at high confinement.

A similarly complex high pressure apparatus is also required to hydraulically

fracture rocks (e.g., shales) for hydrocarbon exploitation, geothermal energy

extraction as well as to study the influence of water pressure in the initiation of415

earthquakes. In [39] neutron imaging is employed to study the very fast process

of hydraulic fractures initiation in a Marcellus shale at 30MPa confinement, and

the influence that bedding planes have on it. An example of the natural and

induced fractures is reported in Fig. 12b.

The converse to these fluid flow problems is drying, key for example in the420

understanding of the fire response of concrete, which was studied in [10] and

is shown in Fig. 12c. Once again the underlying process is intrinsically rapid

and strongly heterogenous, making rapid neutron tomography the ideal tool.

Concrete is a material of particular interest in porous media and an excellent

example of the high complementary of the information which can be obtained425

combining x-ray and neutrons, as highlighted in Fig. 12d

Another example of the high complementary of x-ray and neutrons is the

work of [9], where the hydro-mechanical response of a Callovo Oxfordian clay-

stone is studied combining the high opacity of hydrogen to neutrons with the

spatio-temporal resolution and density contrast of x-ray, as shown in Fig. 12e.430

It goes without saying that, much in the same way early 4D datasets re-

quired the development of new analysis algorithms as DVC, new algorithmic

developments are equally required to quantitatively interpret combined x-ray

and neutron data. For example, in [15] novel theoretical developments, extend-

ing classical digital volume correlation are proposed. These allow the accurate435

(and user-independent) registration of two images acquired with different modal-

ities, and thus exhibiting different contrast. As a byproduct of this procedure it

is also possible to automatically segment the phases by analysing the joint x-ray

and neutron histogram of the registered images. A recent paper by [40] details
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the underlying technical aspects of the algorithm proposed by [15], applying it440

to neutron and x-ray tomographies of concrete as that in 12d. This yields a

registered neutron image that matches the x-ray image with sub-pixel accuracy.

Furthermore, a theoretical hydromechanical model exploiting both x-rays (to

measured volumetric strain) and neutrons (water movement) has been recently

proposed, which presents an interesting direction for future quantitative studies445

[41].

This instrument is fully open to public access, with submission through

the website https://next-grenoble.fr/. As mentioned, the project was co-

developed by the Université Grenoble Alpes, and specifically the Laboratoire

3SR, which focuses on the behaviour of porous media. This research centre450

has focused for the last fifteen years on imaging and the on the contributions

it can provide to the understanding of the chemo-thermo-hydro-mechanical re-

sponse (e.g., [42, 43, 44]) of porous media. It is therefore unsurprising that

most of these early works, developed during the commissioning phase, focus on

the behaviour of porous media, although the full spectrum of areas of neutron455

imaging applications is of course of interest to the instrument and will be part

of upcoming publications.
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(a) (b) (c)

(e)(d)
Figure 12: Selected examples of the capabilities of the instrument from published
results. Example of a 2min tomography of a complex permeability network of a
laminite sample flushed in-situ [37] (a). Tomography of a shale sample after a 30MPa
fluid injection highlighting the natural and hydraulic-fracturing induced fractures [39].
Example of a 1min tomography of a concrete sample subjected to an unidirectional
500° heating in-situ [10] highlighting in white the receding moisture profile and in
black the aggregates (c), whose detection is simplified by the combined use of x-
ray and neutrons [15] (d). The higher x-ray flux and density sensitivity also allows
the complex hydromechanical behaviour of a water absorption of Callovo Oxfordian
Claystone to be quantified by a combination of in-situ x-ray tomographies and neutron
radiographies [9] (e).

6. Summary and future outlook

NeXT-Grenoble combines the world-leading flux of the ILL with high per-

formance detectors, a high stability sample environment conceived for in-situ460

testing as well as a highly complementary x-ray setup allowing for fully simul-

taneous bi-modal acquisition.

The version of the instrument detailed above focuses on white beam cold

neutrons and x-ray imaging. Additionally, it currently shares the available ILL

beam-time with a rainbows reflectometer.465
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Thanks to the technical accomplishments and the high demand, the team

involved has recently secured funding for a major upgrade of the instrument,

within the Endurance Phase II program of ILL, which is expected to be delivered

in 2021/2022. The instrument will become a standard ILL public instrument,

thus accessing the entirety of available beamtime, available through the ILL470

proposal system. This new upgraded instrument will maintain the collaboration

with the Université Grenoble Alpes with the addition of a partnership with

the Helmholtz-Zentrum Berlin, including the integration of components and

developments from the CONRAD-II imaging instrument [45, 46].

The future plan of the instrument, sketched in Fig. 13, foresees the addition475

of energy selective options (double crystal monochromator, velocity selector),

polarised neutron imaging as well as grating interferometry, and generally the

improvement of user facilities and instrument performance. These upgrades

open a plethora of new options to tackle a variety of open scientific questions,

as detailed by recent reviews focussing on advanced neutron imaging techniques480

(e.g., [12, 45, 11]). For example, energy selective options [47] allow an en-

hancement in element sensitivity, provide insight into phase distributions in

structural metals and geomaterials and give access to structural phase transi-

tions end even strain fields [48]. Grating interferometry decouples angular and

spatial resolutions and allows for detecting phase contrast (i.e., shift of phase485

due to refraction) as well as dark-field contrast (due to small-angle scattering),

thus allowing the study of structures whose sizes are below the resolution of

the detector [49]. For example, dark-field enables the study of the wall between

two magnetic domains for high-permeability steel laminates. Through phase

contrast it is possible, for example, to distinguish Copper and Titanium where490

the neutron attenuation contrast is modest by virtue of their different refractive

index. Finally, by studying the change in orientation of polarised neutrons it

is possible to study the fundamental magnetic properties and basic phenomena

in condensed matter, such as the characterisation of magnetic flux in super-

conductors below the critical temperature and the skin effect in conductors or495

magnetic domain distributions in bulk ferromagnets [50].
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Figure 13: Conceptual drawing of the future upgrade of the instrument.
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